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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Serie
IN CHEMISTRY SERIE
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

T H E CURRENT STATE OF T H E ART of various aspects of macro- and 
microemulsions is reflected in this volume. The symposium upon which this 
volume is based was organized in six sessions emphasizing major areas of 
research. Major topics discussed include a review of macro- and microemul
sions, enhanced oil recovery  reaction  i  microemulsions  multipl  emul
sions, viscoelastic propertie
in emulsions and thin films, photochemical reactions, and kinetics of micro
emulsions. 

This volume includes discussions of various processes occurring at 
molecular, microscopic, and macroscopic levels in macro- and microemul
sions. I earnestly hope that this book will serve its intended objective of 
reflecting our current understanding of macro- and microemulsions, both in 
theory and practice, and that it will be useful to researchers, both novices as 
well as experts, as a valuable reference source. 

I wish to convey my sincere thanks and appreciation to the chairmen of 
the sessions, namely, Professor K. S. Birdi, Professor S. E. Friberg, Dr. 
E. D. Goddard, Dr. K. L. Mittal, and Professor S. N. Srivastava. I also wish 
to convey my thanks to the Division of Industrial and Engineering Chemis
try as well as various corporations: Alcon Laboratories Inc., Atlantic 
Richfield Company, G A F Corporation, Gulf Research and Development 
Company, Hercules Inc., Johnson & Johnson Inc., Phillips Petroleum 
Company, Procter & Gamble Company, SOHIO Corporation, Velsicol 
Chemical Corporation, Westvaco, and Syntex, U.S.A., Inc., for their gener
ous support that allowed me to invite many researchers from overseas to 
participate in this symposium. I also wish to convey my sincere thanks to the 
Editorial Staff of the American Chemical Society's Books Department. 

I am grateful to reviewers of the manuscript, as well as to my col
leagues, postdoctoral associates, and students for their assistance throughout 
this project. Specifically, I wish to thank Dr. M. K. Sharma for his 
administrative and editorial assistance, as well as Ms. Melissa Maher, Mrs. 
Jeanne Ojeda, and Mrs. Derbra Owete for the typing of correspondence and 
manuscripts. I also convey my sincere thanks and appreciation to all the 
authors and coauthors of the papers without whose assistance this sympo
sium proceedings would not have been completed. 

I wish to convey my sincere thanks and appreciation to my colleagues 
and chairpersons, Dr. J. P. O'Connell in the Department of Chemical 
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Engineering, and Dr. J. H. Modell in the Department of Anesthesiology at 
the University of Florida for their assistance. Finally, I wish to convey my 
sincere thanks and appreciation to my wife and children for allowing me to 
spend many evenings and weekends working on this volume. 

DINESH O . S H A H 

Center for Surface Science & Engineering 
University of Florida 

October 15, 1984 
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1 
Introduction to Macro- and Microemulsions 

M. K. SHARMA and D. O. SHAH 

Departments of Chemical Engineering and Anesthesiology, University of Florida, Gainesville, 
FL 32611 

This paper reviews various aspects of macro- and micro
emulsions. The role of interfacial film of surfactants 
in the formation o
The formation of
facilitates the emulsification process and also tends 
to minimize the coalescence of droplets. Macroemulsion 
stability in terms of short and long range interactions 
has been discussed. For surfactant stabilized macro-
emulsions, the energy barrier obtained experimentally 
is very high, which prevents the occurrence of floc-
culation in primary minimum. Several mechanisms of 
microemulsion formation have been described. Based on 
thermodynamic approach to these systems, it has been 
shown that interfacial tension between oil and water 
of the order of 10-3 dynes/cm is needed for spontane
ous formation of microemulsions. The distinction be
tween the cosolubilized and microemulsion systems has 
been emphasized. 

Macroemulsions have been known for thousands of years. The survey of 
ancient literature reveals that the emulsification of beeswax was 
f i r s t recorded in the second century by the Greek physician, Galen 
(1). Macroemulsions are mixtures of two immiscible liquids, one of 
them being dispersed in the form of fine droplets with diameter 
greater than 0.1 ym in the other liquid. Such systems are turbid, 
milky in color and thermodynamically unstable (i.e. the macroemulsion 
w i l l ultimately separate into two original immiscible liquids with 
time). Since the early 1890s, extensive and careful studies have 
been carried out on macroemulsions and several excellent books have 
been written on various aspects of formation and stab i l i t y of these 
systems (2,10). In addition, several theories and methods of macro
emulsion formation have been discussed in the recent articles 
17). In spite of this progress, we s t i l l do not have good predictive 
methods for the formation or breaking macroemulsions. For the for
mation of a stable macroemulsion from two immiscible liquids, there 
is no reliable predictive method for selecting the emulsifier or 
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2 MACRO- AND MICROEMULSIONS 

technique of emulsification for obtaining the optimum results. One 
can use the concept of hydrophilic-lipophilic balance (HLB) for 
i n i t i a l screening (1,6) and most of the new macroemulsions are u l 
timately perfected by t r i a l and error approach. 

Macroemulsions are utilized in many applications and are very 
important from the technical point of view. Many technologies and 
processes involve production of stable emulsions, such as skin creams 
(cosmetics), metal cutting fluids, fiber cleaning or removal of oil 
deposits (detergency), mayonnaise (food industry), bitumen emulsions 
(road construction), fuel (energy), herbicides and pesticides (agri
cultural sprays) and drug solubilization in emulsions (pharmacy). In 
addition, it has been observed that some processes require emulsions 
of long-term st a b i l i t y , whereas other require limited s t a b i l i t y of 
emulsions. There are processes such as formation of emulsions in oil 
storage tanks and petroleum reservoirs where naturally occurring, 
unwanted stable emulsions have to be broken down. In view of the 
wide range of applications and technical importance of macroemulsions, 
it is worth discussing variou

Classification of Macroemulsions 

In this section, we w i l l briefly describe the classification of ma
croemulsions. Based on the dispersion of water or oil in continuous 
phase and on the number of phases present in the system, macroemul
sions can be subdivided into two categories. 

Single Emulsions. These emulsions are formed by two immiscible 
phases (e.g. oil and water), which are separated by a surfactant 
film. The addition of a surfactant (or emulsifier) is necessary to 
stabilize the drops. The emulsion containing oil as dispersed phase 
in the form of fine droplets in aqueous phase i s termed as oil-in-
water (0/W) emulsion, whereas the emulsion formed by the dispersion 
of water droplets i n the oil phase is termed as water-in-oil (W/0) 
emulsion. Figure 1 schematically illustrates the 0/W and W/0 type 
emulsions. Milk is an example of naturally occurring 0/W emulsion in 
which fat is dispersed in the form of fine droplets in water. 

Double or Multiple Macroemulsions. These macroemulsions are formed 
by two or more than two immiscible phases which are separated by at 
least two emulsifier films. Multiple emulsions can also be sub
divided as single emulsions in two categories (0/W/O) and (W/O/W) 
emulsions (14). For a 0/W/O system, the immiscible water phase 
separates the two oil phases, whereas for a W/O/W system, the immis
cible oil phase separates the two aqueous phases. These emulsions 
are schematically shown in Figure 2. 

The phase contained in the subdrops i s often referred to as the 
encapsulated phase. These systems are very relevant to transport 
phenomena and separation processes (14), such as controlled release 
of drugs in which the encapsulated phase can serve as a reservoir of 
the active ingredient. 

Mechanism of Macroemulsion Formation 

Macroemulsions can be produced i n different ways starting with two 
immiscible liquids and by applying mechanical energy, which deforms 
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1. S H A R M A A N D S H A H Introduction 3 

Oil-in-Water Water-in-Oil 

Figure 1. Schematic i l l u s t r a t i o n of oil-in-water (0/W) and water-in-
oil (W/0) macroemulsions 

Figure 2. Schematic illustration of multiple W/O/W and 0/W/O 
macroemulsions 
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4 M A C R O - A N D M I C R O E M U L S I O N S 

the interface to such an extent that it generates droplets. The for
mation of f i n a l emulsion droplets can be viewed as the stepwise pro
cess. Therefore, the disruption of droplets is a c r i t i c a l step in 
the process of emulsification. During emulsion formation, the 
deformation is opposed by the Laplace pressure. For spherical drop
let of radius (r), the difference in pressure (Δρ) at the concave 
side of a curved interface with interfacial tension (γ) is 2 — . 
Further division of droplets leads to an increase in Δρ as r r de
creases. In order to disrupt such a small droplet, the pressure gra
dient of the magnitude of must be applied externally. The v i s 
cous forces exerted by the rcontinuous phase can also deform the 
emulsion droplets. The viscous stress (Gn.) should be of the same 
magnitude as the Laplace pressure to deform the droplets (9), where 
G is the velocity gradient and η is the viscosity of continuous phase. 
In any case, the pressure gradient or velocity gradient required for 
emulsion formation are mostly supplied to the system by agitation. 
The various methods of agitation to produce emulsions have been de
scribed recently (18). I
can be produced by applyin
larger droplets. Therefore, the liquid motion during the process 
of emulsification i s generally turbulent (9) except for high viscosity 
liquids. 

Energy Needed for Emulsion Formation. The total interfacial area (A) 
generated due to emulsification process is much larger because of 
the formation of the smaller droplets. Therefore, the increase in 
surface free energy of the system is given by γΔΑ. It can easily be 
calculated that the energy needed to produce the emulsion of average 
droplet diameter (2ym) from the two immiscible liquids (1 ml of each) 
with interfacial tension γ = 10 dyne/cm would be about 3000 times 
higher than that of the surface free energy of the system. For the 
formation of some emulsions, the pressure^gradient of 2 χ 10 
dynes/cm and velocity gradient of 2 χ 10 /sec (assuming η = 1.0 cp) 
are needed (9). 

The large excess of energy required to produce emulsions can only 
be supplied by very intense agitation, which needs much energy. In 
order to reduce the agitation energy needed to produce a certain 
droplet size, a suitable surfactant can be added to the system. The 
addition of surfactant reduces interfacial tension, which in turn 
decreases the surface free energy of the system. The formation of a 
surfactant film around the droplets facilitates the process of emul-
sification, and a reduction in agitation energy by a factor of 10 or 
more can be achieved (9). The nature and concentration of surfactant 
also affects the droplet size and energy requirement to form the 
emulsion. Besides lowering the interfacial tension, the surfactant 
film also tends to prevent the coalescence of droplets. 

Interfacial Film of Surfactants. The droplets are surrounded by an 
interfacial film of surfactant in emulsion systems. The stability 
of such films can be increased by adding appropriate surfactants. 
The rate of change in interfacial tension with surface area from i t s 
equilibrium value i s termed as the Gibbs elasticity Ε = 2dy/d(ln A) 
(9). The factors which control Ε are the rate of transport toward 
or from the interface and the structure of surfactant as well as the 
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1. S H A R M A A N D S H A H Introduction 5 

rate of compression and expansion of the interface. The film elas
t i c i t y also plays an important role to stabilize emulsion droplets. 
As the film is stretched, the local concentration of surfactant in 
the film decreases. This causes a transient increase in inter-
facial tension. The highest elasticity in the presence of s u f f i 
cient amount of surfactant, provides the greatest resistance against 
stretching (9). Moreover, Prins (19) has shown that a stretched 
thin film can also break i f the interfacial tension exceeds a 
c r i t i c a l value which depends on the system. For low surfactant con
centration and rapid stretching, the c r i t i c a l value of interfacial 
tension is attained rapidly. Based on the above mentioned factors, 
it can be suggested that the surfactant is of primary importance 
for the s t a b i l i t y , or flocculation of the emulsions. In conclu
sion, the interfacial tension gradients are essential in emulsion 
formation as suggested previously by Tadros and Vincent (20). 

Stability of Macroemulsions 

The emulsions are comple
the scientists working in this f i e l d . Previous investigators applied 
various theoretical approaches at the droplet level and also at 
the molecular level to explain the behavior of these systems. 
The forces such as electrical double layer, forces between emulsion 
droplets, hydrodynamic i n e r t i a l forces, entropie (Diffusional) 
forces and the dispersion forces which act on the droplets or be
tween the droplets separated at tens or hundreds of nanometers. 
Sedimentation and flocculation processes involve the forces such 
as the centrifugal force, applied electrostatic force and gravi
tational force. Before discussing the emulsion sta b i l i t y in terms 
of these forces, we would like to explain the thermodynamics of 
emulsion stabilization. 

Thermodynamic Approach to Emulsion Stability. In this section, we 
would like to discuss thermodynamic approach to emulsion st a b i l i t y . 
Let us assume that the total free energy of the emulsion can be 
separated into several independent contributions. Considering 
hypothetically the formation or coalescence of emulsion of two immis
cible liquids (e.g. oil and water), such that external f i e l d forces are 
absent. The total free energy (Gg) of the system just before emulsi-
fication process can be expressed in the form (10) 

GB - G I + GE + G I E + GS ( 1 ) 

where Gj, the free energy of the internal phase; GE, the free energy 
of the external phase; Gjg, the free energy of the interface between 
two liquids and Gg, the free energy of the interface between the 
liquids and the surface of the container. In general, the solid/ 
liquid interfacial area w i l l be small and therefore, Gg can be ne
glected. The free energies, Gj and GE, w i l l remain almost the same 
before and after emulsification, whereas, G I E w i l l be at a minimum 
before emulsification. The interfacial free energy, Gj E, can be 
expressed in the form 

= ΥΙΕ A (2) 
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6 MACRO- AND MICROEMULSIONS 

where ΎΙΕ> t n e interfacial tension and A, the interfacial area. After 
emulsification, the interfacial area greatly increases, therefore, 
G I E is larger than that before emulsification. The free energy of 
emulsion formation can be written in the form (10) 

AGEmul.= ^ I E M " T A S ( 3 ) 

where AS is the change in entropy due to the process of emulsification. 
In general, the free energy of interface (γ^ΕΔΑ) term is much larger 
than the TAS term. Therefore, the change in free energy of emulsion 
formation (^G E m u l) w i l l be positive. This indicates that most of the 
macroemulsions are thermodynamically unstable or metastable. More
over, the free energy of emulsification i s positive; this means that 
the free energy of demulsification ( A G D e m u l e ) is negative. This im
plies that an extenral supply of free energy is needed for the forma
tion of macroemulsions, and once formed, they are unstable. Tadros 
and Vincent (20) have shown that the variation in free energy change 
as a function of the demulsificatio  (e.g  flocculation
coalescence) is continuous
the processes u n t i l the drop
sive and attractive forces. 

Short Range Interactions and Emulsion Stability. The st a b i l i t y of ma
croemulsions in terms of short range (e.g. inter-droplet) interactions 
w i l l be discussed in this section. The dispersion (London) forces 
arise from charge fluctuations within a molecule associated with the 
electronic motion (21). Therefore, these forces can operate even be
tween nonpolar molecules. London (21) reported an equation for mu
tual attractive energy between two molecules in vacuum in the form 

V 2 h v -2- = ^ i (4) A 4 ο ,6 ,6 α α 
where h is the Planck's constant; V Q, the characteristic frequency of 
the molecule; a, the polarizability of the molecule and d, the dis
tance between the molecules. The London forces between two molecules 
are short range as the is inversely proportional to the sixth power 
of their separation. Assuming these forces between molecules could be 
summed for a l l the molecules in a particle of radius (r), the Equation 
(4) can be expressed (22) in the form 

Α π 2 3 4 ' K ' 
l120H 1045H 5.62x10 T1 

valid for Η > 150 A°, and 

4 4 H J 

ν Ar 
A * ~ Ϊ2Η λ+3.5πΗ (6) 

valid for Η < 150 A° 
where A i s the Van der Waals constant; λ , the wavelength of the i n 
tri n s i c electronic oscillations of the atoms (~10~5 cm); H, the i n -
terparticle distance between droplets and r is the average radius of 
droplets. 

The so called Hamaker/Van der Waals constant, A, required to e-
valuate energy of attraction between two droplets (Equations 5 and 6) 
in vacuum is defined by 
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1. SHARMA AND SHAH Introduction 1 

A = t t V L . (7) 

where L. is the London constant, B^, the number of atoms (molecules 
with itft kind contained in cm3 of ̂ "the substance). If the droplets 
are suspended in a continuous medium, then the net interaction is 
reduced and the Equation 7 can be rewritten in the form 

A « ( A 1 / 2 - A 1 / 2 ) 2 (8) o-o w-w 
and generally l i e s in the range of 10" 1 3 to 10" 1 4 ergs (15, 17). 

The repulsive (e.g. elec t r i c a l double layer) forces have been 
discussed in detail in literature (23,25). The repulsive energy 
derived by Derjaguin and Kassakov (26) is given by 

,2 
V  = -y-^ l n ( l + e K H ) (9) 

where ε is the dielectri
potential and κ i s the reciprocal "thickness" of the electrical 
double layer, given by 

2 2>l/2 _ 8πηζ e 
K " i ekT 

(10) 

where ζ is the valency of counter ions; e, the electronic charge; 
n, the number of ions per cm3 in the solution; k, the Boltzmann's 
constant and T, the absolute temperature. 

The total interaction energy i s obtained by summing the and 
V R contributions. A schematic representation of these energies (_3) 
is given in Figure 3. This curve shows a primary minimum at very 
short distances between the droplets (e.g. close contact), a maxi
mum at intermediate interdroplet distances and a secondary minimum 
at large interdroplet distnaces. For irreversible flocculation into 
the primary minimum to occur, the energy barrier has to be surmounted. 
The height of the barrier i s primarily controlled by the electrolyte 
concentration (15, 17). The reversible flocculation may occur in 
the secondary minimum as reported previously by several investiga
tors (15,17,27). For surfactant stabilized emulsions, it has been 
reported that the energy barriers obtained experimentally are very 
high, which prevents the occurrence of flocculation in primary mini
mum (15,27). 

Long Range Interactions and Emulsion Stability. The processes such 
as sedimentation, creaming and flocculation can be controlled by 
external forces, e.g. centrifugal, gravitational or applied 
electrostatic forces. These forces are considered to be essentially 
long range. In this section we would like to discuss processes 
controlled by long range forces. 

Sedimentation and Creaming. The creaming and sedimentation processes 
occur in emulsion systems mainly due to the density difference be
tween the dispersed and continuous phases. Assuming a steady state, 
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8 M A C R O - A N D M I C R O E M U L S I O N S 

Figure 3. Schematic il l u s t r a t i o n of interaction energies as a func
tion of interparticle distance between two droplets. 
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1. S H A R M A A N D S H A H Introduction 9 

the sedimentation or creaming rate (V) of non-interacting spherical 
droplets of radius (r) can be determined by equating two oppositely 
acting gravitational and hydrodynamic forces as given by Stockes1 Law 
(28) in the form 

j π r 3 Apg = oTrn^rV 

and 

V= (11) 

In various emulsion systems, the main objective i s to decrease 
the rate of sedimentation or creaming rather than to increase it. 
Equation 11 indicates that this can be achieved by increasing n Q or 
decreasing Δρ. The former may be achieved by the addition of a 
structuring or gelling agent h  polymers  s i l i c a  etc.  whereas
the latter by adding a suitabl
deformation, polydispersity
cence also affect the processes of sedimentation and creaming. Both 
these processes can be studied employing ultracentrifuge (29,30). 

Flocculation and Coalescence. Flocculation being the primary process, 
the droplets of the dispersed phase come together to form aggregates. 
In this process, the droplets have not entirely lost their identity 
and the process can be reversible. Since the droplets are surrounded 
by the double layer, they experience the repulsive effect of the dou
ble layer. Kinetically, flocculation i s a second order reaction 
since it depends in the f i r s t instance on the col l i s i o n of two drop
lets and is expressed in the form (31) 

dn 2 

dt 1 ο 
or 

1/n. - 1/n = Κ t (12) 1 ο 1 
where η and n^ are the number of droplets present i n i t i a l l y and 
after time t. The rate constant (K-) depends upon the frequency of 
the coll i s i o n between droplets and is governed by the repulsive 
forces between them. This constant is also known as Smoluchowski1s 
constant. The values of K- reported in the literature are of the 
order of 10" 1 3 (15). 

Coalescence being the secondary process, the number of distinct 
droplets decreases leading to a stage of i r r e v e r s i b i l i t y and f i n a l l y 
complete demulsification takes place. Coalescence rate very 
like l y depends primarily on the film-film repulsion, film drainage 
and on the degree of kinetics of desorption. Kinetically, coales
cence is a unimolecular process and the probability of merging of 
two droplets in an aggregate is assumed not to affect the st a b i l i t y 
at other point of contact (32). 

dn, 
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10 MACRO- AND MICROEMULSIONS 

or 
In η - In η = K 0 t (13) 

Ο L L 
where n^ is the number of individual droplets after time t. The rate 
of coalescence depends on the lateral adhesion properties of the 
surfactant film at the interface. The coagulation process comprises 
the flocculation and coalescence of the system. These processes can 
be determined experimentally by light scattering, droplet counting 
and centrifugal methods. The theoretical and experimental discussion 
of this topic is given by the previous investigators (33-35). 

Microemulsions 

Microemulsions were f i r s t introduced by Schulman et. a l (36) in 
1943. The various properties of these systems were studied during 
the following years (37-40), and in 1955 (39), the systems were 
called both swollen micellar solutions and transparent emulsions. 
This ambiguity in the microemulsio
The microemulsions are define
dispersions of two immiscible liquids containing appropriate amounts 
of surfactants or surfactants and cosurfactants. The dispersed 
phase consists of small droplets with diameter in the range of 
100-1000A°. Because of these properties, such systems have several 
advantages over macroemulsions for industrial applications. 

The small droplet size in microemulsions also leads to a large 
surface-to-volume ratio in an oil-water system. This is important 
for chemical reactions in which the rate of reaction depends on the 
interfacial area. The microemulsion can also be classified as W/0 
or 0/W similar to macroemulsion systems. 

Mechanism of Microemulsion Formation 

During the last four decades, several investigators have proposed 
various mechanisms of microemulsion formation. The following i s a 
brief description of these mechanisms. 

Interfacial Tension in Microemulsions. Schulman and his collaborators 
(42) have postulated that the transient interfacial tension has to 
be negative for the spontaneous uptake of water or oil in microemul
sions. During the process of microemulsion formation, one phase 
breaks up into the maximum number of droplets. The diameter of 
these droplets depends upon the interfacial area produced by the 
surfactant molecules. The transient interfacial tension (e.g. 
the spontaneous tendency of the interface to expand) produced by 
the mixing of the components became zero or a very small positive 
value at equilibrium. Schulman and his co-workers have specifically 
mentioned that the negative interfacial tension is a transient 
phenomenon and that at equilibrium, the oil/water interface in a mi
croemulsion has either zero or a very small positive interfacial 
tension. However, Schulman1s explanation of transient interfacial 
tension has been misquoted and misunderstood by various investiga
tors. Schulman et a l . in 1959 suggested various possible ways of 
producing transient negative interfacial tension and, therefore, the 
formation of microemulsions. 
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The concept of transient interfacial tension has been further 
extended by Davis and Haydon (43). They described an experiment 
by Ilkovic (44) in which a negative potential was applied to a 
mercury drop in an aqueous solution of a quaternary ammonium 
compound. At -8 v/cm applied potential, the spontaneous emulsi-
fication of mercury occurred. The spontaneous emulsification was 
observed for surfactant concentrations which exhibited negative 
values for interfacial tensions upon extrapolation. These results 
indicate that for spontaneous emulsification, the dynamic interfacial 
tension may approach transient negative values. Moreover, this does 
not mean that at equilibrium, the dispersed droplets w i l l have a 
negative interfacial tension. 

Gerbacia and Rosano (46) have determined the interfacial tension 
at oil-water interface after alcohol injection into one of the phases. 
They observed that the interfacial tension could be temporarily 
lowered to zero due to the diffusion of alcohol through the inter
face. They concluded that the diffusion of surfactant molecules 
across the interface is a
terfacial tension temporaril
of microemulsions. They further claimed that the formation of mi
croemulsions depend on the order in which components are added. 

It has also been shown from thermodynamic consideration (Equation 
3), that i f the interfacial tension is very low, the thermodynamically 
stable emulsions can be formed. Previous investigators (20,45,47,48) 
have calculated that for a situation li k e l y to occur in microemulsion 
formation, the interfacial tensions would need to be in the order 
of 10~4 to 10~5 dynes/cm for thermodynamic stabilization and for 
spontaneous formation of microemulsions. 

Double Layer Interactions and Interfacial Charge. Schulman et a l (42) 
have proposed that the phase continuity can be controlled readily 
by interfacial charge. If the concentration of the counterions for 
the ionic surfactant i s higher and the diffuse ele c t r i c a l double 
layer at the interface i s compressed, water-in-oil microemulsions 
are formed. If the concentration of the counterions i s sufficiently 
decreased to produce a charge at the oil-water interface, the system 
presumably inverts to an oil-in-water type microemulsion. It was 
also proposed that for the droplets of spherical shape, the resulting 
microemulsions are isotropic and exhibit Newtonian flow behavior 
with one diffused band in X-ray diffraction pattern. Moreover, for 
droplets of cylindrical shape, the resulting microemulsions are 
optically anisotropic and non-Newtonian flow behavior with two d i -
fused bands in X-ray diffraction (9). The concept of molecular i n 
teractions at the oil-water interface for the formation of micro
emulsions was further extended by Prince (49). Prince (50) also 
discussed the differences in solubilization in micellar and micro
emulsion systems. 

Scriven (78) proposed the role of the elect r i c a l 
double layer and molecular interactions in the formation and stabi
l i t y of microemulsions. According to them, the total interfacial 
tension (γ ) can be expressed in the form 

(14) 
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where γ is the phase interfacial tension which is that part of the 
excess ^tangential stress which does not arise in the region of the 
diffuse double layer and -γ^ is the tension of the diffuse double 
layer. This equation suggests that when exceeds Yp, the total 
interfacial tension (γ^) becomes negative. For a plane interface, 
the destabilizing effect of a diffuse layer is primarily due to a 
negative contribution to the interfacial tension. 

Adamson (51) proposed a model for W/0 microemulsion formation 
in terms of a balance between Laplace pressure associated with the 
interfacial tension at the oil/water interface and the Donnan Osmotic 
pressure due to the total higher ionic concentration in the interior 
of aqueous droplets in oil phase. The microemulsion phase can exist 
in equilibrium with an essentially non-colloidal aqueous second phase 
provided there is an added electrolyte distributed between droplet's 
aqueous interior and the external aqueous medium. Both aqueous media 
contain some alcohol and the total ionic concentration inside the 
aqueous droplet exceeds that in the external aqueous phase. This 
model was further modifie
for the diffuse double laye
Levine and Robinson (52) proposed a relation governing the equilibrium 
of the droplet for 1-1 electrolyte, which was based on a balance 
between the surface tension of the film at the boundary in i t s 
charged state and the Maxwell electrostatic stress associated with 
the electric f i e l d in the internal diffuse double layer. 

In addition, Shinoda and Friberg (53) have summarized their 
extensive studies on the formation of microemulsions using nonionic 
surfactants. They proposed the following conditions to form mi
croemulsions with minimum amount of surfactants: 

1. Microemulsions should be formed near or at the phase inversion 
temperature (PIT) or HLB temperature for a given nonionic sur
factant, since the solubilization of oil (or water) in an aqueous 
(or nonaqueous) solution of nonionic surfactant shows a maximum 
at this temperature. 

2. The larger the size of the nonionic surfactant, the greater is 
the solubilization of oil in water. 

3. The mixing ratio of surfactants should be such that it produces 
an optimum HLB value for the mixture. 

4. The closer the phase inversion temperature (PIT) of two surfac
tants, the greater is the solubilization and therefore, the 
minimum amount of the nonionic surfactants i s needed. 

Stability and Structural Aspects of Microemulsions 

Several attempts have been made to explain the s t a b i l i t y and struc
tural aspects of various microemulsions (54-60). In this section, 
we would like to describe some of the important aspects of micro
emulsion st a b i l i t y . 

Stability of Microemulsions. The f i r s t attempt to describe the mi
croemulsion s t a b i l i t y in terms of different free energy components 
was made by Ruckenstein and Chi (55) who evaluated the enthalpic 
(Van der Waals potential, interfacial free energy and the potential 
due to the compression of the diffuse double layer) and entropie 
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components. The qualitative results of this model (55) for the 
given free energy charge (Ag) as a function of droplet size (R) are 
shown in Figure 4. This figure shows three curves depending on 
the values of uncharged surface free energy ( f s ) . If it is very 
small, a stable dispersion of small droplets (microemulsion) can 
exist. If it is too large, the dispersion cannot exist. Moreover, 
for intermediate values, the metastable emulsions of large droplets 
can exist. These three cases exist in nature which indicates the 
validity of the model. This model also predicts the actual size 
range of stable droplets. This treatment can also predict the 
occurrence of phase inversion. Phase inversion occurs at that 
volume fraction for which the values of change in free energy for 
both kinds of microemulsions are the same. In several recent 
papers, Ruckenstein and his co-workers (58, 61-63) have discussed 
the thermodynamic sta b i l i t y of microemulsion systems. Eicke (64) 
has also explained the effect of cosurfactants on the thermodynamic 
stab i l i t y of microemulsion systems in the presence of an additive. 
The presence of such an additiv
miscibility of the two-componen
made by Miller and Neogi (65) to explain the thermodynamic s t a b i l i t y 
in terms of chemical potential of the two phases, the interparticle 
potentials, the entropie contribution and the interfacial free energy. 

The kinetic st a b i l i t y of microemulsions has also been described 
by Eicke (66,67) using fluorescence technique to detect a rapid 
exchange of electrolyte solutions and water between inverse micelles 
in iso-octane arising from collisions. Gerbacia and Rosano (46) 
experimentally observed that some W/0 microemulsions consist of 
surfactant-plus-cosurfactant concentration of 16% were not stable on 
a long term basis even in the presence of a small amount of water 
(2.6%). A theory was presented (46) to explain the kinetic s t a b i l i t y 
using microemulsion droplets as a model. The theory is essentially 
limited to the energy changes occurring in the layers of surfactant 
and cosurfactant during coalescence of water droplets of microemul
sions. The evaluation of the free energy changes in the interfacial 
film was based on the regular solution theory, both for entropie 
and enthalpic components. 

Structural Aspects of Microemulsions. Several investigators have 
studied the structure of microemulsions using various techniques 
such as ultracentrifugation, high resolution NMR, spin-spin relaxation 
time, ultrasonic absorption, p-jump, T-jump, stopped-flow, el e c t r i c a l 
resistance and viscosity measurements (56-58). The useful compila
tion of different studies on this subject is found in the books by 
Robb (68) and Shah and Schechter (69). Several structural models 
of microemulsions have been proposed and we w i l l discuss only a 
few important studies here. 

Based on various physical techniques, Shah et a l . (70) have 
proposed structures for the microemulsion and cosolubilized systems 
(Figure 5). Two isotropic clear systems with identical compositions, 
except that one contains n-pentanol and the other n-hexanol, are 
structurally quite dissimilar systems. The proposed structure for 
the pentanol containing system i s a cosolubilized system in which 
one can visualize the surfactant and the cosurfactant forming a 
liquid which can dissolve both water or oil as a molecular solution, 
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S A S B S C 

Figure 4. Schematic i l l u s t r a t i o n of free energy change (Ag) 
as a function of droplet size (R) 

Pentanol Hexanol 

C o s o l u b i l i z a t i o n Microemulsion 
(Molecular s o l u t i o n ) (Water-in-Oil) 

• Water 
Ο I A l k y l Alcohol 
Ο ι Potassium Oleate 
VSSSSSSAVA Hexadecane 

Figure 5. Schematic i l l u s t r a t i o n of the structure of cosolubilized 
and microemulsion systems 
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whereas hexanol containing system is a true water-in-oil micro
emulsion in which water is present as spherical droplets. The 
structures shown in Figure 5 are schematic and should not be con
sidered rigidly. These authors have also mentioned that there may 
be small aggregates of water molecules or surfactant and cosurfactant 
molecules in the cosolubilized system. However, the structure of 
cosolubilized system shown in Figure 5 i s consistent with the change 
in electrical resistance upon addition of water to such systems. 

For microemulsion system (hexanol system) , since it contains 
water spheres in a continuous oil medium, the addition of water 
forms more spherical droplets. The continuous medium is s t i l l an 
oil phase and therefore, the electrical resistance is maintained 
at a high value in the range of 10~-> ohms (70). However, for cosolu
bilized system (pentanol system), as the amount of water is increased, 
the average distance between alcohol molecules as well as between 
water molecules would change and this consequently would influence 
the hydrogen bonding a b i l i t y of water and alcohol molecules, which 
in turn would influence th
Moreover, as one adds mor
it becomes more elect r i c a l l y conducting and, hence exhibits a 
continuous decrease in the electrical resistance (70). 

In summary, these authors (70) have proposed that the transpa
rent, isotropic, clear, stable systems prepared from oil/water/emul-
s i f i e r can be classified into one of three main categories: Normal 
or reversed micelles, water-in-oil or oil-in-water microemulsions 
or cosolubilized systems. One can distinguish these classes of 
structures by using a combination of physical techniques to study 
the properties of such systems. 

From the results of self-diffusion, Lindman et a l . (71) have 
proposed the structure of microemulsions as either the systems have 
a bicontinuous (e.g. both oil and water continuous) structure or 
the aggregates present have interfaces which are easily deformable 
and flexible and open up on a very short time scale. This group has 
become more inclined to believe that the latter proposed structure 
of microemulsion is more r e a l i s t i c and close to the correct descrip
tion. However, no doubt much more experimental and theoretical 
investigations are needed to understand the dynamic structure of 
these systems. 

The ultrasonic absorption in relation to the transitions and 
c r i t i c a l phenomena in microemulsions has been studied by Lang et a l . 
(72). The ultrasonic absorption is very sensitive to the concen
tration fluctuations which occur near the c r i t i c a l temperature or 
composition in binary liquids. Similar absorption maxima were also 
expected as the composition of the systems was varied in the v i c i n i t y 
of composition where water-in-oil microemulsions convert into the 
oil-in-water microemulsions. However, the most puzzling feature of 
these data is probably the very continuous change of the relaxation 
parameters with composition even in the range where W/0 microemul
sions turn into 0/W microemulsions. 

Friberg et a l . (73) have proposed a random structure of micro
emulsions with varying curvatures. Taupin and co-workers (74) have 
considered the presence of hard oil and water droplets with a rela
tively sharp transition between these, while Shinoda (J3L92ÎÙ N A S 

proposed a lamellar structure with alternating water, amphiphilic 
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and hydrocarbon layers. Talmon and Prager (77) have suggested a 
hard randomly arranged hydrophobic and hydrophilic polyhedra, 
whereas Scriven (78) has viewed the middle phase microemulsions 
as a complex periodic three dimensional networks with both hydro
carbon and water continuity. It is certain that future investiga
tions on the structure of microemulsions w i l l reveal many interesting 
structural characteristics and diversity of phenomena in these 
systems. 
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Onset of Chaos in the Structure of Microemulsions 

E. RUCKENSTEIN 

Department of Chemical Engineering, State University of New York at Buffalo, Buffalo, NY 14260 

A thermodynamic treatment of microemulsions is devel
oped to explain: (1) the transition from a single 
phase microemulsion to one which coexists with an ex
cess dispersed phase  (2) th  transitio  fro  tw
to a three-phas
emulsion is in equilibriu
and (3) the change in structure which occurs near the 
latt e r transition point. In addition, the same treat
ment is employed to explain observations concerning the 
ill-defined, fluctuating, interfaces which can arise 
inside some single phase microemulsions. Because two 
length scales characterize a microemulsion, two kinds 
of pressures are defined: the micropressures, defined 
on the scale of the globules, and the macropressure, 
defined on a scale which is large compared to the size 
of the globules. In contrast to the former pressures, 
the macropressure is based on a free energy which also 
accounts, via the entropy of dispersion of the globules 
in the continuous phase, for the collective behavior of 
the globules. The macropressure constitutes the thermo
dynamic pressure of the microemulsion and is equal to the 
external pressure p. An excess dispersed phase coex
i s t i n g with a microemulsion forms when the micropressure 
p2 inside the globules becomes equal to p. A third 

phase, the excess continuous phase, appears when, in 
addition, the micropressure p1 in the continuous phase 

becomes equal to p. The change in structure inside 
some single phase microemulsions as well as near the 
transition from a two to a three phase system occurs 
near the point where p2 = p1. This happens because, 

under such conditions, the spherical interface between 
the dispersed and continuous media of the microemulsion 
becomes unstable to thermal perturbations. These 
fluctuations in the shape of the dispersed phase 
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lead to chaotic variations of ill-defined structures 
of the microemulsion. The possible existence of a 
cascade of continuous changes from a chaotic micro
emulsion to molecular dispersion is also noted. 

Since Schulman and his coworkers discovered microemulsions (1-3), the 
preferred pathway to prepare them was to start from an emulsion sta
b i l i z e d by the adsorption of surfactant molecules on the surface of 
the globules. The addition of a cosurfactant - a medium length alkyl 
alcohol - generates an emulsion, containing globules of almost uni
form size, lying between 10^ and 103A. in contrast to the conven
tional emulsions, this new kind of emulsion is, in general, optically 
transparent and thermodynamically stable. Because of the small size 
of i t s globules, it was called a microemulsion. The spherical shape 
attributed to the globules of the dispersed phase is a result of not 
only our image about the conventional emulsions, but also of numerous 
experimental investigations (2-7). 

An alternate pathway
tant (8-10), starts frommicella
surfactant with ρ ο lyoxy ethylene head group or a double chain ionic 
surfactant, such as Aerosol OT. It is well known that surfactants 
dissolved in water form, above the c r i t i c a l micelle concentration, a 
substantial number of large aggregates (micelles) (11,1 2). Hydro
carbon molecules, though insoluble in water, can be solubilized e i 
ther among the hydrocarbon chains of the micelles (13-15) or for some 
surfactants, such as those with ρ ο lyoxy ethylene head group, the solu
b i l i z e d molecules can form a core surrounded by a layer of surfactant 
(a microemulsion). Micellar aggregates are spherical for small sizes 
and cy l i n d r i c a l for large sizes (11). When the solubilization occurs 
among the hydrocarbon chains, spherical or cyli n d r i c a l shapes are 
also expected to occur (14,1 5), depending upon the size of the 
aggregate. When the aggregate consists of a core of hydrocarbon mole
cules protected by a layer of surfactant, int u i t i o n suggests that a 
spherical structure w i l l result for aggregates of any size (14,15). 
However, since the interfacial tension at the surface of the globules 
is very low, the entropie freedom which a non-rigid, non-spherical 
shape can provide may overcome the effect of the increase in area. As 
a result, non-spherical globules could be preferred thermodynamically. 

Surfactants which are dissolved in oil form small, non-spherical 
aggregates (16,17). However, the presence of water favors the forma
tion of "swollen micelles", containing a core of solubilized water 
molecules. Again, int u i t i o n suggests a spherical shape for these 
globules. 

For completeness, l e t us note that i f the volume fraction of the 
dispersed phase becomes sufficiently large, it is expected that the 
interactions between the globules w i l l affect their shape. As these 
interactions become greater, a percolation threshold occurs. The 
el e c t r i c a l conductivity of the system increases steeply at the 
threshold because of the transient interconnections between an i n f i 
nite number of globules of water. 

More recent experiments have indicated that the structure of the 
dispersion could be much more complex. The f i r s t of these observa
tions resulted from a study of the phase behavior of microemulsions. 
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This is best illustrated by what happens when the amount of salt is 
increased, for fixed amounts of oil, water, surfactant and cosurfac
tant (18-20). For relatively low amounts of salt , an oil in water 
microemulsion coexists with excess oil phase; at sufficiently high 
salt content, a water in oil microemulsion is in equilibrium with 
excess water phase, while at intermediate s a l i n i t i e s , a (middle 
phase) microemulsion coexists with both water and oil excess phases. 
Of course, the excess phases contain some surfactant, cosurfactant 
and even water or oil at concentrations determined by the equilibrium 
between the phases. In the present context, it is important to note 
that, in general, the microemulsion contains spherical globules whose 
size distribution is f a i r l y uniform when it coexists with a single 
excess phase, but that i t s structure becomes very complex as soon as 
it coexists in equilibrium with both excess phases. 

Very recently, a novel Fourier transform NMR method was employed 
by Lindman, et a l . (21) to obtain multicomponent self-diffusion data 
for some single phase microemulsion systems. Because of the large 
values obtained for the
carbon, and alcohol, ove
concluded that there are no extended, well-defined structures in 
these systems. In other words, the interfaces which separate the 
hydrophobic from the hydrophilic regions appear to open up and reform 
at a short time scale. 

The scope of the present paper is to show that the thermodynamic 
theory developed by the author (22,23) can explain the change in 
structure which occurs near the point of transition from two to three 
phases as well as in some single phase microemulsions. In essence, 
the thermodynamic considerations that follow demonstrate the existence 
of a transition point in the v i c i n i t y of which the spherical shape 
of the globules is no longer stable and is replaced by a chaotically 
fluctuating interface. For this reason, it is appropriate to c a l l 
this transition the spherical to chaotic transition. The next 
section of the paper contains a qualitative explanation of the above 
phenomena. The corresponding thermodynamic equations are then de
rived and an explanation concerning the origin of the middle phase 
microemulsion as well as the interpretation of the NMR experiments 
for some single phase microemulsions follow. A discussion regarding 
the "transition" from macroscopic to molecular dispersion concludes 
the paper. 

Qualitative Considerations 

The dispersion of one phase into a second phase in the form of glob
ules leads to an increase in the entropy of the system and results 
in the adsorption of surfactant and cosurfactant on the large inter-
f a c i a l area thus created. This adsorption decreases the interfacial 
tension from about 50 dyne/cm, characteristic of a water-oil inter
face devoid of surfactants, to some very low positive value. In ad
dition, the concentrations of surfactant and cosurfactant in the 
continuous and dispersed phases are decreased as a result of the ad
sorption, thereby reducing their chemical potentials. This dilution 
of the bulk phases leads to a negative free energy change, which we 
c a l l the dilution effect. Dispersions that are thermodynamically 
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stable are generated when the negative free energy change due to the 
diluti o n effect and to the entropy of dispersion overcomes the posi
tive product of the low in t e r f a c i a l tension and the large interfacia l 
area produced. This explains the thermodynamic s t a b i l i t y of micro
emulsions (24). 

Let us now consider that the microemulsion contains spherical 
globules. These globules are, however, macroscopic bodies. Conse
quently, two macroscopic length scales characterize a microemulsion. 
One of them is the scale of the globules, while the other, which is 
much larger than that of the globules, is the scale of the microemul
sion. The thermodynamic pressure is defined at the scale of the 
microemulsion, on the basis of a free energy which includes the 
"macroscopic" behaviour reflected in the entropy of dispersion of the 
globules in the continuous phase. In addition, one can, however, de
fine pressures at the scale of the globules. Let us c a l l the pressure 
p^ inside the globule and the pressure p^ near the globule in the con
tinuous phase micropressures
fined on the scale of th
it he rmodynamic) pressure which is defined on the scale of the entire 
microemulsion. A particular globule which has the pressure ρ inside 

2 
feels outside, in i t s v i c i n i t y , the micropressure p^. Only a "macro
scopic" part of the microemulsion, which of course should be large 
compared to the size of the globules, feels the thermodynamic pres
sure. In other words, the micropressures are defined on the basis 
of a free energy which does not include the entropy of dispersion of 
the globules in the continuous phase (an effect which manifests it
self at a scale of the order of the microemulsion, which is large 
compared to the size of the globules). Because of the condition of 
mechanical equilibrium, the thermodynamic pressure equals the pres
sure ρ of the environment (external pressure). It is important to 
emphasize the ρ and ρ are real pressures at the scale of the glob-

2 1 
ules, and that the thermodynamic pressure is a rea l pressure in a 
volume which contains a large number of globules. 

Let us consider one globule at the interface between microemul
sion and environment. As long as the micropressure ρ < ρ, the 

2 
globule w i l l stay in the microemulsion and no excess dispersed phase 
w i l l appear, because the chemical potential at the pressure p^ is 

smaller than that at the pressure p. The mechanical equilibrium con
di t i o n between microemulsion and environment is s t i l l satisfied be
cause the macro (thermodynamic) pressure is equal to the external 
pressure. For p^ > ρ the globules w i l l disappear from the continu
ous phase, i.e. , the microemulsion w i l l give way to separate oil and 
water phases. An excess dispersed phase in equilibrium with the 
microemulsion w i l l appear when ρ - p. Similar considerations show 

2 
that a third phase, the excess continuous phase, appears when ρ - ρ· 
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Consequently, a three-phase system composed of both excess phases and 
a microemulsion w i l l form when p^ • p^ - p. However, the equality 

p^ β p^ is not compatible with the existence of spherical globules, 

because, near such a point, the interface becomes unstable to thermal 
perturbations and, therefore, it fluctuates. Thus, the change in 
structure observed experimentally occurs near the transition point 
from a two to a three-phase system, as a result of the equality of 
the micropressures at that point. Of course, the micropressures p^ 

and p^ can become equal without any phase separation ( i . e . , without 

their common value being equal to p). For this reason, fluctuations 
of the spherical interface are also expected to arise in some single 
phase microemulsions. This explains the NMR experiments of Lindman, 
et a l . (21> 

The above simple consideration
phase, the change in structur
well as the fluctuations of the interface between the continuous and 
dispersed medium which arise in some single phase microemulsions. 
While it is d i f f i c u l t to obtain detailed quantitative information on 
the above behaviour, the thermodynamic equations derived in the f o l 
lowing section provide a framework for further theoretical develop
ment as well as some additional insight concerning the micropressures 
and various physical quantities involved. 

Basic Thermodynamic Equations 

Let us assume that the microemulsion contains spherical globules of a 
single size. For given numbers of molecules of each species, tem
perature and external pressure, we consider an ensemble of systems in 
which the r a d i i and volume fractions of the globules can take ar
bitrary values. Because the equilibrium state of the system is com
pletely determined by the number of molecules of each species, the 
temperature and external pressure, the actual values of the radius 
and volume fraction w i l l result from the condition that the free en
ergy of the system be a minimum. 

We start with the observation that the dispersion of the glob
ules in the continuous phase is accompanied by an increase in the 
entropy of the system and denote by Af the corresponding free energy 
change per unit volume of microemulsion. However, l e t us consider, 
for the time being, a "frozen" system of globules inside the contin
uous phase, ignoring Af. At constant temperature, the variation of 
the Helmholtz free energy per unit volume, f 0 , of the frozen micro
emulsion can be written, i f the actual physical surface of the glob
ules is used as the (Gibbs) dividing surface, as follows (25,22,23); 

df - γ dA + Cd(l/r) + Σμ dn - ρ d* - ρ d(l - Φ) (1) 
ο 1 1 2 1 

where γ is the in t e r f a c i a l tension, C is the bending stress due to 
the curvature 1/r, A is the int e r f a c i a l area per unit volume of micro
emulsion, n^ is the number of molecules of species i per unit volume, 
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μ^ is the electrochemical potential of species i , p^ and p^ are the 

micropressures inside the globules and in the continuous phase, re
spectively, and φ is the volume fraction of the dispersed phase. Of 
course, the radius r, the area A, the volume fraction φ, the inter-
f a c i a l tension γ and the bending stress C correspond to the selected 
(Gibbs) dividing surface. The area A and the radius r of the glob
ules are related via the expression 

A = 3φ/Γ (2) 

We note that Equation 1 contains the micropressures p^ and p^, 

since they represent the pressures in the continuous and dispersed 
media of the frozen state, the collective behaviour expressed via 
Af being Ignored for the frozen state. 

One can remark that the i n t e r f a c i a l tensionΎ  which is defined 
by a variation in the froze
and T, includes also thos
van der Waals, double layer and hydration force interactions, which 
change with surface area A. However, a change in A at constant φ 
changes also the shortest distance, 2h, between the surfaces of two 
neighboring spherical globules. Thus, the v i r t u a l change used to 
define γ changes the spatial distribution of the globules and not 
just their surface area. Therefore, γ includes, in addition to the 
effect of the above interactions at a given distance 2h, the effect 
of the reversible work done against these forces, as h changes. Con
sidering the force τ per unit area to be positive for repulsion, 
the variation 2dh produces, per unit volume of microemulsion, the 
work Axdh. A more familiar i n t e r f a c i a l tensionY^, from which the 
effect of the variation of h is eliminated, can be therefore defined 
by 

γ dA = γ hdA - Ατ dA (3) 
9 A Φ,ΐΗ,Τ 

Since the equations written in terms of γ are more compact than those 
in terms of γ^, the treatment which follows uses Equation 1 as the 
starting point. 

The free energy per unit volume of microemulsion is given by the 
sum 

f - £o + Af (4) 

which, when combined with Equation 1, leads to: 

df = γ dA + Cd(l/r) + Σμ dn - ρ άφ - ρ d(l - φ) + dAf (5) 

While a l l the variables r, η^, φ, Τ and ρ are necessary to specify an 
arbitrary state, the equilibrium state of a microemulsion is com
pletely determined by η^, Τ and p. The values of r and φ w i l l there
fore emerge from the condition that the microemulsion be in internal 
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equilibrium, i . e . , f be a minimum with respect to r and φ (or A 
and φ). This leads to the equations: 

y - - ( |τ·) φ - C ( ^ ^ + (constant nt and T) (6) 

and 

P 2 " ?1 - C|y f9A + C K (constant n t and T) (7) 

For spherical globules, A and r are related via Equation 2. Then 
Equations 6 and 7 become: 

~ W 3Γ ( 8 ) 

f3Af^ r3Af-, /dr-, .3Af-, and, since - + 

It is instructive to write Equation 9 in another equivalent form. At 
4 ο 

constant m, where m (= φ/y irr J) is the number of globules per unit 
volume of microemulsion, 

(3Af> _ 3φ r3Af>> r3Af>> 

Combining this equation with Equations 8 and 9, one obtains: 

2γ C . r r3Af>> / Λ m 
p2 " P i = — " 3 φ ? + 3 f ( 3 r - J m

 ( 1 0 ) 

Equation 10 reveals more obviously that Equation 9 constitutes a gen
eralized Laplace equation. 

The mechanical equilibrium condition between microemulsion and 
the environment (which is at the constant pressure p) provides a 
second relation between ρ and ρ · Indeed, the variation of the 

2 1 
Helmholtz free energy F of the entire microemulsion can be written 
as 

dF =ïd(AV) + VCd(l/r) + E y ^ i - ρ^(νφ) - ρ^(ν(1 - φ)) 

+d(VAf) 

where V is the volume of the microemulsion and is the number of 
molecules of species i in the entire microemulsion. Considering a 
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variation dV of the volume at constant Τ, ρ and N^, the mechanical 
equilibrium condition with the environment yields the equation: 

γ d(AV) + VCd(l/r) - ρ d(V<|>) - ρ d(V(l - φ)) + d(VAf) 
2 1 

- pdVe = 0 (11) 

where dVe = - dV is the variation of the volume of the environment. 
Combining Equation 11 with Equations 8 and 9, one obtains: 

§*-Ύ - (P 2 " Ρχ)Φ + (Ρ - + Af - 0 (12) 

The system of Equations 8, 9 and 12, lead to the following expressions 
for ρ and ρ : 

^ • - - " « - « ( ^ . { © , - ΐ , <13> 

and 
Pj - ρ • Af - φ (||£-)

Equations 13 and 14 relate the micropressures p^ and p^ to the ex

ternal pressure p,C and to Af and i t s derivatives. 
It is obvious that the mechanical equilibrium condition requires 

the macro (thermodynamic) pressure of the microemulsion to be equal 
to p. Equations 13 and 14 reveal that the macropressure is equal 
t o p or ρ plus terms which arise as a result of the collective 

2 1 
behavior of the globules reflected in Af and also due to the 
curvature effect. 

The Origin of the Middle Phase Microemulsion and of i t s Structure 
3f 

The chemical potential in the microemulsion phase is defined as g-j^ 
at constant Τ, Α, φ and nj (with j * i ) . Because the free energy Af 
due to the entropy of dispersion of the globules in the continuous 
phase can be considered a function of only r and φ and independent 

3 f 
of m (2 6,2 7), it follows that τ is equal to the chemical potential 

— à nj 
Vi in the frozen state. 

Assuming the concentrations of various components to be the same 
in the globules and the excess dispersed phase, the equality of 
the chemical potentials is equivalent to the equality of the pres
sures. The chemical potentials in the dispersed phase are ex
pressed in Eq. (5) at the micropressure ρ . Since in the excess 

2 
dispersed phase the pressure is equal to the external pressure, an 
excess dispersed phase forms when 

p 2 -P (15) 
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which, when introduced in Equation 13, provides the expression 
r3Af>> C . r r9Af (16) 

Equations 8 and 16 provide the basic thermodynamic equations which 
can predict the dependence on s a l i n i t y , of the equilibrium radius 
r and the volume fraction φ at the transition between the region in 
which a microemulsion phase forms alone and that in which it coexists 
with an excess dispersed phase. Any addition to the system of excess 
dispersed phase having the same composition as the globules w i l l 
change neither φ nor r in the microemulsion, as soon as the transi
t i o n point is reached. To carry out such calculations, e x p l i c i t ex
pressions are needed for the interfacial tension γ as a function of 
the concentrations of surfactant and cosurfactant in the continuous 
phase, of s a l i n i t y and radius r, as well as expressions for C and 
for the free energy Af. The in t e r f a c i a l tension depends on the radius 
for the following two reasons: If the radius were increased at con
stant φ, the surface are
amount of surfactant and
tem is closed the concentrations in the bulk become larger and the 
amount adsorbed per unit area increases. Thus, the i n t e r f a c i a l ten
sion decreases. In addition to the above mass conservation effect, 
there is also a curvature effect, due to the following relation which 
exists between γ and C (the generalized Gibbs adsorption equation 
(25,23)): 

3*Y C 
γ£ = - 3̂ - (constant Mi and T) 

It is d i f f i c u l t to derive an equation for γ , particularly at high elec
trolyte concentrations. However, for a planar interface, with only a 
single surfactant, such an equation was recently established (28). 
It is also d i f f i c u l t to establish a relation for C. As for Af, ex
pressions have already been derived, either on the basis of a l a t t i c e 
model (26), or on the basis of the Carnahan-S tar ling approximation 
for hard spheres (2 7). These expressions could be introduced in Equa
tions (8) and (16) to relate r and φ to γ and C, or perhaps even more 
meaningfully, to relate γ and C to r and φ. 

Similarly, from the equality of the chemical potentials in the 
continuous and excess continuous phases one concludes that a third 
phase, the excess continuous phase, appears, when, in addition to 
ρ = ρ, we also have 

Ρ - Ρ (17) 

which, when combined with Equation 14, leads to 

A f - * ( I r 3 r
 = 0 ( 1 8 ) 

A change in structure is expected to occur near the transition to 
the three phase system, since the equality p^ = p^ = ρ is not 
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compatible with spherical globules. Large fluctuations of the inter
face between the two media of the microemulsion are expected to 
occur in the v i c i n i t y of such a point. This behaviour, which is sim
i l a r to that occurring near a c r i t i c a l point, explains the results 
of the light scattering experiments of Cazabat et a l . obtained 
near the transition to the three-phase system and in the middle phase 
region. These authors note the increase in turbidity, the decrease 
of the diffusion coefficient, the large thicknesses of the two inter
faces, as well as the very small values of the in t e r f a c i a l tension 
between the middle phase and each of the excess phase, near the tran
s i t i o n point. It is also of interest to note that the i n t e r f a c i a l 
tensions between the microemulsion and each of the excess phases could 
be represented by expressions which are valid near a c r i t i c a l point 
(29). While the above observations are typically v a l i d in the vicin
i t y of a c r i t i c a l point, they are, in the case of microemulsions, a 
result of the fluctuations of the spherical interface, which occur 
in the v i c i n i t y of the point where ρ • ρ • p. The above thermody-

namic equations are no longe
middle phase microemulsion, because, in this case, we no longer have 
spherical globules of only one size. Additionally, chaotic breakup 
and coalescence are also probably taking place. 

To transform the above equations into a predictive tool is not an 
easy task, for reasons already outlined. They constitute, however, a 
thermodynamic framework on the basis of which further development 
could follow. 

Discussion of The NMR Experiments in Single Phase Microemulsions 

As already noted, a particular globule, which has the pressure p^ in
side, feels outside, in i t s v i c i n i t y , the micropressure p^. The con
dition of mechanical equilibrium of the spherical interface of the 
globules requires p^ > p^. However, it is important to realize that, 

in contrast to the case of a l i q u i d droplet surrounded by i t s vapors 
(which is treated in Reference 25), this inequality does not require 

r^~ " 3^r~ t 0 ^ e a P o s i t i v e quantity, since the additional term^(|^-) 

which appears in Equation 10 is always a positive quantity. Indeed, 
the increased volume exclusion (which arises when the radius r in
creases at constant number m of globules) decreases the disorder and 
hence the entropy of dispersion of the globules in the continuous 
phase. As a result, the corresponding free energy Af increases with 
increasing radius, at constant m. As the qualitative discussion of a 
previous section demonstrates, one may also note that ρ < ρ in single 

phase microemulsions and ρ^ β ρ when a microemulsions coexists with an 

excess dispersed phase. Therefore, in order to examine the mechanical 
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s t a b i l i t y of the spherical interface of the globules, it is not appro
priate to compare p^ with the external pressure as one might be 

tempted to do* 
The spherical shape of the globules is stable to thermal pertur

bations as long as ρ > ρ and becomes unstable in the v i c i n i t y of 
2 1 

the point where p^ • p^. At this point, Equations 9 and 10 lead to 

the expressions: 
(Ml) + L(*ÈL _ Ç _ = 2 L . _ C _ + r _ f i * L ) = 0 (19) 
^3φ >Έ

 + φ ̂ 3r \ " r 3*r + 3 * l 3 r j
e
 0 

The i n s t a b i l i t y of the spherical shape occurs near the point where 

:r? — = 7ΓΓ- (̂ -̂ -) ' Because (τ-^-) is always a positive quantity, a 
j<pr r J<J> or m or m ^ 
necessary condition for th
Equations 8 and 19 allow
of φ and r (as a function of the concentrations of the components in
volved) in the v i c i n i t y of which the above fluctuations arise. How
ever, such calculations could be performed only i f e x p l i c i t expres
sions become available for γ and C. (Of course, γ and C could be re
lated to r and φ by using Equations 8 and 19 as well as one of the 
expressions already derived for Af.) Therefore, one can conclude that, 
near the " c r i t i c a l values" of φ and r, (provided by Equations 8 and 
19), the interface of the spherical globules starts to fluctuate. 
As a result, the Interface does not keep i t s identity, the dispersed 
units breakup and coalesce and the system acquires the chaotic char
act e r i s t i c s of turbulence. For this reason, we are tempted to label 
t h i s structure as chaotic. 

Concluding Remarks 

In the previous sections, the emphasis was on what we called the 
spherical to chaotic shape transition. While the dispersed phase 
maintains i t s macroscopic dimensions, it possesses an extremely lab
i l e , fluctuating interface, which leads to i t s breakup and coales
cence. It is natural to suspect that, at least in some cases, the 
above transition is the beginning of a cascade of changes during which 
the macroscopic length scale of the dispersed phase decreases progres
sively u n t i l the molecular scale is reached. To better i l l u s t r a t e 
t h i s point, l e t us consider a microemulsion in which the amount of 
alcohol is continuously increased and assume that the alcohol is solu
ble in the continuous as well as in the dispersed phases. Because 
th i s alcohol is compatible with both oil and water, it can, at least 
in principle, continuously increase the compatibility of the two. In 
addition, at a relatively low amount of alcohol, the transition from 
spherical globules to a chaotic structure occurs. An increase in the 
amount of alcohol could thus progressively increase both the compati-
b i l i t i y of the oil with water as well as the l a b i l i t y of the inter
face of the macroscopic dispersion u n t i l a molecular dispersion of 
oil, water, surfactant and cosurfactant is achieved. 

This work was supported by the National Science Foundation. 
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The stability of premicellar association structures in W/O 
microemulsion systems was calculated using the CNDO/2 method. 
The results reveale
of water molecules wit
compounds. Even extremely strong hydrogen bonds such as 
those between ionized carboxylate and nonionized carboxylic 
groups could be intercalated by water molecules with energy 
conservation. 

The knowledge about microemulsions has reached an advanced state 
(1,2); especially so about the fundamentals for their s t a b i l i t y (3). 

However, some problems remain unsolved. One of them, which we 
have found intriguing, is the fact that the systems at the lowest 
water concentrations do no show the presence of inverse micelles; 
in fact, the W/0 microemulsions w i l l tolerate rather large amounts 
of water before any colloidal association takes place. This fact 
was early pointed out by Shah (4) and the variation of particle size 
with water content has been investigated using dielectric (5) methods, 
light scattering and electron microscopy (6). These results strongly 
indicate the size of the primary aggregates at low water concent
rations not to be significantly different from the size of the sol 
vent molecules. 

Our interest in this phenomenon is mainly the role of the water 
molecules for the s t a b i l i t y of such aggregates; an interesting pro
blem against the suggestion by Eicke (7) that small amounts of water 
are essential for the s t a b i l i t y of inverse micelles of aerosol OT. 

In this a r t i c l e we evaluate interactions in a system stabilized 
with an ionic surfactant and with a carboxylic acid as the cosurfact
ant. Such a system is distinguished from the common soap/alcohol 
stabilizer combinations by the fact that the soap/acid system does 
not require a minimum water concentration to dissolve the soap. 
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34 MACRO- A N D MICROEMULSIONS 

Calculation Method 
In brief, the CNDO (the acronym stands for complete neglect of 
differential overlap) approach is an a l l valence electron, self-
consistent f i e l d calculation in which multicenter integrals have 
been neglected and some of the two electron integrals parameterized 
using atomic data. Slater type atomic orbitals are used as the basis 
2s, 2ρ χ, 2ρ , 2p for carbon and oxygen. In these calculations two-
electron intégrais are approximated as 

( μ ν / λ σ ) = δ μ ν δ χ σ (μμ /λλ) = γ μ λ 

where μ etc. stands for Slater Orbitals φ , ... centered on the 
nuclei. The electron interaction integrals are assumed to depend 
only on the atoms to which φ , φ^ belong, and not on the specific 
orbitals, e. g. 

V> - ΎΑ
Further 

(y/vB/v) = δ μ ν V a b 

where -V^ is the potential due ot the nucleus of charge and the 
inner shell of atom Β and 

VAB " ZB / Sl ( 1> ( r l B ) _ 1 d T l 
In addition, the off-diagonal core matrix elements, Η , are set 
proportional to the overlap integral, S . ^ V 

Η μ ν = 3AB δ μ ν 

where 3 ^ is a parameter determined from atomic spectral data for 
Atoms A and B. The specific parameterization used is called CNDO/2. 

The computer codes used for these calculations are modifications 
of Dobash's program supplied by QCPE (3). The modifications prin c i 
pally consisted of increased dimensions to handle the large systems, 
and a matrix extrapolation routine incorporated into the SCF portion 
of the program to enhance convergence. 

Results and Comments 
The basic unit to be studied was the sodium formate/formic acid com
plex with two soap molecules and four acid molecules. This number 
of molecules in the soap/acid complex has been experimentally 
determined (9) for octanoic acid/sodium octanoate. In the present 
calculations, the shorter chains are used in order to save the labor 
of mapping the geometries. Earlier calculations (10) have shown the 
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contributions of the hydrocarbon chain electrons to the head group 
interactions to be negligible and in addition, the role of the chains 
in mundus realiter is only to provide a hydrophobic shell for the 
head group structure. Since we postulate the geometry a p r i o r i from 
experimental data and since the hydrocarbon chains do not contribute 
to the head group interaction to a significant degree, the formic 
acid/formate combination model is j u s t i f i e d . 

The 2/4 soap/acid molecular complex may be structured with two 
binding patterns (10). The acid carboxylic groups may be aligned 
horizontally, Fig. l a , or vertically, Fig. lb. For our present 
evaluation, only the vertical alignment w i l l be examined; it offers 
distinct advantages for the inclusion of water (11). 

When the water molecules are attached to the soap/acid associ
ation structure, structural changes may be expected. In the present 
investigation, three of these are examined. 

1. The water molecules are hydrogen bonded to the polar 
groups with n
association complex

2. The two soap molecules are separated from each other 
along the horizontal axis bisecting the carboxylic 
groups. The acid molecules retain their position 
relative to the soap molecule, Fig. 2. 

3. The acid/soap hydrogen bond is broken and the -0 ...H..O. 
distance is increased. 

The experimental evidence at hand (12,14) shows a maximum of 14 
water molecules to be attached to the 2/4 soap acid before a phase 
transition to a liquid crystalline structure occurs. The addition 
of water is accompanied by a linear reduction of the number of carb
oxylic acid/carboxylate hydrogen bonds (13,14). 

With this information at hand, an examination of the energy 
changes for a l l the alternatives 1-3 were considered useful in order 
to understand the energy foundation for the solubilization of water 
into a soap/acid complex. 

The energy needed to enhance the horizongtal distance between 
the ionized carboxylate group oxygens to a sufficient degree to enable 
water molecules to be inserted into the center of the structure was 
25.6 Kcal/mole; the oxygen-oxygen distance now being 4.205 Â against 
3.570 Â for the original structure. This low value was obtained 
through repositioning of the carboxylic acid groups and by adjustment 
of the vertical carboxylate group/sodium ion distance to i t s optimum 
value at 3.265 Â. 

This expanded structure allowed two water molecules to bind by 
two hydrogen bonds to the two ionized carboxylate groups and by a 
oxygen/metal ligand bond to the sodium ion. The position of this 
water molecule is displayed as I^O^ in Fig. 3. Water molecule //2 
was located symmetrically and has been omitted in the figure for 
reasons of c l a r i t y . These water molecules were maximally occupied 
in strong bonds which is reflected in their binding energy 37.9 Kcal/ 
mole water. 

It should be noted that the energy released by these two bonds 
more than compensates for the energy input to obtain the necessary 
expansion to accommodate the two water molecules. 
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Figure 1. The 4:2 acid-soap dimer with the acids bridging 
h o r i z o n t a l l y (a) and v e r t i c a l l y (b) a f t e r Bendiksen et a l . (10). 
Key: Θ, a c i d ; ., soap. 
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Figure 2. The 4:2 acid-soap dimer with the acids bridging 
v e r t i c a l l y expanded to accommodate two water molecules in between 
the two main groups. Al and Sl denote d i f f e r e n t p o s i t i o n s in 
the a c i d and soap molecules. Key: Θ, a c i d ; ., soap. 

Figure 3. The p o s i t i o n of 14 water molecules added to the 
expanded soap/acid a s s o c i a t i o n s t r u c t u r e s . Water molecule 2 is 
the symmetric i d e n t i c a l to #1, #4 the corresponding p a i r to 
#3 and so f o r t h . Key: o, water; Θ, ac i d ; ., soap. 
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In addition, water molecules marked 3 on Fig. 3 and i t s symmetric 
location 4 (not included) gave binding energies of 27.6 Kcal/mole 
water. These molecules may be bound to the unexpanded soap/acid 
association structure with similar energies involved. The bonding 
of these two water molecules obviously would provide sufficient 
i n i t i a l energy for the expansion of the soap/acid association complex 
to accommodate water molecules / / l and 2. 

Additional water molecules were added according to Figure 3, to 
a maximum of 14. The energies released are given in Table I with 
binding sites according to Fig. lb. 

Table I. Association Energies and Binding Sites for Water 1-7 

Water Molecule Binding Site (Fig. lb) Afl8iîtmJÎ§-l§!I?y 
1 Sl, S3 -37.9 
2 
3 
4 ,
5 Sl, H 20 J -18.1 
6 S4, H^O4 -18.1 
7 A3, A4 -22.3 

The numbers show an overwhelming st a b i l i t y for inclusion of the 
water molecules and encouraged the evaluation of energies involved 
in breaking the strong carboxylic acid/carboxylate hydrogen bonds. 
In the calculation the water molecules were added without breaking 
the carboxylate/carboxylic group hydrogen bonds, but experimental 
evidence (13,14) shows the hydrogen bonds to be reduced to one half 
of their original number at the point of transition to a liquid 
crystalline phase and an evaluation of the energies Involved was 
considered useful. 

The carboxylate/carboxylic acid group hydrogen bond energies in 
the expanded structure totalled 95.6 Kcal. Adding this number to the 
expansion energy means an input of 121.2 Kcal/mole to the soap/acid 
complex in order to accommodate the water molecules. A comparison 
of this value with the energy released by 14 added water molecules is 
i l l u s t r a t i v e . Addition of the 14 molecules w i l l release an energy of 
112.2 Kcal/mole [248 Kcal/mole (Table I) - 14 χ 9.7 (evaporation heat 
of water)] = 112.2 Kcal/mole. 

This number is slightly lower than the value for the energy of 
a l l the hydrogen bonds to be broken, which is in good agreement with 
the experimental results showing one half of the hydrogen bonds to be 
disrupted. The energy needed for that to be accomplished plus the 
energy for the structural expansion amounts to 73.4 Kcal/mole; a 
value well below the 112.2 Kcal/mole released by the water bonding 
according to our present calculations. 

So far, the results of the attempts to calculate the magnitude 
of these interactions are encouraging; the efforts w i l l be continued 
using more exact methods. 
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Experimental results (12) showed a transition to a lamellar 
liquid crystal for 14 added water molecules. Our calculations (to be 
reported at a later occasion) showed no discontinuity or any other 
indication of instability of the soap/acid water complex for the sub
sequent water molecules added in excess of 14. It appears reasonable 
to assume that the isotropic liquid/liquid crystal transition does 
not depend on the energy levels of the polar group interactions. The 
phase transition probably depends on the hydrophobic/hydrophilic 
volume ratio and estimations according to Israelachvili/Ninham (15) 
approach may offer a better potential for an understanding. 
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Results of small-angle-neutron-scattering (SANS), sta
tic and dynamic light scattering, NMR and rheological 
measurements on solution
(RPySal) and Alkyltrimethylammoniumsalicylate
are presented and discussed. The data indicate the exi
stence of rodlike micelles whose lengths L increase li
nearly with increasing concentration, until a critical 
concentration c* is reached at which L approaches to 
the mean distance D between the rods. Above c* the L
-values decrease with increasing concentration. Addition 
of an electrolyte (NaCl) shifts c* towards lower values. 
Below c* the unsheared solutions are not elastic and 
have low viscosities; the viscosity and the elasticity 
rise drastically when c* is surpassed. In order to ex
plain this elasticity, the formation of a threedimensi-
onal network above c* must be assumed. The dynamic na
ture of this network can be seen from the storage mo
dulus G' which increases with increasing angular fre
quency ω and reaches a rubber plateau at a characteri
stic ω-value. 

Many surfactant solutions are normal Newtonian liquids even up to ra 
ther high concentrations. Their viscosities are very small as compar 
ed with the viscosity of the solvent water. This is particulary the 
case for micellar solutions with concentrations up to 20% W/W in 
which spherical micelles are present. Even in the presence of rod
like micelles the viscosities can be rather low. Systems with rod
like micelles have recently been studied extensively. Missel et a l . 
(1-2) studied alkylsulfate solutions and showed how the lengths of 
the rods can be varied by the addition of salt or by the detergent 
concentration. Under a l l these conditions the solutions are of ra
ther low viscosity. On the other hand, we have studied a number of 
cationic detergent solutions in which rodlike micelles were formed 
and which a l l became quite viscous at rather low concentrations. In 
addition some of these solutions had elastic properties. The pheno
menon of viscoelasticity in detergent solutions is not new. Exten-
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sive studies on such solutions have been carried out by a number of 
groups. Bungenberg de Jong 03) already reported measurements on the 
system Cetyltrimethylammoniumsalicylate. This system a few years ago 
was extensively studied with different techniques by Lindman (4), 
Wennerstrom (5) and Gravsholt (60. Other viscoelastic detergent sy
stems which were formed from mixed anionic and betain type surfac
tants were studied by Tiddy Ο ) . Kalus et a l . (8) have reported on 
viscoelastic perfluordetergents. The most detailed studies by Hoff
mann et a l . (9-11) were done on Cetylpyridiniumsalicylate. Many di f 
ferent techniques were used in these investigations to characterize 
the system and in particular to look at the size of the rodlike mi
celles as a function of concentration and other parameters and the 
influence of these parameters on the rheological behaviour of the so
lutions. Most of these results have been reported on the symposium in 
Lund by Hoffmann (12) last year. In the meantime we have carried out 
more measurements on viscoelastic systems and in particular we have 
studied the influence of the chain length, ionic strength and tempe
rature on the aggregates

At the beginning, however
the older results in order to establish a base for the discussion of 
the new results. The cationic Cetylpyridinium- or Cetyltrimethylammo-
nium-ion combined with a weakly solvated counterion form rodlike mi
celles at very low concentrations even in the absence of an inert ex
cess salt. Often there is only a very small concentration range in 
which spherical micelles exist and when the concentration is increased 
above a threshold value rodlike micelles begin to grow. The threshold 
value is sometimes referred to as the cmc„. We prefer the name trans
i t i o n concentration c^. It is even possible that a concentration 
range for spherical micelles does not exist at a l l and the system be
gins to form rods already at the cmc. The intermicellar interaction 
between the micelles is s t i l l repulsive under these conditions. This 
is noteworthy to mention because it was recently postulated that mi-
cellar rods can be formed only under attractive intermicellar condi
tions (13). The growth of the spherical micelles to rods is therefore 
in these systems determined by the intermicellar interaction and the 
monomer-micelie interaction. The reason for the growth of the rods 
under these conditions is the strong binding power of the weakly sol
vated counterions. As a consequence these micelles have a much smal
ler surface charge density than micelles of the same surfactant ion 
but in combination with more hydrophilic counterions like CI od Br . 
This effect is already evident in the rather low cmc-values of the 
systems. Upon a further increase of the concentration above c f c the 
rods grow approximately linearly in length with concentration. As 
long as the lengths of the rods are smaller than their mean distance 
of separation the viscous resistance of the solution is only modera
tely increased above the one of water. However, in this concentration 
range the solutions are rheopectic. Their viscosity increases drasti
cally upon shearing for an extended period of time which depends on 
the shear rate. 

As soon as the rotational volumes of the rods begin to overlap, 
the viscosity increases abruptly several orders of magnitude within 
a very small concentration range. At high concentrations even the un
stirred solutions are viscoelastic. The onset of the elasticity oc
curs at a rather well defined concentration c*. For the detergent sy-
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stem CPySal the threshold value is about 7,5 mM. Both characteristic 
concentrations c f c and c* depend strongly on temperature and increase 
rapidly with temperature. In the concentration range between c f c and 
c* the length of the rods is mainly determined by these two concen
trations. The elastic properties of the solution above c* are probab
ly due to a temporary threedimensional network which is formed from 
the rods. The dynamic properties of the network determine the Theolo
gical behaviour of the solution. The rods seem to be rather s t i f f 
with persistence lengths above 1000 X. At present we know very l i t t l e 
about the network points or contacts between the rods. Regarding this 
problem it should be mentioned that the rods in the network can no 
longer freely rotate while the translational diffusion as measured 
from dynamic light scattering techniques can proceed almost unhinder
ed and is influenced by the intermicellar interaction. Of particular 
theoretical interest is the result that the lengths of the rods de
crease again with increasing concentration above c*. The system ad
justs the lengths of the rods in such a way that the rotational over
lap of the rods is small
of the rods seem to be determine
energy. This w i l l become evident again from the data which w i l l be 
presented. 

Materials and Methods 

The RPySal and RTASal solutions were prepared as previously describ
ed by ion exchange procedure from the corresponding chlorides or by 
dissolving the salicylates which have been synthesized before. Both 
methods gave identical results. The solutions were l e f t standing for 
two days in order to reach equilibrium (9-11). 

Two types of viscometers were employed for measuring the Theolo
gical properties of the detergent solutions. The viscosities at low 
dertergent concentrations were determined with a modified Zimm-Cro-
thers viscometer. From these values the size parameters of the aggre
gates could be calculated. According to Doi and Edwards (14) the v i s 
cosity of a dilute solution of rodlike molecules is given by 

Here η ο means the viscosity of the solution at zero shear rate, τ\β 

the viscosity of the pure solvent, Ô the number of rods per unit vo
lume and L the lengths of the rods. As long as L is s t i l l shorter 
than the mean spacing between the aggregates, the viscosity of the 
detergent solution is s t i l l very low and always small in comparison 
with the solvent viscosity. As a consequence, very accurate measure
ments are necessary to get some informations on the dimensions of the 
rodlike micelles. The Zimm-Crothers viscometer is a very sensitive 
instrument and it was possible to measure the viscosity of the dust-
and airfree solutions with an accuracy of 0,2% at very low shear ra
tes (15). 

The lengths of the rodlike aggregates can be calculated with 
Equation 1 when the concentration c is known. The value for Ô can be 
obtained either from the electric birefringence measurements or it 
can be calculated by the simple expression 

n 0 : V U + 2 . L 3 ) (1) 

c = cM.M/(n-r2-p-L) (2) 
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In this expression r means the short radius of the rodlike micelles, 
c^ the concentration of the aggregated detergent, M the molecular 
weight of the surfactant monomers and ρ the density of the rodlike 
aggregates. 

Inserting Equation 2 into Equation 1 leads to an Equation with 
the only unknown variable L: 

η ο - η 8.(1 + K-L2) with Κ = c^M/Crt-r2.p) (3) 

Equation 3 is only correct for the dilute solution region. 
Interference arises when the rotational volumes of the rods ac

tually touch one another or even more when the^rods begin to overlap. 
The condition for overlapping rods is ô ̂ > 1/L . 

Because the normal viscosities change with time, dynamic experi
ments have been carried out with a rotary viscometer in the o s c i l l a t 
ing mode (Contraves Low Shear 30 sinus). In this way it was possible 
to obtain informations without disturbing the internal supermolecular 
structures. In the genera
is applied. The response
sists of a sinusoidal shear stress p 2^ which is out of phase with the 
strain by the phase angle 6. The shear stress is made up of two com
ponents. The f i r s t one is in phase with the deformation and the se
cond one is out of phase with the strain. From these quantities the 
storage modulus G1 and the loss modulus G" can be calculated accord
ing to the Equations 

G1 = (p 2 1/Y).cos 6 (4) 

G" = (p 2 l/Y).sin δ (5) 

Here ρ«^ means the amplitude of the shear stress, φ the amplitude of 
the deformation and 6 the phase angle between stress and strain. 

It is convenient to express the periodically varying functions 
as a complex quantity which is termed the complex viscosity Iη*I. 
This quantity may be calculated by the expression 

Ιη*Ι = /(G1 2 + G" 2)/ω (6) 

It can be shown that for most dilute solutions there exists a simple 
correlation between dynamic and steady state flow characteristics 
(16). For most detergent solutions the magnitude of the complex vis
cosity Iη*I at a certain angular frequency ω coincides with the stea
dy state viscosity at the corresponding shear rate γ (12, 17). 

The simplest mechanical model which can describe a viscoelastic 
solution is called Maxwell element. It consists of a spring and a 
viscous element (dashpot) connected in series. The spring corresponds 
to a shear modulus GQ and the dashpot to a viscosity η. The behavior 
of the Maxwell element under harmonic oscillations can be obtained 
from the following equations: 

G'(co) = G .ω2.τ2/(1 + ω 2.τ 2) (7) ο 
G"(co) = G .ω.τ/(1 + ω 2.τ 2) (8) ο 

From these equations we see that for ω.τ » 1 the storage modu-
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lus G' approaches to a limiting value which is identical with the 
shear modulus G . Under such experimental conditions the solution be
haves as an elastic body. At low frequencies is ω.τ « 1 and Gf be
comes proportional to ω . This region is called the terminal zone and 
the solution behaves as a liquid. Viscoelastic solutions can be sub
divided into energy and entropy elastic systems. The free energy per 
volume G at a deformation γ consists of an energetic and an entropie 
term (18): 

(ÔG/ογ) = (δυ/ογ) - T.(6S/ôy) (9) 

In most real systems, energy and entropy changes can occur. The ela
s t i c i t y of an ideal network is entropy controlled. In this picture 
stresses are caused by the chain orientation. From the theory of rub
berlike elasticity it can be shown that the shear modulus of an ideal 
network depends on the number of elastically effective cahins between 
the crosslinks (19.): G Q = v«k-T where ν means the number of e l a s t i 
cally effective chains in

In the light scatterin
tered intensity on the scattering vector Q is given by 

I(Q) = f(c).S(Q)-P(Q) (10) 
where S(Q) is the structure factor of the solution, P(Q) is the form 
factor of the particles and f(c) depends on the detergent concentra
tion c. 

For static light scattering f(c) is given by 

f(c) = K.n 2-(6n/6c) 2-(c - cmc).Μ -M (11) 
ο w 

where η is the refractive index, ôn/ôc the refractive index increment, 
M the molecular weight of the surfactant, M the molecular weight of 
the scattgrers anjl Κ an optical constant which has the value of Κ = 
4,079.10 mol/cm for the used Chromatix KMX-6 apparatus. Hence l(Q) 
is equal to the Rayleigh ratio R̂ . In the case of SANS f(c) can be 
written as 

f(c) = T-d.((b M - b g)/p 2).(c - cmc).Mo.Mw (12) 

where Τ is the transmittance of the sample, d the thickness of the 
probe, b M and b are the scattering lengths of the micelles and the 
solvent, respectively, and QQ is the density in the interior of the 
micelles in g/cm . 

The SANS-data are corrected for background scattering, the scat
tering due to the solvent D̂ O and to the quartz c e l l s . In the case of 
light scattering the scattering of the solvent ^ 0 was taken into ac
count. The scattering vector Q is given by Q = 4.τι.η. sin(©/2)/X where 
Θ denotes the scattering angle. The wavelength λ of the neutrons was 
10 X, while in the light scattering experiments λ was 6328 A. In SANS 
experiments we have η = 1 and = 0,011 X . For small Q-values 
the form factor can always be approximated by 

p ( Q ) = e - ( 1 / 3 ) - Q 2 - R G (13) 

where R. denotes the radius of gyration which is given for cylinders 
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of the length L and the radius R by 

R 2 = (L2/12) + (R2/4) (14a) 

Usually Equation 14a may be approximated by 

R 2 = L2/12 (14b) 

Especially in this Q-range l(Q) is strongly influenced by the struc
ture factor S(Q) which may oppress the intensity by a factor of ten 
in the case of strong repulsive interaction. In the case where salt 
is added S(Q) reaches a value around one, however, and is rather in
dependent of the scattering vector in this Q-range. Therefore we made 
the assumption S(®=7°) - S(©=173°) when we calculated the Revalues 
from static light scattering data in the case when salt was added. 
Assuming that the radius of the rodlike particles is practically g i 
ven by the length of the alkyl chains, the headgroup and the counter-
ion and £hat the densit
0,9 g/cm we can calculat
from R(©=7°) and R(©=173°) combining Equations 10, 11, 13 and 14. 

Results 

Results concerning the rheological properties of the studied systems 
are given in Figure 1 - 9 . Figure 1 shows the magnitude of the com
plex viscosity for several Alkyltrimethylammoniumsalicylates. Note 
the rapid increase of Iη*I at a particular concentration which is 
characteristic for each system. Figure 2 shows the storage modulus G1 

and the loss modulus G" as a function of the angular frequency in a 
double log plot for a 50 mM concentration of Cetylpyridiniumsalicy-
late. Of theoretical interest is the plateau value of G' which is 
reached at high frequencies. The Figures 3a and 3b give the same 
plots for different concentrations. The plateau values of G1 are not 
reached for a l l concentrations. Figure 4 gives the Ιη*Ι-values for 
different chain length detergents against the angular frequency. The 
detergent concentration, the ionic strength and the temperature are 
constant. Note the drastic decrease of Iη*I and the shift on the fre
quency scale. With increasing chain length of the detergent Ιη*Ι be
comes frequency dependent.Figures 5a and 5b give the corresponding 
Gf- and G"-values for the systems of Figure 4. The Figures 6 and 7 
show the influence of added salt on the rheological properties. F i 
gures 6a and 6b show the change of Iη*I, G' and G" with the added 
salt concentration for a 20 raM CPySal solution. In Figure 7 the G1-
values are given as a function of the frequency for a 20 mM surfac
tant solution with different salt concentrations. Note that the fre
quency range of the plateau is f i r s t increasing and then decreasing 
again with the salt concentration. The level of the G f-plateau, how
ever, is l i t t l e affected by the salt concentration. Figure 8 shows 
the temperature dependence of the G'-values for a solution of 25 mM 
CPySal. Figure 9 f i n a l l y gives the Ιη*Ι-values for a perfluorosystem 
against the concentration. The Figures 10-12 show data from scat
tering experiments. Figure 10 gives the R^-values for static light 
scattering data on RTASal solutions of different chain lengths plot
ted against the surfactant concentration. A l l solutions contained 
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Figure 1. The Magnitude of the Complex Viscosity as a Function of the 
Detergent Concentration for Different Alkyltrimethylammoniumsalicy-
lates ( Τ = 20°C, ω = 0,01 s ). 
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Figure 2. The Storage Modulus Gf and the Loss Modulus G11 as a Function 
of the Angular Frequency (CPySal, Τ = 20°C, c = 50 mM). 
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Figure 3a. The Storage Modulus G' as a Function of the Angular Fre
quency for Different Concentrations of CPySal at Τ = 20°C 
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Figure 3b. The Loss Modulus G" as a Function of the Angular Frequency 
for Different Concentrations of CPySal at Τ = 20 C-
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Figure 4. The Complex Viscosity as a Function of the Angular Frequen
cy for Different Chain Homologs of Alkylpyridiniumsalicylates (RPyCl 
+ NaSal, Τ = 30°C, c = 25 mM). 
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Figure 5a. The Storage Modulus G1 as a Function of the Angular Fre
quency for Different Chain Lengths of Alkylpyridiniumsalicylates 
(RPyCl + NaSal, Τ = 30 C, c = 25 mM). 
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Figure 5b. The Loss Modulus G" as a Function of the Angular Frequency 
for Different Chain Homologs of Alkylpyridiniumsalicylates (RPyCl + 
+ NaSal, Τ = 30°C, c = 25 mM). 
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Figure 6a. The Complex Viscosity as a Function of the NaCl-Concentra-
tion for Solutions of 20 mM CPySal at Τ = 20°C . 

Figure 6b. The storage Modulus G1 and the Loss Modulus G" as a Func
tion of the NaCl-Concentration for Solutions of 20 mM CPySal at Τ = 
20 C. 
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Figure 7. The Storage Modulus G1 as a Function of the Angular Frequen
cy for Solutions of 20 mM CPySal with Different NaCl-Concentrations 
at Τ = 20°C. 
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Figure 8. The Storage Modulus G1 as a Function of the Angular Frequen
cy for a 25 mM CPySal Solution at Different Temperatures . 
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Figure 9. The Complex Viscosity as a Function of the Detergent Concen
tration for Solutions of C Q F . , q C 0 o N ( C H A ) , at Τ = 20°C 
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Figure 10. Rayleigh Ratio R at Θ = 7 as a Function of Detergent Con
centration c for Different Chain Lengths at Constant Amount of 10 
mM NaCl. 
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0,01 M NaCl. For each system the forward scattering passes over a ma
ximum with increasing concentration. Figure 11 shows the radius of 
gyration of the aggregates which were evaluated from the ratio of the 
forward and backward scattering. Again these values pass over a maxi
mum. Figure 12 gives neutron scattering data for the system CPySal 
for different concentrations. In this case no salt was added and the 
influence of the structure factor S(Q) is evident. Furthermore from 
the scattering maxima the mean distances^<r> between the micelles can 
be calculated and as a result we get <r> ~ c in this concen
tration range (20). This seems to be a general behaviour of detergent 
solutions. If we assume the radius of the cylinders approximately con
stant we get ( 20) 

<r> = k'-(c - c m c ) ( x ' 1 ) / 3 (15) 

with the assumption 

L =

where k1 and k" are constants. The dependence of <r> on (c - cmc) re
flects the growth of the micelles in a certain concentration range. 
Figure 13 shows a double log plot of <r> against (c - cmc) for CTASal 
with 0,01 M NaCl added. In the dilute range we get χ = 0,4 which is 
close to the theoretical value of χ = 0,5 (21) and shows that the mi
celles grow in length as one would expect. In the semidilute range, 
however, the exponent χ turns to χ = -0,5 what means a decreasing 
length of the micelles. Furthermore the exponent is the same we got 
from SANS data on the system CPySal in the semidilute range (20); in 
this case no salt was added. This shows that in this concentration 
range the growth of the micelles is controlled by repulsive interac
tion and further growth of the rods can only be gained by adding more 
and more salt to overcome the repulsive interaction. Furthermore the 
S(Q)-data in Table III are decreasing with increasing detergent con
centration reflecting the increase of repulsive interaction in this 
concentration range. As the origin of the repulsive interaction is 
the same in our system we expect a similar behaviour in the semidi
lute region which can be seen from Figure 12. The last two plots f i 
nally are concerned with NMR-data which were obtained on the CPySal 
system. Figure 14 shows the change of the linewidths of the CH2"pro
tons of the alkylchain with time when the solution had been heated to 
90 C for a short time period and then was quickly cooled to a refe
rence temperature of 25 C. Note that the curves look very similar for 
5 mM and 10 mM solutions. The last Figure 15 shows the linewidths af
ter the solutions were equilibrated plotted against the concentration, 

Discussion 

General Remarks on the Viscoelastic Properties. Some of the figures 
in which Ιη*Ι, Gf and G" are plotted against the angular frequency 
bear resemblance to rheological data on concentrated polymer soluti
ons. In particular the plateau value of G1 reminds of the rubber pla
teau in melts and concentrated polymer solutions. The rubber plateau 
in polymer solutions is usually explained on the basis of entangle
ment networks. These entanglements are produced by coiled polymers in 
which the end to end distance of the coiled molecules is larger than 
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Figure 11. Radius of Gyration at Constant Amount of 10 mM NaCl as a 
Function of (c - cmc) = Ac for CTASal, C^TASal (+-+-) and C 1 2TASal 
(x-x-x). 

Figure 12. Logarithmic Plot of the Count Rate Ζ as a Function of the 
Square of the Scattering Vector Q for Different Concentrations of 
CPySal (1: 5 mM, 2: 10 mM, 3: 40 mM, 4: 80 mM, 5: 160 mM). 
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Figure 14. Time Dependence of the Linewidth of the Alkyl Chain Signal 
for Solutions of CPySal after a Temperature Jump from 90°C to 25°C . 
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the mean distance between the polymers. The entanglements therefore 
are s t r i c t l y determined by the dimensions and the concentrations of 
the polymer molecules. The interaction energy between the polymers 
can be very small or even zero. The situation in the viscoelastic de
tergent solutions seems to be considerably different. Figures 1 and 
3 in combination with Table I show clearly that at the concentration 
c* the rods could never form an entanglement network in this classi
cal sence. Their rotational volumes just begin to overlap. On a sta
t i s t i c a l basis there hardly would be any entanglements at a l l inspite 
of the fact that the solution has elastic properties and behaves like 
an entanglement network. The network must therefore be based on in
teractions between the rods and not on their s t a t i s t i c a l crowding. 

Table I. The Lengths of the Rodlike Micelles as a Function of the Con
centration for Solutions of CPySal at Various Temperatures 

c/mM Τ = 20°C 
L/X 

Τ = 25°
L/X L/X L/X L/X L/X L/X 

1 120 200 70 60 40 40 — 
2 210 275 140 110 90 80 60 
3 300 350 210 150 145 110 90 
4 430 420 270 240 160 170 150 
5 550 490 340 275 210 200 160 
6 640 570 400 330 280 230 200 
7 750 680 460 390 315 275 240 
7,5 810 740 500 410 320 300 250 

A theory for viscoelastic detergent solutions containing nonsphe-
r i c a l particles was recently developped by Hess (22-23) regarding the 
coupling between the viscous flow and the molecular alignment. Ex
pressions for the storage modulus G'(co) and the loss modulus G"(G)) 
are derived (24) for a linear viscoelastic behaviour. On the basis of 
this theory a qualitative understanding of our detergent solutions is 
possible, but for a quantitative analysis we need more details both 
from experiment and theory. 

The viscoelastic properties of the solutions depend very much on 
the chain lengths of the molecules. In addition to that the rheologi
cal properties are strongly influenced by the salt concentration. The 
parameters Ιη*Ι, G 1 and G " a l l pass through a maximum value when the 
NaCl concentration is increased. The scattering experiments indicate 
that the dimensions of the individual aggregates become always larger 
with the salt concentration. On the basis of the entanglement it 
would thus be d i f f i c u l t to understand why the viscoelastic properties 
should become weaker again. 

Dependence of the Shear Modulus on the Concentration. The experimen
tal results of Figure 3a show that the plateau values increase with 
the detergent concentration. Unfortunately, we were not able to reach 
the rubber plateau for a l l concentrations for lack of the frequency 
range. From the theory of networks it is possible to calculate the 
number of elastically effective chains between the crosslinks from 
the shear modulus G N of the rubber plateau (12). If the network 
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points are determined by statistics and by intermicellar interaction 
the network points should probably be proportional to the number den
sity of the rods. From SANS measurements we could evaluate the number 
density of |he rods in this concentration ranag which is given by 
<N> = l/<r> . It increases proportional to c . This result is at 
least in qualitative agreement with the increase of the G Q-values. It 
seems to be more d i f f i c u l t to explain the change of the dynamic beha
viour of the network with increasing concentration. Up to concentra
tions of 90 mM the network relaxation times shift to larger values 
with increasing detergent concentration. Above this concentration the 
relaxation time constants decrease again. The observed changes are 
much larger than for the G Q-values. From theoretical points of view 
it is possible that this increase of the relaxation time is due to 
pretransitional behaviour of the region between the isotropic phase 
and a nematic phase (22), and indeed nematic phases were observed at 
higher concentrations. A comparison of G for 50 mM CPySal and other 
systems which were determined by us indicates that the G -values do 
not vary more than one orde
stems when the systems ar
lengths of the rods are mainly determined by the intermicellar inter
action energy. This is clearly evident from the values which are g i 
ven in Table II for the mentioned systems and several other systems 
which have been studied by us. 

Table l i a . Values for the Equilibrium Shear Modulus 
GQ for Different Aqueouô Surfactant Solutions 

Detergent System G /Pa T/°C c/mM 
C 1 6 H 3 3 N ( C V 3 C 3 F 7 C 0 2 l8,8 25 50 C 1 6 H 3 3 N ( C V 3 C 3 F 7 C 0 2 90 20 50 

CPySal 1,2 20 30 
2,4 20 40 
4,2 20 50 
4,6 20 60 
8,1 20 70 

10,1 20 80 
13,8 20 90 
17 20 100 

C 9F 1 9C0 2N(CH 3) 4 0,09 20 40 C 9F 1 9C0 2N(CH 3) 4 

3,2 20 50 
11,3 20 70 
14,2 20 100 

CTASal 0,8 20 15 
1,0 20 20 
2,4 20 30 
3,5 20 40 
4,6 20 50 

C uH 2 9TASal 0,9 20 30 
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Table l i b . Values for the Equilibrium Shear 
Modulus G for Solutions of 20 mM CPySal as a ο 
Function of the Concentration of Added NaCl 
at 20 °C 

C N a C l / m M G /Pa ο 
0 0,04 
1 0,06 
2 0,10 
5 0,38 
7 0,88 

10 0,85 
50 0,85 

The Dependence of the Viscoelastic Properties on the Chain Length of 
the Detergent Ion. Figure 4 shows the magnitude of the complex visco
sity for equimolar solutions of C PyCl + NaSal as a function of the 
angular frequency for different cfiain lenghts n. In the small frequen
cy region the magnitudes of the complex viscosities are very diffe
rent. For 2 Cl^-groups the Iη*I-values change by about one order of 
magnitude. The shortening of the chain length leads to a dramatic re
duction of the viscous and the elastic properties, as can be seen 
from Figures 5a and 5b. We could be tempted to assume that the net
work becomes weaker with decreasing chain length. The network proper
ties depend on the size and the shape of the micelles. We could argue 
that the short-chain detergents do not form rodlike micelles under 
the experimental conditions. The light scattering results, however, 
seem to rule out this assumption. Typical results are summarized in 
Figure 10. The light scattering intensity for forward scattering is 
plotted against the concentration of detergent for constant NaCl con
centrations. For a l l four systems the scattering intensity passes 
over a maximum with increasing detergent concentration. The same be
haviour is shown in Figure 11 by the ratio of the forward to backward 
scattering from which it is possible to determine the radius of gyra
tion and hence the lengths of the rods, i f we assume that the r a d i i 
are practically determined by the alkylchain, the headgroup and the 
counterion. We may ask whether other particle shapes are consistent 
with our data. From birefringence experiments we know that a l l these 
systems are biréfringent; therefore it is only possible to explain 
our measurements on the basis of nonspherical particles. Furthermore 
at least one dimension of the particles is determined by the lengths 
of the monomers. The simplest particle shapes are cylinders and discs. 
An interpretation on disclike micelles would lead, however, to very 
large aggregates and to very small S(β*0)-values (~ 10 ) and this 
seems a rather unlikely result in the presence of 10 mM NaCl. In ad
dition to that we know from SANS-data that the system CPySal which 
behaves similar to CTASal forms rodlike micelles which can be seen 
from Figure 12 regarding the nonlinear form of ln(Z) against for 
higher Q-values which can be seen best from the 5 mM curve as the 
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others are strongly affected by S(Q) due to intermicellar interaction. 
The parameters which have been evaluated from these data are given in 
Table III. These data show that a l l systems form rods and that in a l l 
cases the rods begin rapidly to grow in length with increasing con
centration, then with increasing crowding the rods reach a maximum 
length and f i n a l l y decrease again in length with increasing detergent 
concentration. 

Table III. Values for the Lengths and the Structure Factors as a 
Function of the Concentration for Different Surfactant Systems with 
Constant Amount of 10 mM NaCl Obtained from Static Light Scattering 

Measurements 

CTASal: R = 22 X, cmc = 0,2 mM, δη/ôc = 0,1844 ml/g 

c/mM 
L/X 
S(e=7°) 

0,5 
2240 
1,4 

1,0 2,0 
3140 293
3,4 2,3 1,6 1,2 1,0 0,9 0,8 0,7 0,5 

c , ,TASal: R = 20 X, cmc = 0,65 mM, δη/ôc = 0,1686 ml/g 

c/mM 
L/X 
S(9=7°) 

2,0 
1750 
1,6 

3,0 4,0 
2060 2030 
1,7 1,6 

5,0 
1910 
1,5 

6,0 
1750 
1,3 

8.0 10 15 
1480 1240 860 
1.1 0,97 0,81 

20 
650 
0,71 

C , 0TASal: R = 18 X, cmc = 0,285 mM, δη/ôc = = 0,1647 ml/g 

c/mM 
L/X 
s(e=7°) 

5,0 
740 
1,4 

l i • 1 

6,0 8,0 
960 990 
1,3 1,2 

10 
990 

12 
930 
1,0 

15 20 30 
770 490 330 
1,0 1,0 0,91 

The light scattering data were carried out at a salt concentra
tion which is somewhat smaller than in the case of the rheological 
measurements. This, however, has only an effect on the absolute va
lues but not on the relative changes as we have convinced ourselves 
by experiments. The rheological measurements have been carried out 
at concentrations at which the size of the rods is determined by the 
intermicellar interaction. This interaction is very similar for a l l 
systems and hence also the sizes of the micelles are similar in this 
concentration range, too. The large differences in Iη*I can therefore 
not be traced back to different dimensions of the aggregates. The 
rheological data seem to indicate that the existing structures in the 
semidilute solutions are probably not too different. With increasing 
oscillation frequency the Iη*I-values begin to decrease, f i r s t for 
the longest chain detergent, then for the next longest and so^on. Un
fortunately we could not carry out experiments with ω > 10 s , but 
from the data we have it looks that the rheological behaviour of a l l 
solutions becomes very similar, especially in a frequency range of 
ω ~ 1000 s . This conclusion can be drawn from the G 1-values, too. 
The plots in Figure 5a show that the plateau values of Gf seem to be 
similar for C^- and C^-detergents. For the shorter chain homologs 
we did not reach high enough frequencies to observe the plateau va-
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lues. When we extrapolate such values from the intersection point of 
G1 and G" they f a l l in the same order of magnitude. Because these va
lues are proportional to the number of crosslinks of the networks it 
is likely that the networks in a l l systems are very similar. We have 
to conclude therefore that the large rheological differences at low 
frequencies are not due to different networks but are a consequence 
of the different dynamic behaviour of the network. Their characteri
st i c relaxation time constants depend on the chain lengths of the de
tergent molecules. It is noteworthy to mention that similar plots as 
the one in Figure 4 are obtained when the steady state viscosity is 
plotted against the shear rate. It can easily be shown that Iη*I at a 
certain angular frequency coincides with at the corresponding 
shear rate for most viscoelastic detergent solutions. A limiting con
dition for this correlation is that the systems do not have a yield 
value. 

The Influence of Salt on the Viscoelastic Properties  On the appli
cation of surfactants it is
of the solutions. As a l
is very often done by changing the salt concentration. The viscosity 
of a solution usually passes over a maximum value when more and more 
salt is added. At very high electrolyte concentrations it is some
times observed that a surfactant solution separates into two liquid 
phases. This process is called coacervation. The viscoelastic surfac
tant solutions also show this kind of behaviour. Typical results are 
represented in Figures 6a and 6b. The magnitude of the complex visco
sity of a 20 mM CPySal solution has been plotted as a function of the 
NaCl-concentration. From these data we can conclude that the added 
salt leads to a buildup of structure in the solutions and then to a 
breakdown again. The frequency dependent measurements reveal a much 
more subtle situation. Results of G1 and G" for several salt concen
trations are shown in Figure 7. These data show that the plateau va
lues of G1 change very l i t t l e with the salt concentration. It is the 
relaxation time of the network which is strongly affected by the salt 
concentration. This suggests that the number of crosslinks remains 
constant while the dynamic properties of the structures are strongly 
influenced by the concentration of the added electrolyte. 

The Influence of Temperature on the Viscoelastic Properties. The 
viscoelastic properties of the dilute surfactant systems depend on 
the temperature of the solutions strongly. Figure 8 shows the values 
for the storage modulus Gf as a function of the angular frequency at 
different temperatures for a 20 mM solution of CPySal. The elastic 
properties of the surfactant solutions decrease with increasing tem
perature. The" solution equilibrated at 35 C shows only l i t t l e e l a s t i 
city in the frequency range below 1 Hz and at temperatures of 50 C 
the solutions behave as Newtonian fluids. The supermolecular structu
res which are present in these solutions and which are responsible 
for the viscoelastic properties seem to be completely destroyed under 
these experimental conditions. 

The Equilibration Time in Viscoelastic Systems. When working with 
viscoelastic detergent systems we should be aware that the systems 
may need rather long times to reach equilibrium. The time can be of 
the order of days, sometimes longer. In order to obtain reproducible 
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data it is important to reach equilibrium and the time we have to wait 
should therefore be known. In the past we have investigated the struc
ture regeneration process after the system had.been heated for a short 
time by measuring the change of the viscosity or the buildup of the 
electric birefringence. The change in the solutions can also be f o l 
lowed by monitoring the linewidth of the H-NMR-lines. Typical data for 
the systems are given in Figure 14. The solutions had been heated for 
a short time to a temperature of 80 C and then were quickly cooled 
back to 25 C. The measurements show two things which are worth menti
oning. The equilibration times are not much different for concentra
tions above or below the concentration c* above which network forma
tion occurs. We can conclude therefore that the formation of the net
work has nothing to do with the long time constants. It seems more 
likel y that the slow process is the normal micelle dissolution equili
bration which is present in a l l micellar systems and can vary many or
ders of magnitude for a given chain length detergent which is combined 
with different counterions  This process was shown to be strongly de
pendent on the chain length

The second point of
brated state does reflect the transition concentration c*. This is 
seen in Figure 15 where the plot of Δν against c shows a break at 
around 7,5 mM. This shows that the mobility of tfie aggregates which 
determines the correlation time is further reduced above c*. 

Conclusions 

A l l detergent solutions containing rodlike micelles in which the num
ber densities of the rods and their lengths are large enough for their 
rotational volumes to overlap have viscoelastic properties. Under 
these conditions the rods interact and can build up a supermolecular 
structure which has rheological properties of an entanglement network. 
The dynamic properties are controlled by the relaxation time constant 
τ of this structure and by the number density ν of the contacts. With 
l i t t l e or no interaction between the rods, the relaxation time con
stant becomes identical with the orientation time of a free rod. Under 
these conditions the elastic properties become only apparent at time 
scales where the angular frequency reaches the value of the reciprocal 
relaxation time. That is about 10 s for 500 X long rods. Under 
these experimental conditions the storage modulus can be higher than 
the loss modulus and reaches a plateau value. The magnitude of this 
modulus is determined by the number of crosslinks.The elastic proper
ties for shear rates of the range which are encountered in handling 
or swirling solutions in a flask are negligible because the loss modu
lus G" is much larger than the storage modulus G 1. These solutions 
furthermore have a low viscosity. 

With increasing attractive interaction between the rods the rela
xation time constant τ shifts to larger times. As a consequence, the 
viscoelastic properties appear in a lower frequency range. The magni
tude of the plateau value is l i t t l e affected by this shi f t . Usually τ 
can be slowed down six orders of magnitude without influencing the 
plateau level. Surprisingly G is very l i t t l e dependent on the chain 
length of the detergent, the salt concentration and even seems to be 
very similar for perfluoro- and hydrocarbon-detergents. It seems to be 
only determined by the dimensions and the number density of the rods. 
In solutions with overlapping rods these two parameters are controlled 
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by the intermicellar interaction energy whereby an entropy term seems 
to play the main role which again does not depend on the chemistry of 
the system. Therefore for a given concentration of the detergent G 
always lies in the same range. A typical value is 4 Pa for a 50 mM 
solution. 

The results clearly shoŵ  that the network relaxation time can be 
varied continuously from 10 s to many seconds. This.means that it 
is possible that the frequency range in which detergent solutions 
show elastic properties can be shifted to a desired range. 

The results show furthermore that the long time effects which 
are sometimes observed in viscoelastic detergent solutions are not 
connected to the network but are determined by kinetic processes in 
which the rods approach to their equilibrium lengths. 
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5 
Enthalpy of Micelle Formation of Mixed Sodium 
Dodecyl Sulfate and Sodium Deoxycholate Systems 
in Aqueous Media 

K. S. BIRDI 

Fysisk-Kemisk Institut, The Technical University of Denmark, Building 206, DK-2800 Lyngby, 
Denmark 

The enthalpy of micell
sodium dodecylsulfat
(NaDOC) systems was measured by calorimeter in aqueous 
systems. The heat of micelle formation, ΔΗΘm, showed a 
maximum around NaDDS:NaDOC molar ratio 1. These data 
are analyzed in comparison to the aggregation number of 
mixed micelles and the second virial coefficient, Β2. 

The thermodynamic understanding of the aggregation phenomena of 
surfactant molecules in aqueous media have been investigated by 
using a wide variety of physico-chemical methods. In recent years, 
due to the advent of sensitive calorimeters, some enthalpy data 
on micelle formation have been reported in the literature (1-11). 

This study i s a continuation of our previous investigations, 
i n which the aggregation phenomena of surfactant molecules 
(amphiphiles) i n aqueous media to form micelles above the c r i t i c a l 
micelle concentration (c.m.c.) has been described based on d i f 
ferent physical methods (11-15). In the current literature, the 
number of studies where mixed micelles have been investigated is 
scarcer than for pure micelles (i .e., mono-component). Further, 
i n this study we report various themodynamic data on the mixed 
micelle system, e.g., C^pI^SO^Na (NaDDS) and sodium deoxycholate 
(NaDOC), enthalpy of micelle formation (by calorimetry), and 
aggregation number and second v i r i a l coefficient (by membrane 
ο smometry ) ( 1_6 ). 

Materials and Methods 

The microcalorimeter used (LKB, Sweden, bartch 2107) was described 
in detail i n Ref. 11. The mixing procedure was the same as that 
described i n Ref. 11, i.e., the heat of dilution of a surfactant 
solution (2 mL) was measured on mixing with 2 mL of solvent. In 
the reference c e l l the heat of mixing of 2 mL solvent with the 
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68 MACRO- AND MICROEMULSIONS 

same volume of solvent was used, in order to correct for any heat 
of wetting, etc., inside the c e l l s . The calorimeter was main
tained at a constant temperature, 2 5 ± O . 0 1 °C. 

A l l chemicals used were of analytical purity grade. NaDDS was 
used as purchased from B.D.H., U. K. (purity about 99% (17)). 
NaDOC was used as supplied by Sigma. 

Theoretical Analysis. In these dilution experiments in the 
calorimeter, the total heat of dilution, q t, cf a surfactant 
solution w i l l be related to the total concentration and c.m.c. 
(1-8,11): 

q t = q; i r < c.m.c [1] 

= in + qdii + W

where q^Q and q^Q denote heats of dilution of monomer and mi cel
lar species, respectively; and qdem is the heat of 
demicellization. Because the magnitude of monomeric species, 
q d i l ' is v e r y s m a 1 1 (1-1D 9 this quantity can be neglected in the 
following analyses (8,11). Therefore, i f we dilute a solution of 
concentration twice c.m.c. by a factor of two, then we can write 
( i l ) : 

ro . r o i 
qt , 2 c.m.c. = qdil + qdem [ 3 ] 

The heat of demicellization,ΔH d e m, can be written (8,11): 

AHdem = «t,2 c.m.c. 1 ηΜ t 4 ] 

= qdem 1 nM [ 

where T J m is the concentration of micelles and ΔΗ^ Θ Π Ι =-AH m i c (heat 
of micelle formation). Further, because the experiments are 
carried out near the c.m.c, it has been argued that the enthalpy 
measured, Δ Η ι η 1 ο , can be assumed equal to the standard mi cellar 
enthalpy change, Δ Η ^ 0 (1-8,11). A l l the data measured so far in 
our laboratory clearly indicate that the heats of dilution show a 
distinct break, which indicates the difference between the terms 
q m

j n and q^ , as expected from the preceding discussion, a i l cii-i-
The partial molar enthalpy can be estimated from the slopes of 

(qt/Am) (10). This analysis w i l l be reported when more data 
become available. At this stage it is evident that AH m and AHmic 
are constant below and above c.m.c, respectively. 
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Results 

A typical plot of total heat dilution, qt, measured as a function 
of concentration (after dilution by as factor of two) of NaDOC:NaDDS 
(1:1 molar ratio) is given in Figure 1. The heat of dilution is 
endothermic, which means that the heat of micelle formation, when 
the concentration is above c.m.c, would be exothermic. These 
data also show a break around a region which corresponds to the 
c.m.c. as determined by other methods. This observation was 
reported from other surfactant systems, e.g., NaDDS and NdeS 
(sodium decyl sulfate) (VI). Further, it is important that the 
micellar equilibria region, i . e . , the c.m.c. region, is distinctly 
observed in a l l the systems, regardless of the sizes of micelles 
(as discussed later in this chapter). In other words, in the 
non-ideal region near c.m.c, the formation of pre-c.m.c. 
aggregates (i.e., dimers, trimers, . . . η-mers) is easily 
observed from such measurements in a l l systems with varying 
aggregation numbers. 

Discussion 

In a l l the measurements carried out in this study, for different 
ratios of NaDDS:NaDOC, the dilution curves (Figure 1) of surfac
tant solution exhibited a clear break that corresponded with the 
c.m.c. as determined by other methods. This observation agrees 
with literature reports (1-11,18). The present data, however, 
show for the f i r s t time that mixed micelle systems also behave the 
same way as pure micellar systems, as measured by calorimetry. 
Further, because the aggregation number, N, of NaDDS is much 
larger than that of NaDOC (16), Table I, the variation of enthalpy 
around the c.m.c. region is not related to the size of micelles. 
At this stage, this analysis cannot be carried out quantitatively. 
However, as more data become available such analysis w i l l be 
reported. 

The purpose of this study was to analyze the enthalpy data 
with the help of data from membrane osmometry on the NaDDS-NaDOC 
system (16). This analysis was considered to be necessary, based 
on the fact that a l l current micellar theoretical treatments, 
which are based solely on free energy calculations, are empirical; 
these theories break down completely for systems at a temperature 
different from the one the theory was made to f i t (K. S. Birdi, 
unpublished). For example, the following relationship between 
c.m.c and the aggregation number, N, was given (19): 

ln(c.m.c) = (2ya o + g - g')kT 

= ((36nv2/N) 2γ + g - g')/kT [6] 

V3 
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3 9 / l fe f ter ) 

Figure 1. A pl o t of t o t a l heat of d i l u t i o n (q^) versus concen
t r a t i o n of NaDDS-NaDOC (1:1 molar r a t i o ) (g/L) a f t e r d i l u t i o n 
by a f a c t o r two (at 25 UC, Ionic strength = O.033, pH = 7.4). 

Table I. Μ , Ν , η η Β and Θ Δ Η . Data f o r mic Mixed NaDDS -NaDOC M i c e l l e s 

NaDOC:NaDDS 
(xlO5) 
,m3 molN 
1 kg > (J/mol) 

1:0 7354 18 3.0 -920 
1:1 13400 38 2.5 -5360 
1:2 17730 54 1.9 -4190 
0:1 22000 76 O.8 -1590 

3 Data from Réf. 16 
Note: Conditions , 25 °c, i o n i c strength = O.033, pH = 7 .4 
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where the standard free energy of each monomer in a micelle of 
aggregation number Ν is = 2 i a Q + g; Ν = 4π(3v)2/a^; a Q is the 
optimal surface area per amphiphile at the micelle-water 
interface; the quantity (g 1 - g) is the hydrophobic energy 
required to transfer a methylene group (ca. 825 cal/mol or 345 
J/mol) from aqueous to micellar phase; ν is the volume per 
monomer; and k«j and k2 are constants. 

The much-studied NaDDS system was used as a unique example by 
these investigators to determine the validity of Equation 6. From 
plots of In (c.m.c.) versus N~3 for NaDDS data in aqueous solu
tions with varying NaCl solutions (at 21 °C), it was reported that 
k,j = 44 and k 2 = 20. From these values, the magnitudes of α = 37 
erg dyne/cm (mN/m) and (g 1 - g) = k2 kT = 20 kT = 12 kcal/mol (or 
49 kJ/mol) were determined. These values were acceptable and of 
correct magnitudes. We therefore applied the relationship in 
Equation 6 to another system, DTAB (dodecyltrimethyl ammonium 
bromide in aqueous solution
KBr) at 40 °C. The In
because Ν remains unaffected by the addition of electrolyte; this 
result was also reported for NaDDS systems at high temperatures, 
i.e., ca. 50-60 °C (20, K. S. Birdi, unpublished). We thus find 
convincing evidence that the exhaustive theories delineated 
(19,21) are not valid under these circumstances. 

Therefore, the present approach was ini t i a t e d , together with 
the second v i r i a l coefficient, B2, analyses. It was also shown 
for the f i r s t time (Iji) that in the case of ionic micelles, the 
Donnan term of B 2 is proportional to the added salt concentration, 
ΠΙ51, as expected from theory. This relationship was valid only in 
those systems where the aggregation number, N, did not change 
appreciably with increased 1115. It is thus obvious that ionic 
micelles must be treated as macro-ions (macromolecules). In the 
same context, we showed that B 2 goes to zero as the temperature of 
non-ionic micellar solutions approaches this cloudpoint ("poor 
solvent") (15). 

The mixed NaDDS-NaDOC systems gave the enthalpy of micelle 
formation,ΔΗ^ 0, which varies with composition as shown in Figure 
2. 

Q 
As the amount NaDOC is increased, the magnitude of ttm±Q[ 

decreases, but after a minimum (around 1:1 molar ratio) the 
value increases. In other words, the micellar systems of pure 
NaDDS and NaDOC exhibit properties that are different with 
regard to the enthalpic interactions. The value of B 2i varies 
very l i t t l e when NaDDS:NaDOC increases from 1:1. These data are 
in agreement with the H^ ci, where the NaDDS micelles, as formed 
by the linear alkyl chain, exhibit different energetics than the 
non-linear alkyl chains of NaDOC. This observation was expected. 

Conclusions 

The present study reports the variation of enthalpy of micelle 
formation of mixed NaDDS-NaDOC systems. Our current enthalpy 
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Figure 2. V a r i a t i o n of heat of m i c e l l i z a t i o n , ΔΗ . (atc.m.c) 
with the molar r a t i o NaDDS:NaDOC (at 25 °C, Ionic S t r e n g t h = Q.033, 
pH =7.4). V a r i a t i o n of second v i r i a l c o e f f i c i e n t , 
(xlO m3mol kg" ), with molar r a t i o of NaDDS:NaDOC. 
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studies of micellar systems have shown the following (K. S. Birdi, 
unpublished) : 

Increase in Alkyl chain Anionic micelles Δ . more mi c 
exothermic 

Cationic micelles AHm,-̂ more mi c 
exothermic 

Addition of counter-ions Anionic micelles η ΔΗ. more mic 
exothermic 

endothermic 

The enthalpy of a monomer to a micelle of aggregation number, 
N, can be written as ( 11 ) : 

AriJ. = ΔΗ* + ΔΗ* + ΔΗ£ . [71 mic pho el hyd 
where enthalpies arising from different forces are given: ΔΗρ^ 0 

is the hydrophobic effect; Δ Η ^ arises from the electrostatic 
interactions; and AH^ y d arises from the hydration of the polar 
groups. This procedure is analogous to the description used for 
the free energy of micelle formation, Δ ΰ ^ 0 ( 1 3 ) . 

If we compare these ΔΗπίο value variations with the enthalpy 
of solubility of alkanes in water ( 2 1 ) , we find that the latter 
enthalpy becomes more endothermic with increase in alkyl chain 
length. The same is valid in the case of η-alcohols solubility 
data in water (21^, K. S. Bi r d i , unpublished). 

Hence, i f we argue that the alkyl group of NaDDS is more 
hydrophobic than NaDOC, then we should have expected endothermic 
increase with addition of NaDOC. However, from Figure 2 we find 
the reverse. Thus we conclude that, due to the steric hindrance 
in the packing of NaDDS and NaDOC alkyl parts, the enthalpy of 
mixed micelles behaves non-ideally. These conclusions are in 
agreement with the data of second v i r i a l coefficient, B,2 (Figure 
2 ) . 

At this stage, it is not possible to give a quantitative 
analysis of these enthalpy data (for each term in the equation). 
However, work is in progress which is designed to provide the 
necessary data which would enable us to achieve the former goal. 
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It is also clear that studies based on c.m.c. and aggregation 
number data are empirical and cannot provide any quantitative 
analyses without the enthalpy (and B 2) data. 
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6 
Role of the Fluidity of the Interfacial Region 
in Water-in-Oil Microemulsions 

A. M. CAZABAT, D. LANGEVIN, J. MEUNIER, Ο. ABILLON, and D. CHATENAY 

Laboratoire de Spectroscopie Hertzienne de l'Ecole Nationale Supérieure, 24 Rue Lhomond, 75231 
Paris Cedex 05, France 

The behavior of water in oil microemulsions has been 
studied using different techniques : light scattering
electrical conductivity
cal birefringence
experiments lead us to propose a picture of the micro
emulsions structure which assignes an important role 
to the fluidity of the interfacial region. 

Microemulsions are transparent f l u i d mixtures of water, oil, surfac
tant and cosurfactant (alcohols). At small water fraction, w/o micro
emulsions are dispersions of water droplets surrounded by a surfac
tant layer in a continuous oil phase. The microemulsion structure at 
larger water fraction has been studied with different techniques and 
some results are presented subsequently. A qualitative microemulsion 
picture is proposed to explain the data. 

Light Scattering Data and C r i t i c a l Consolute Point 

It was proved by scattering studies (1-9) that water in oil micro
emulsions at low water content are dispersions of identical spheri
cal droplets in a continuous oil phase. Dilution procedure and light 
scattering measurements (both the intensity and the correlation 
function of the scattered light) allow to measure the osmotic compres
s i b i l i t y and the diffusion coefficient of the droplets : 

- H S " ' " Φ ) 

φ is the volume fraction of the droplets, R is the droplet radius 
and R H the hydrodynamic radius; η 0 is the continuous phase viscosity; 
α and 3 are v i r i a l coefficient (3=8, a=1,5 for hard-sphere-like 
systems). 

0097-6156/85/0272-O075S06.00/0 
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A lot of microemulsions, located on demixing surfaces (At larger 
alcohol content, inside the 1-phase domain, definite droplets may 
no longer exist (10) (11)) in the phase diagram (Figure 1) have been 
studied. For this purpose, the constituents ( o i l and alcohol), the 
amount of surfactant or the water salinity have been varied. The 
surfactant was SDS (sodium dodecyl sulphate). The composition for 
several microemulsions series is indicated in Table I. 

The dilution procedure, f i r s t proposed by Schulman (7) has been 
improved by Graciaa (12). F i r s t , oil is added to a transparent micro
emulsion. The sample becomes milky and transparency is obtained again 
by adding alcohol (with a certain amount of water). This is repeated 
several times. The added alcohol is plotted versus the added oil. A 
linear plot indicates a constant composition of the added substances 
which constitute the microemulsion continuous phase. The validity 
c r i t e r i a for dilution procedure is (13) : 

φ < O.15 for -20 < 3 < 0 

φ < O.30 for 3 >

At larger concentration φ , the system cannot be described as a dro
plets dispersion : a more complicated structure, possibly bi-con-
tinuous, appears and deviation from dilution line is observed. (The 
same occurs for 3 < -20 even at low φ values (13)). The measured 
values of 3 and R are reported for different microemulsions in Table 
I. The 3 values smaller than 8 (hard-sphere-like systems) can be 
accounted for by introducing a supplementary attractive potential. 
The osmotic pressure can be written as the sum of two terms : a hard-
sphere term and an attractive perturbation. Such a perturbâtive 
treatment leads to introduce a hard-sphere radius R H S (2),(6). 

The strength of the attractive potential is found to increase 
when : 

-the water to soap ratio is increased (larger droplets) 
-the alcohol chain length is decreased 
-the amount of salt is decreased. 

The attractive interaction increase can be associated with an 
increasing f l u i d i t y of the interfacial region as evidenced from an 
increasing difference between R, R H, Ryg (increasing penetration of 
the continuous phase into the surfactant layer and increasing inter-
penetration of droplets during a c o l l i s i o n ) . As the droplets inter
penetrate during collisions, the Van der Waals forces become very 
large. The Van der Waals contribution has beeen calculated (14) and 
found in good agreement with experimental data ((14) (15)). 

However, the static and dynamic behaviors are well correlated 
except for small discrepancies which may be accounted for by the 
transient character of the droplets (6) (they can exchange consti
tuents during sticky collisions and during very short times ? <1ys, 
much shorter than the droplet diffusion time, longer than 10ys). No 
satisfactory description of the "averaged" droplet motion is availa
ble at present time. 

As the attractive potential V between droplets increases, 3 
decreases. The normalized osmotic compressibility curves ν^Τ.3π/8φ 
versus φ pass closer and closer to the φ axis and become tangent to 
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Butanol 

Water+SDS Toluene 
Water/SDS=1.25 

Figure 1. Phase diagram for a mixture of water, toluene, SDS, 
butanol (water/SDS ratio:1.25). 

Table I. Composition, droplets radius (R) and osmotic v i r i a l 
c o e f f i c i e n t s for several microemulsions s e r i e s . 

Micro
emulsion 

oil alcohol water/SDS salinity R(A) 3 Ref 

ACP cyclohexane pentanol 1.25 0 49 7 8 

BCP cyclohexane pentanol 2.5 0 75 0 8 

ATP toluene pentanol 1.25 0 44 -7 6 

aTB toluene butanol 1 0 34 -12 6 

ATB toluene butanol 1.25 0 42 -20 6 

3TB * toluene butanol 1.75 0 60 -30 13 

γΤΒ * toluene butanol 3 0 90 13 

TB10 toluene butanol 3.3 10% 150 6 18 

TB8 toluene butanol 5 8% 200 2 18 

* dilution not possible above φ >O. 02 
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the φ axis for the c r i t i c a l value V c of the attractive potential. 
The contact point φ = φ ε is a c r i t i c a l consolute point. The calcula
ted c r i t i c a l values of the v i r i a l coefficient and of the droplet 
volume fraction (3 =-21 and φ 0 ^O.13) for a hard-sphere model with 
an attractive potential are in qualitative agreement with the experi
mental observations (Figure 2). Around those c r i t i c a l values, a very 
large turbidity is observed. If the temperature is varied, the micro
emulsion separates into two turbid microemulsions. Angular variations 
of the scattered intensity and of the diffusion coefficient are ob
served (16) but the correlation function remains exponential. A l l 
these features are characteristic of the vicini t y of a c r i t i c a l 
consolute point. The data can be fitted with theoretical predictions 
<J7) : 

I(q) = V (1 + q V ) ; 1 ^ ξ 2 

D(<> - Τ ^ Γ κ ( ς ξ

with K(X) = | [x2 + 1 + (X3 - 1 ) Arctg X ] ; K(0) = 1 

q is the scattering wave vector, η the microemulsion viscosity and 
ξ the correlation length of the concentration fluctuations. 

Three determinations of ξ are available (from I(q), D(q) and o 

D(0))and are a l l in satisfactory agreement- Values as large as 800 A 
have been measured. 

Interfacial tension and interfacial thickness measurements on 
several quasi c r i t i c a l systems with salt are in agreement with this 
picture (18). 

The universal character of the scaling laws does not allow to 
know whether we observe c r i t i c a l concentration fluctuations of indi
vidual molecular constituents or of droplets assemblies. The fact 
that measured c r i t i c a l values of 3 and φ are close to the calcula
ted c r i t i c a l values for droplets assemblies ( 3= -21 and Φ ε ^ O.1) 
indicates that the second hypothesis seems more probable. 

Electrical Conductivity 

The electrical conductivity of hard-sphere-like microemulsions 
increases smoothly as the volume fraction φ is increased. On the 
contrary, the conductivity of microemulsions with attractive interac
tion between droplets increases steeply around φρ^O.08-O.14 (Figure 
3). The behavior of the conductivity may be accounted for by perco
lation theories and φ ρ is identified to the percolation threshold. 
However, in such systems one must distinguish between geometrical 
percolation and conductivity percolation. 

For the former case, the theoretical value of φρ is found to be 
φρ^ O.15 for hard-sphere-like systems. This value 'corresponds to 

the volume fraction at which an infinite path of droplets in contact 
appears. 

However in microemulsions, to ensure ions transport through the 
sample, it is not sufficient to suppose that the droplets are merely 
in contact.Thus one is led to suppose that during a c o l l i s i o n between 
two droplets there is an opening of pores in their interfa-
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Figure 2. Normalized osmotic c o m p r e s s i b i l i t y versus droplets 
volume f r a c t i o n for various microemulsions. 

Log[K] Electrical conductivity K S/m 

Figure 3. E l e c t r i c a l c o n d u c t i v i t y versus droplets volume f r a c t i o n 
for three s e r i e s of microemulsions. 
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c i a l layer : the water cores of the droplets may then exchange and 
ensure charge transport. This process is possible only in the case 
of a f l u i d interfacial layer which means that the electrical perco
lation is observed only in the case of systems with sufficiently 
attractive interactions between droplets. 

Usually geometrical connectivity and concentration fluctuations 
are not related. However, in our case, the electrical percolation 
is not a simple geometrical connectivity. This fact can explain that 
electrical percolation and c r i t i c a l points seem to be associated and 
that φρ ^ <j>c in ATB microemulsions (19) (13). 

Ultrasonic Absorption and Viscosity Measurements (20),(21) 

Ultrasonic absorption and viscosity measurements are reported on 
Figures 4 and 5 for the ATP and ATB systems. The viscosity and ultra
sonic absorption variations for the hard-sphere-like microemulsion 
ATP versus φ are progressiv
and ultrasonic absorptio

Far from this volume fraction, viscosity and ultrasonic absorp
tion of the ATP and ATB microemulsions are identical. In this case, 
ultrasonic absorption can be attributed to alcohol exchange trough 
the droplets interfacial layers. 

Around the φ^ concentration, the ultrasonic absorption and v i s 
cosity anomalies for ATB microemulsion can be extracted from the 
difference between ATB and ATP data. These anomalies cannot be ex
plained by a c r i t i c a l phenomenon : the measured c r i t i c a l exponents 
are not the theoretical ones (20),(21). The best explanation is the 
opening of pores, needing and opening energy, through the interface 
with a cooperative effect when the droplets concentration φ is 
large enough. This cooperative effect and the clusters forma
tion can explain the viscosities and ultrasonic absorption anomalies 
at φ= φ 3 : around this value, the number of pores steeply increases 
and is very sensitive to a perturbation like ultrasonic wave or 
shearing (22). The transient character of the connections explains 
that the observed viscosity anomalies are not as high as in polymer 
gelation. 

Transient Electrical Birefringence Data (23) 
The Kerr constant Β is defined as Β = Δη/λΕ2 where Δη is the steady 
state birefringence induced by the applied electric f i e l d Ε and λ 
is the wavelength of the light beam used for detection. Experimental 
results for various microemulsions are reported in Figures 6,7,8. In 
Figure 6, the contribution of the continuous phases has been sub-
stracted (Βφ ^0 - 45 χ10~ 1 6 mV" 2 ) . 
Let us recall the most important experimental facts : 

-the variation of Β versus φ is never linear even at low volu
me fraction 
-the characteristic time constant of the decay of the induced 
birefringence is at least of the order of 1μκ 

-the decay of the induced birefringence is non exponential in 
most cases. 

The second fact allows to eliminate, as a possible source of 
the induced birefringence, the coupling between the electric f i e l d 
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Figure 4. U l t r a s o n i c absorption versus droplets volume f r a c t i o n 
in ATP and ATB microemulsions at 6.5 and 11.7 MHZ. 

Figure 5. V i s c o s i t y versus droplets volume f r a c t i o n in ATP and 
ATB microemulsions. 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



MACRO- A N D MICROEMULSIONS 

800L 

600 

400 

200 

Bi1016*V"2 

βΤΒ. ) ATB 

Figure 6. Kerr constant of several s e r i e s of microemulsions 
at low droplets volume f r a c t i o n φ. The c o n t r i b u t i o n of the 
continuous phase has been substracted. 

gure 7. Kerr constant versus droplets volume f r a c t i o n f o r three 
r i e s of microemulsions. 
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Figure 8. Kerr constant versus droplets volume f r a c t i o n φ for 
ΟίΊΒ microemulsions. Key: + , p o s i t i v e c o n t r i b u t i o n ; -, negative 
c o n t r i b u t i o n . 
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and the individual molecules of the samples (the characteristic 
times would be much smaller). 

The non linear behavior of Β versus φ leads to eliminate 
some other mechanisms: 

-orientation of elongated droplets, or deformation of 
droplets in the electric f i e l d 

-local coupling of the interfacial layer with the electric 
f i e l d (this process can be considered only in the case of microemul
sions in which the persistence length ξρ of the interfacial layer 
is smaller than the spontaneous radius of curvature of the inter
face) . 

We shall then account for the observed phenomena by the orien
tation of transient aggregates (postulated few years ago (24), 
recently observed in attractive systems by neutron scattering (9) ) 
formed during sticky collisions between droplets. Such an explana
tion agrees with the f i r s t experimental fact (non linear behavior 
of Β versus φ ) and with the measured characteristic times at low 
volume fraction (1 to 1
a single droplet with R=5
than the measured times. 

Β is very small for hard-sphere-like microemulsions ATP and 
increases very much for attractive systems (Figure 7). 

The Kerr constant around φ ̂ O.1 becomes very large for ATB 
microemulsions and the decay curve becomes exponential .The measured 
decay time τ is in f a i r l y good agreement with the lifetime of a 
c r i t i c a l density fluctuation of size ξ. ξ is the correlation length 
of the density fluctuations previously measured in ATB microemulsion 
by light scattering and , 3 

kT 
Calculated τξ and measured τ values (23) are given in Table II 

for ATB microemulsions. 
At larger φ , a surprising phenomenon was observed : a fast, ne

gative contribution B" to the birefringence signal arises and 
grows rapidly with φ(Figure 8). In ATB microemulsion which cannot 
be studied at φ > O.15 because of i t s large electrical conductivity, 
this process could not be observed. 

The short decay times associated to B~ (<\,1ys) suggest that this 
process reflects local reorganizations of the interfacial film 
possibly prefigurating the inversion. 

Conclusion 

The preceding analysis assigns an important role to the inter
action between droplets or equivalently the f l u i d i t y of the inter-
facial region in the microemulsions structure. 

In attractive microemulsions, the formation of transient aggre
gates close to φρ by opening of pores in the interfacial region 
during sticky collisions qualitatively explains the experimental 
data. 

The role of the observed local reorganization in the interfacial 
film at a lower scale than droplets aggregates (electrical b i r e f r i n 
gence data) remains to be understood. 
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Table I I . Calculated ( T| ) and measured ( τ ) values of the 
bir e f r i n g e n c e decay time for ATB microemulsions. 

Φ ξ(Α

O.07 240 120 150 

O.08 280 190 230 

O.09 300 230 200 
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Effect of Chain Length Compatibility on Monolayers, 
Foams, and Macro- and Microemulsions 

M. K. SHARMA, S. Y. SHIAO, V. K. BANSAL, and D. O. SHAH 
Departments of Chemical Engineering and Anesthesiology, University of Florida, Gainesville, 
FL 32611 

The effect of chain length compatibility of various 
surfactants on molecular packing, foams, macro- and 
microemulsion structures
displacement efficienc
studied using different techniques. Moreover, the 
solubilization of water in microemulsions was stud
ied in detail as a function of alkyl chain length of 
oils and cosurfactants. The solubilization behavior 
is discussed in terms of partitioning of alcohol 
among oil, water and the interface depending upon 
the chain length of alcohol and oil, as well as in 
terms of molecular packing at the interface in rela
tion to the disorder produced by the chain length 
compatibility effects. It is proposed that the 
chain length compatibility strikingly affects the 
properties of interfacial film, which in turn influ
ences emulsion stability, foam stability, solubili
zation capacity, molecular packing at the interface, 
fluid displacement efficiency and effective gas 
mobility in oil recovery processes. 

The formation and stability of foams and emulsions depend on the 
structure of surfactants and cosurfactants employed in these sys
tems. It has been reported that the structure of alcohol strongly 
influences the properties of microemulsions (.1-.5 ) . Moreover, the 
interfacial composition and alcohol partitioning between aqueous 
phase and oil are influenced by the alkyl chain length of oil and 
alcohol (6^.7). The structural aspects of microemulsions using 
various techniques such as X-ray diffraction, viscometry, light 
scattering, ultracentrifugation, electron microscopy and e l e c t r i 
cal conductivity have been reported by previous investigators 
(8-10). From these studies, it is proposed that microemulsions 
are isotropic, clear or translucent and thermodynamically stable 
dispersions of oil, water and emulsifiers with the droplet diame
ter ranging from 100 - 1000 Â. 

0097-6156/85/0272-0087$06.00/0 
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Schick and Fowkes (11) s tud ied the e f f e c t o f a l k y l cha in 
length of s u r f a c t a n t s on c r i t i c a l m i c e l l e concent ra t ion (CMC). 
The maximum lower ing of CMC occurred when both the a n i o n i c and 
non ion ic s u r f a c t a n t s had the same cha in l e n g t h . It was a l s o 
reported that the c o e f f i c i e n t of f r i c t i o n between polymer ic s u r 
faces reaches a minimum as the cha in length o f p a r a f f i n i c o i l s 
approached that of s t e a r i c a c i d (12). In order to d e l i n e a t e the 
e f f e c t of cha in length of f a t t y a c i d s on l u b r i c a t i o n , the s c u f f 
load was measured by Cameron and Crouch (13). The maximum s c u f f 
load was observed when both hydrocarbon oil and f a t t y a c i d had the 
same cha in l e n g t h . S i m i l a r r e s u l t s of the e f f e c t of cha in length 
c o m p a t i b i l i t y on d i e l e c t r i c a b s o r p t i o n , sur face v i s c o s i t y and rus t 
prevent ion have been reported in the l i t e r a t u r e (14-16) . 

The g a s / l i q u i d and l i q u i d / l i q u i d systems are re levant to 
b iomedica l and eng ineer ing a p p l i c a t i o n s . The la rge i n t e r f a c i a l 
area in foams, macro- and microemulsions is s u i t a b l e for r a p i d 
mass t r a n s f e r from gas to l i q u i d or l i q u i d to gas in foams and 
from one l i q u i d to anothe
s i o n s . The formation an
enced by the cha in length c o m p a t i b i l i t y which may a l s o i n f l u e n c e 
the flow through porous media behavior of these systems. There
f o r e , the present communication deals with the e f f e c t o f cha in 
length c o m p a t i b i l i t y on the p r o p e r t i e s o f monolayers, foams, 
macro- and microemuls ions . An attempt is made to c o r r e l a t e the 
chain length c o m p a t i b i l i t y e f f e c t s with sur face p r o p e r t i e s of 
mixed s u r f a c t a n t s and t h e i r flow behavior in porous media in r e l a 
t i o n to enhanced oil r e c o v e r y . 

Exper imental 

M a t e r i a l s . Sodium dodecyl s u l f a t e was s u p p l i e d by A l d r i c h Chemi
c a l Company, Milwaukee, WI, and va r ious a l k y l a l c o h o l s were 
obta ined from Supe lco , I n c . , B e l l e f o n t e , PA, with p u r i t y greater 
than 99%. For microemulsion p r e p a r a t i o n , sodium s t é a r a t e (>> 99% 
pure) was s u p p l i e d by Matheson, Coleman and B e l l , Inc . and sodium 
myr is ta te was s u p p l i e d by Κ & Κ L a b o r a t o r i e s , Inc. A l l the o i l s 
(>> 99% pure) were obta ined from Chemical Samples Company. 
D o u b l e - d i s t i l l e d water was used in a l l exper iments. For monolayer 
s t u d i e s , the 4.0 mM s o l u t i o n s of a l l pure a l k y l a l c o h o l s were 
prepared in a mixture of methanol, ch loroform and n-hexane in a 
volume r a t i o 1 :1 :3 . 

The sand used as porous media was purchased from AGSCO C o r p . , 
Pe te rson , NJ . The t ransducer used fo r the measurements o f p r e s 
sure drop across the porous medium was s u p p l i e d by (Val idyne DP-
15), Va l idyne Eng ineer ing C o r p o r a t i o n , Nor thr idge , CA. The 
recorder was obta ined from (Heath/Schlumberger 225), Heath Com
pany, Benton Harbor, MI. The water was pumped us ing Cheminert 
Meter ing Pump (Model EMP-2), Laboratory Data C o n t r o l , R i v i e r a 
Beach, F L . 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



7. S H A R M A E T A L . Effect of Chain Length Compatibility 89 

Methods. Using an Agla microsyringe, alkyl alcohol solution 
(O.025 ml) was spread on the subsolution of O.01 M HC1. A time 
interval of 5 minutes was allowed for spreading solvents to eva
porate or diffuse in the subsolution from the monolayers. The 
monolayer was compressed at a constant rate by an electrically 
operated motor. The surface pressure area curve for a monolayer 
was recorded automatically by x-y recorder. Three to five mono
layers of each mixture were studied and the results reported are 
average values. The reproducibility of data was + O.15 
Â /molecule. The detailed discussion of the apparatus is given 
elsewhere (17). 

The macroemulsions were prepared by mixing an aqueous surfac
tant solution and oil in a volume ratio 3:1. Oil phase also con
tained an equimolar alkyl alcohol. The emulsions were produced by 
using an ultrasonic device (Model W185) for two minutes. The 
volumes of the emulsions were recorded at different time inter
vals. The microemulsions were prepared by mixing surfactant 
(1 g), alcohol (4 or 8
clear solution. The wate
by adding more water slowly from a graduated 1 ml pipette to the 
microemulsion, until turbidity was observed and two-phase forma
tion occurred upon standing. The surface tension of freshly 
prepared aqueous solutions was measured by Wilhelmy plate method 
(18) and surface viscosity was measured by a single knife-edge 
rotational viscometer (19). 

For flow through porous media studies, the sandpacks used as 
porous media were flushed vertically with carbon dioxide for an 
hour to replace i n t e r s t i t i a l air. D i s t i l l e d water was pumped and 
the pore volume (PV) of the porous medium was determined. By this 
procedure, the trapped gas bubbles in the porous media can be 
easily eliminated because carbon dioxide is soluble in water. For 
determining the absolute permeability of the porous medium, the 
water was pumped at various flow rates and the pressure drop 
across the sandpack as a function of flow rate was recorded. 
After the porous medium was characterized, the mixed surfactant 
solutions of known surface properties were injected. This was 
followed by air injection to determine the effect of chain length 
compatibility on fluid displacement efficiency, breakthrough time 
and air mobility in porous media. 

Results and Discussion 

Mixed Monolayers. Figure 1 shows the excess area/molecule when 
C^g alkyl alcohol was mixed with alkyl alcohols of various chain 
lengths. In this figure, A^g represents the molecular area at 
surface pressure of 20 dynes/cm, whereas A and A represent the 
area/molecule at zero surface pressure in the condensed and 
expanded states of the mixed monolayers. The excess area/molecule 
is the difference between the experimentally measured 
area/molecule in the mixed monolayers and that expected from the 
simple additivity rule (17 ). The comparison of the results of 
area/molecule in pure and mixed monolayers indicates that the 
mixed alkyl alcohols of different chain lengths form a 
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considerably expanded mixed monolayer. It is also evident that as 
the difference between the alkyl chain length of the components 
increased, the molecular area in the mixed monolayers also 
increased. Among excess area/molecule measured at different 
states of the monolayers, the excess area/molecule in the con
densed state is most strikingly influenced by the differences in 
chain length. Similar results were also observed when the common 
components in the mixed monolayers were C^, L^g and alkyl 
alcohols (17). 

It was reported by previous investigators (20-22) that a 
change of O.3 to 1.5 Â in the intermolecular spacing between l i p i d 
molecules in the monolayer strikingly influences the rate of the 
enzymic hydrolysis and interaction of metal ions in the mono
layers. By assuming a molecular area to be a c i r c l e , one can cal
culate the intermolecular spacing in the monolayers. The distance 
between the centers of adjacent molecules (2R) can be viewed as 
the intermolecular spacing in the monolayers. For example, at 
surface pressure of 20 dynes/cm
Â was observed in the mixe
tally observed molecular area is 21.0 Â , whereas the average area 
per molecule according to simple additivity rule is 20.1 Κ at 20 
dynes/cm in the mixed monolayers of C^g + C^o alkyl alcohols. The 
corresponding diameter for the circles T2R) or intermolecular 
spacing for these two areas are calculated to be 5.18 Â and 5.06 
8, respectively. The increase in the intermolecular spacing due 
to expansion of the monolayer would be O.12 Â (5.18 - 5.06 = O.12 
Â). It is very likely that a change in the intermolecular spacing 
of the order of O.12 A may be of significant importance in deter
mining the properties of mixed surfactant systems such as foams 
and macroemulsions. 

Our explanation for these chain length compatibility effects 
is shown schematically in Figure 2. The equal chain length surfac
tant molecules form a condensed mixed monolayer as compared to the 
dissimilar chain length molecules. However, in mixed monolayers 
of different chain lengths, it is very likely that the portion of 
molecule above the height of the adjacent molecules exhibits ther
mal motion such as oscillational, vibrational and rotational 
modes. Moreover, i f these thermal disturbances were limited to 
the portion above the height of the adjacent molecules, it would 
not expand the mixed monolayer and molecular area would remain the 
same. However, the thermal motion most probably propagates along 
the chain towards the polar group of the molecule which in turn 
causes expansion in the mixed monolayers and exhibits greater 
molecular area. 

Figure 3 represents the effect of compression rate on excess 
area per molecule in mixed monolayers. As the rate of compression 
increases, the excess area per molecule in mixed monolayers 
increases. These results suggest that the disordered segments of 
alkyl chain may begin to orient themselves in a more ordered 
state with decreasing rate of compression, resulting in smaller 
excess area per molecule. Moreover, it is interesting to note 
that the rate of compression did not influence significantly the 
molecular area in the monolayers of pure components. Based on the 
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SPACE OCCUPIED BY THE THERMAL MOTION OF CHAINS 

I4 & li i- î i i tri 
> 

Figure 2. Schematic Diagram of the Chain Length C o m p a t i b i l i t y 
and the Thermal Motion of the Terminal Segments of 
Mo lecu les . 
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common Component at pH 2.O. 
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concept of cha in length c o m p a t i b i l i t y in monolayers, t h i s study 
was fur ther extended to i n v e s t i g a t e the sur face chemical aspects 
of s e v e r a l c o l l o i d a l systems such as foams, macro- and microemul
s i o n s . 

Foams. In order to c o r r e l a t e the chain length c o m p a t i b i l i t y with 
sur face p r o p e r t i e s of foaming s o l u t i o n s and bubble s i z e in foams, 
sodium i a u r y l s u l f a t e (C^rWSO^Na) and var ious a l k y l a l c o h o l s 
(CgH^OH-C^H-^OH) w e r e used in a molar r a t i o 10:1 as mixed foam
ing agents. F igure 4 shows the photomicrographs o f var ious foams 
c o n t a i n i n g sodium Iaury l s u l f a t e (5.0 m M) and d i f f e r e n t a l k y l 
a l c o h o l s (O.5 m M) at 15 minutes a f t e r foams were produced. The 
mixed s u r f a c t a n t s of equal a l k y l cha in length produced the smal 
l e s t bubbles as compared to the mixed s u r f a c t a n t s o f unequal cha in 
length ( e . g . C , 2 H 2 5 S 0 , N a + C n

 H ( 2 r i + i ) 0 H > w h e r e η = 8, 10, 14 and 
16) . It is ev ident that as the d i f f e r e n c e in cha in length 
i n c r e a s e s , the bubble s i z e a l s o i n c r e a s e s . 

Table I shows var iou
as sur face t e n s i o n , sur fac
generated in a g iven time) and bubble s i z e in foams o f the s u r f a c 
tant s o l u t i o n s as a f u n c t i o n of chain length c o m p a t i b i l i t y . The 
r e s u l t s i n d i c a t e that a minimum in sur face t e n s i o n , a maximum in 
sur face v i s c o s i t y , a maximum in foaminess and a minimum in bubble 
s i z e were observed when both the components of the mixed s u r f a c 
tant system have the same chain l e n g t h . These r e s u l t s c l e a r l y 
show that the molecular packing at a i r - w a t e r i n t e r f a c e i n f l u e n c e s 
sur face p r o p e r t i e s o f the s u r f a c t a n t s o l u t i o n s , which can i n f l u 
ence mic roscop ic c h a r a c t e r i s t i c s of foams. The e f f e c t o f cha in 
length c o m p a t i b i l i t y on microscop ic and sur face p r o p e r t i e s o f s u r 
fac tan t s o l u t i o n s can be exp la ined as reported in the prev ious 
s e c t i o n . 

Macroemulsions. F igures 5 and 6 show the emulsion s t a b i l i t y fo r 
var ious emulsions c o n t a i n i n g sodium a l k y l s u l f a t e s ( C ^ * a n c ' 
sodium a l k y l soaps ^ ]2 '^14^ a s ^ n e c o m m o n h y d r o p h i l i c e m u l s i f -
i e r s , and var ious a l k y l a l c o h o l s as the hydrophobic e m u l s i f i e r s . 
The s t a b i l i t y of va r ious macroemulsions was measured by record ing 
the volume of the unseparated emulsion in a g iven per iod o f t ime. 
The volume of the emulsion was maximum when both mixed e m u l s i f i e r s 
had the equal cha in length (F igures 5 and 6 ) . As the d i f f e r e n c e 
in a l k y l cha in length i n c r e a s e s , the volume of the macroemulsion 
decreases . It c l e a r l y shows that the s u r f a c t a n t molecules with 
s i m i l a r a l k y l cha in length pack t i g h t l y at l i q u i d / l i q u i d i n t e r f a c e 
s i m i l a r to that observed at g a s / l i q u i d i n t e r f a c e . Moreover, the 
t i g h t packing at the l i q u i d / l i q u i d i n t e r f a c e seems to reduce the 
ra te o f water or oil separa t ion from the macroemulsion phase. 
These r e s u l t s i n d i c a t e that the g a s / l i q u i d (foams) and 
l i q u i d / l i q u i d (macroemulsions) systems behave in the same manner 
in the presence of mixed s u r f a c t a n t s . 

Table II shows the e f f e c t of cha in length c o m p a t i b i l i t y on 
oil recovery , f l u i d displacement e f f i c i e n c y , breakthrough time and 
e f f e c t i v e gas m o b i l i t y in porous media. For g a s / l i q u i d systems 
( e . g . Foams), a maximum in f l u i d displacement e f f i c i e n c y , a 
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Figure 4. Photomicrographs of Various Foams Containing Sodium 
Lauryl Sulfate (5 mM) and Different Alkyl Alcohols 
(O.5 mM). 
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C | 2S0 4Na C | 2S0 4No C | 2S04Na C | 2S0 4Na C | 2S0 4No 
+ + + + + 

CeOH C | 0OH C | 2 0H C,40H C,60H 
1 1 I ' ' 1 

13.01 ' 1 1 1 » 1 

C l 4S0 4Na C | 4S0 4No C | 4S0 4Na C | 4S0 4Na C | 4S0 4Na 
+ + + + + 

Ce0H C | 00H C | 20H C | 4 0H C,e0H 
Choin-length of mixed emulsifiers (II) 

Figure 5. Emulsion S t a b i l i t y fo r the Mixed Systems o f 
C 1 2 H 2 5 S 0 4 N a ^ m M ^ a n d V a r i o u s A l l < y l A l c o h o l s (5 mM) 
with the Water-Tetradecane Rat io 3 :1 . 

C l 2soap C l 2soap C,2soap C l2soap C,2soap 
+ + + + + 

C e 0H C | 0 0H C | 2 0H C ) 40H C^OH 

ε iao[ 

Initial volume of 
emulsions =20ml 

C | 4$oap 

C,oOH 
ι 

C l4soap C|43oap 
+ 

C,OH C | 0OH C,2OH 

Chain-length of mixed emulsifiers ( h i ) 

(soap 

C MOH 

C | 4soop 

C..OH 

Figure 6. Emulsion S t a b i l i t y fo r the Mixed Systems of C^Jn^Ha 
(4.5 mM) and Var ious A l k y l A l c o h o l s (4.5 mM) with the 
Water-Tetradecane Rat io 3 :1 . 
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maximum in breakthrough t ime, a minimum in e f f e c t i v e gas m o b i l i t y 
and a maximum in oil recovery were observed when both the com
ponents of mixed s u r f a c t a n t system had the same cha in l e n g t h . 
S i m i l a r r e s u l t s were a l s o observed by d i s p l a c i n g oil with s o l u 
t i o n s of s u r f a c t a n t s of equal chain length (Table I I ) . These 
r e s u l t s can be u t i l i z e d to design the s u r f a c t a n t formulat ions for 
optimum performance in enhanced oil recovery p r o c e s s e s . 

Microemuls ions . The e f f e c t of cha in length c o m p a t i b i l i t y on 
microemulsion formation was s tud ied by measuring the amount of 
water s o l u b i l i z e d in the system. The amount of water s o l u b i l i z e d 
as a f u n c t i o n of oil cha in length fo r sodium s t é a r a t e system in 
the presence of var ious a l c o h o l s is shown in F igure 7. It was 
observed that fo r n-butanol c o n t a i n i n g microemuls ions, the maximum 
amount of water s o l u b i l i z e d decreased cont inuous ly with i n c r e a s e 
in oil cha in l e n g t h , whereas for n-heptanol it inc reased c o n t i n u 
o u s l y . For n-pentanol and n-hexanol c o n t a i n i n g microemuls ions, 
water s o l u b i l i z a t i o n reache
dodecane systems. S i m i l a
myr is ta te system (F igure 8 ) . A maximum in water s o l u b i l i z a t i o n 
was observed when microemulsion conta ins n-hexanol and decane. 
From the observed f i n d i n g s , one can conclude that when the oil 
cha in length is i n c r e a s e d , the s o l u b i l i z a t i o n c a p a c i t y o f 
microemulsions can decrease , increase or e x h i b i t a maximum, 
depending upon the s t r u c t u r e and cha in length of a l c o h o l used . 
From the r e s u l t s of sodium s t é a r a t e and sodium myr is ta te systems, 
it is i n f e r r e d that the water s o l u b i l i z a t i o n reached a maximum 
when a l c o h o l cha in length (1 ) p lus that of the oil (1 ) is equal 
to that of the s u r f a c t a n t (1 a . 

Our proposed exp lanat ion for the maximum water s o l u b i l i z a t i o n 
and cha in length c o m p a t i b i l i t y e f f e c t observed f o r pentanol and 
hexanol c o n t a i n i n g systems is s c h e m a t i c a l l y shown in F igure 9. 
The s i z e of microemulsion d r o p l e t s is expected to inc rease with 
i n c r e a s i n g water content which in turn i n c r e a s e s the i n t e r f a c i a l 
a r e a . Up to a c e r t a i n ex tent , the a l c o h o l from the oil phase can 
p a r t i t i o n i n t o the i n t e r f a c e to s t a b i l i z e the a d d i t i o n a l i n t e r f a -
c i a l a r e a . As the a l c o h o l in the oil phase is d e p l e t e d , fu r ther 
growth of water d r o p l e t s would r e s u l t in an inc rease o f i n t e r f a -
c i a l t ens ion at the oil/water i n t e r f a c e due to an increase in the 
area per molecu le . Th is w i l l d e s t a b i l i z e the microemulsion as 
w e l l as prevent f u r t h e r s o l u b i l i z a t i o n of water. It has been 
shown t h e o r e t i c a l l y (Z3) that fo r microemulsion format ion , the 
i n t ^ r f a c i a l t e n s i o n at the oil/water i n t e r f a c e should be about 
10 dynes/cm. When the cha in length of oil p lus a l c o h o l is not 
equal to that o f the s u r f a c t a n t (1 + 1 < 1 ), there w i l l be a 
reg ion of d isordered hydrocarbon chains near the te rmina l methyl 
groups around the g l o b u l e s (F igure 9) due to thermal motion which 
produces a d i s r u p t i v e e f f e c t on the packing of s u r f a c t a n t 
molecules and i n c r e a s e s area per molecule at the i n t e r f a c e . It 
was suggested ( Γ 7 ) that the thermal motion of a l k y l cha ins which 
causes d i s r u p t i v e e f f e c t can increase the in te rmolecu la r d i s t a n c e 
between s u r f a c t a n t molecules by about O.05 A. Th is change i n f l u 
ences var ious p r o p e r t i e s o f the systems such as evaporat ion of 
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Figure 7. Effect of Alcohol and Oil Chain Length on Water Solu
bilization Capacity of Sodium Stéarate Containing 
Microemulsions. 
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Figure 8. Effect of Alcohol and Oil Chain Length on Water Solu
bilization Capacity of Sodium Myristate Containing 
Microemulsions. 
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water through monolayers, contact ang le , sur face t e n s i o n , boundary 
l u b r i c a t i o n , sur face v i s c o s i t y , bubble s i z e in foams and emulsion 
s t a b i l i t y of mixed s u r f a c t a n t systems. There fore , our proposed 
exp lanat ion based on cha in lengths of oil, a l c o h o l and s u r f a c t a n t , 
is that the maximum water s o l u b i l i z a t i o n in microemulsion occurred 
at 1 + 1 = 1 , which is due to the maximum cohesive i n t e r a c t i o n 
between h y â r o c a r b o n cha ins (or due to minimum d i s r u p t i v e e f f e c t in 
the i n t e r f a c i a l region) under these c o n d i t i o n s (F igure 9 ) . 

Fur ther s t u d i e s i n d i c a t e d that not only the molecular pack
i n g , but a l s o the t o t a l amount of a l c o h o l and s u r f a c t a n t at the 
i n t e r f a c e i n f l u e n c e the water s o l u b i l i z a t i o n c a p a c i t y of the 
microemulsions (2b). As the amount of a l c o h o l and s u r f a c t a n t at 
the i n t e r f a c e i n c r e a s e s , the water s o l u b i l i z a t i o n c a p a c i t y in 
microemulsions a l s o i n c r e a s e s . F igure 10 s c h e m a t i c a l l y i l l u s 
t r a t e s the proposed exp lanat ion for the s o l u b i l i z a t i o n behavior of 
heptanol and butanol c o n t a i n i n g microemuls ions. Prev ious study 
(24) on the s u r f a c t a n t p a r t i t i o n i n g in var ious oil/water systems 
i n d i c a t e s that the s u r f a c t a n
with i n c r e a s i n g a l k y l cha i
hexadecane. S i m i l a r t rend is a l s o expected for n -hep tano l . S ince 
the s o l u b i l i t y of n-heptanol in water is n e g l i g i b l e , the decrease 
in n-heptanol p a r t i t i o n i n g in oil phase as the cha in length o f oil 
is inc reased from to C^, would r e s u l t in an inc rease in the 
heptanol concent ra t ion at the i n t e r f a c e ( e . g . i nc rease in the 
a l c o h o l / s o a p molar r a t i o at the i n t e r f a c e , F igure 10) . Th is 
indeed was conf irmed by the t i t r a t i o n method (F igure 11) as 
descr ibed by Bowcott and Schulman (24.). As the cha in length of 
oil is i n c r e a s e d , the i n t e r c e p t , which represents the molar r a t i o 
of a l c o h o l to soap at the i n t e r f a c e , i n c r e a s e s . 

For microemulsion systems c o n t a i n i n g b u t a n o l , the s o l u b i l i z a 
t i o n c a p a c i t y decreased with i n c r e a s i n g oil cha in length (F igures 
7 and 8 ) . Our proposed exp lana t ion for t h i s observa t ion is 
s c h e m a t i c a l l y shown in F igure 10. As the oil cha in length is 
i n c r e a s e d , a decrease in butanol p a r t i t i o n i n g occurs in the oil 
phase. Since the t o t a l amount of butanol is constant in each s y s 
tem, a concomitant inc rease in the butanol concent ra t ion in the 
water phase and at the i n t e r f a c e o c c u r s . Un l ike heptanol c o n t a i n 
ing microemuls ions, the water pool in butanol systems gradua l ly 
becomes water p lus butanol pool as the butanol has s u b s t a n t i a l 
s o l u b i l i t y in water. There fo re , the water p lus butanol pool as a 
so lvent w i l l s o l u b i l i z e some of the soap molecules in the pool and 
remove them gradua l l y from the i n t e r f a c e , which r e s u l t s in a 
decrease in the t o t a l i n t e r f a c i a l area and hence the concomitant 
decrease in the c a p a c i t y of water s o l u b i l i z a t i o n . Th is study s u g 
gests that the maximum water s o l u b i l i z a t i o n occurs when the soap 
and a l c o h o l molecules remain predominantly adsorbed at the i n t e r 
face as w e l l as when the cha in length of oil p lus a l c o h o l equals 
to that of the s u r f a c t a n t . 
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DISORDERED DISORDERED 

Figure 9. Schematic Diagram of the D i s o r d e r i n g o f the Terminal 
Segment of A l k y l Chain Pro t rud ing out of the I n t e r f a -
c i a l F i l m and the S o l u b i l i z a t i o n Capaci ty o f 
Microemulsions 1 , 1 and 1 are the Chain Lengths of 
A l c o h o l , O i l and § u r f a c t a n t Rolecules, r e s p e c t i v e l y . 

HEPTANOL CONTAINING MICROEMULSIONS 

A 

C8OIL 

Β 

C12OIL 
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Increase In Interfacial Area f c 

BUTANOL CONTAINING MICROEMULSIONS 

WATER 
+ 

HEPTANOL 

|3rvUW. ceo«L ^ U A ^ C 1 2 O . L ^ U U ^ 0 1 6 

D~ E F 
Decrease In Interfacial Area ^ 

OIL 

WATER 

F igure 10. Schematic I l l u s t r a t i o n of the E f f e c t of Increas ing O i l 
Chain Length on the P a r t i t i o n i n g o f A l c o h o l in the 
Water, O i l and I n t e r f a c i a l Region. 
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Figure 11. Effect of Oil Chain Length on the Oil/Alcohol Titra
tion Plots for Microemulsions. 
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8 
Phase Diagrams and Interactions in Oil-Rich 
Microemulsions 

D. ROUX and A. M. BELLOCQ 

Centre de Recherche Paul Pascal, Domaine Universitaire, 33405 Talence Cedex, France 

Pseudoternary phase diagrams of the water-dodecane-SDS
-pentanol and water-dodecane-SDS-hexanol systems have 
been investigate
domains has been
diagrams including, one-, two-, three  and four-phase 
liquid regions. An interpretation of these diagrams is 
proposed : it is shown that interactions between water 
domains play an important role in microemulsion sta
bility. 

In several theoretical models of microemulsion sta b i l i t y (1-4), the 
free energy includes an entropie term mainly due to dispersion of 
water and o i l domains and two types of enthalpic contributions : a 
term of interfacial tension and terms of interaction between domains 
of same nature (water-water or o i l - o i l ) . These interactions result 
from coulombic and Van der Waals forces. Recently i t has been shown 
that a balance between entropy and interfacial tension could also 
interpret phase transition (5-6). However these models only generate 
two-phase equilibria in distinction to the experiments which show the 
existence of multiphase equilibria. In order to find three-phase 
equilibria where a microemulsion coexist with a nearly pure water 
phase and a nearly pure o i l phase, Talmon and Prager have taken into 
account curvature effects. They found a three-phase region but they 
had to assuraea very special form for the curvature energy. In a recent 
publication De Gennes et a l . (6) suggest that the curvature term is 
not sufficient to reproduce three-phase equilibria and conclude that 
more complex effects involving strong attractive interactions are re
quested to explain the three-phase equilibria. But up to now, i n 
teraction terms are neglected in the models proposed by Talmon and 
Prager and De Gennes et a l . 

Several structural studies have shown that in the o i l rich part 
of the phase diagram, microemulsions consist of a dispersion of mono-
disperse water droplets in interaction (7-8). In recent papers (9-10), 
we have investigated by light scattering the effect of the micellar 
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106 MACRO- AND MICROEMULSIONS 

size and of the molecular structure of the components on the inter-
micellar interactions. Our results evidence that interactions are 
depending on the size of the droplets and on the length of alcohol, 
the molecular volume of oil and the polar head area of the surfactant. 
However, it is shown that one of the most important molecular parame
ter is the alcohol chain length. The intermicellar interactions are 
a l l the more attractive as the alcohol is shorter. When interactions 
become strongly attractive a c r i t i c a l behavior is evidenced (11). 
Then for example in the series of systems : water-dodecane-SDS-penta-
nol or hexanol or heptanol a c r i t i c a l behavior is only observed with 
pentanol. It appears therefore of particular interest to investigate 
the phase diagrams of the water-dodecane-SDS-pentanol (A) and water-
dodecane-SDS-hexanol (B) systems. 

One of the main objectives of this paper is to examine the im
portance of the interactions between water in oil micelles on the 
stab i l i t y of oil rich microemulsions. For this purpose, we have in
vestigated the phase diagrams of the systems A and Β made with pen
tanol and hexanol. We examin
but also the polyphasic
locate c r i t i c a l points in system A and also to evidence in both sys
tems a great variety of new domains including one-, two-, three- and 
four-phase regions. In the f i r s t part of this paper, we describe in 
detail several pseudoternary diagrams. In the second part, we show 
that a model of droplets in interaction allows us to interpret the 
existence of a line of c r i t i c a l points in the oil rich region of sys
tem A (12) . 

Experimental study; phase diagrams of the water-dodecane-penta-
nol (or hexanol)-sodium dodecyl sulfate (SDS) systems 

The phase diagrams of quaternary mixtures have to be represented in a 
three dimensional space. It is useful to present pseudoternary sec
tions of this diagram. The W/S representation (which keeps constant 
the water over surfactant ratio) gives a good description of the oil 
rich side of the phase diagram. In figure 1 are shown the experimen
tal pseudoternary phase diagrams obtained with hexanol and pentanol. 
In a f i r s t step, the W/S volumic ratio has been fixed at 1.8. This 
value corresponds to the microemulsions previously studied by light 
scattering (9-10). Both diagrams present a great variety of one-, 
two- or three-phase domains. The sequence of phases observed along 
the paths AA1 and BBf is described. The variable along AA1 is the 
alcohol concentration. The path BB1 follows the demixing line. Two 
points can be noticed : 

i) Both systems exhibit similar phase diagrams; specially two 
one-phase regions are observed below the demixing line which bounds 
the microemulsion region : in region II the microemulsions are biré
fringent and in region III, which is poor in alcohol, microemulsions 
are isotropic. 

i i ) The main difference between the two diagrams is the existen
ce, in the case of pentanol, of a c r i t i c a l point (P c) and of two 
liquid-liquid isotropic regions V and XII around P c. These latter are 
separated by the three-phase region XI where the three microemulsion 
phases in equilibrium are isotropic. Near P c, the two phases in equi
librium have very close compositions. The LL region V is separated 
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HEXANOL 

DODECANE 

4 Β Β  Β  Β
m n m m m η VJ ι 

WATER/SOS : 1,8 DODECANE 

' Θ Ο Β Ι Ο Β Β Ι Β Ο * " 
m m w a m τ ν E m Τ 

6 β θ Θ g g Β-
VI Χ 7 H HI 

Figure 1 . W/S = 1.8 pseudoternary diagrams at Τ = 21.5°C (expressed 
in volume) of the : 
a) water-dodecane-SDS-hexanol system 
b) water-dodecane-SDS-pentanol system. 
The dark regions correspond to liquid biréfringent phases. 
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from the two-phase liquid-liquid biréfringent region VI by a narrow 
three-phase zone X. In these equilibria the middle phase is biré
fringent and the two others are isotropic. The four regions Χ, V, XI 
and XIII do not exist in the phase diagram with hexanol. An enlarged 
drawing of the oil rich part of the pentanol diagram is given in f i 
gure 3c. 

For each system several pseudoternary diagrams corresponding to 
different values of the W/S ratio have been investigated. In the 
hexanol system, small changes of the phase diagram are observed as 
the W/S ratio is varied between 1.8 to 5. (figure 2). The effect of 
an increase of this W/S ratio is the shift of the isotropic one-phase 
region (I) towards the high alcohol concentrations. But qualitatively 
the phase diagram remains unchanged. In the three pseudoternary phase 
diagrams studied one can notice that there is no c r i t i c a l point. In 
a l l the cases, the inverted micellar domain is bounded by a two-phase 
region where this isotropic phase is in equilibrium with either the 
lamellar phase (II) or the other isotropic phase (III). In this sys
tem one does not observe
are in equilibrium. We emphasiz
present a c r i t i c a l point in the oil rich region, the micellar phase 
located along BB1 separateswith an organized biréfringent phase. On 
the contrary, in the pentanol system which presents a c r i t i c a l point, 
the system separates in the L-L region XII around P c into two isotro
pic microemulsions in equilibrium. This remark seems to be general. 
Indeed, a c r i t i c a l behavior has been observed in the water-SDS-buta-
nol-toluene system by light scattering (13). We have observed that 
the mixtures which are far in composition from the c r i t i c a l point se
parate with an organized phase whereas those which are close of this 
point separate into two isotropic phases. 

In the pentanol system as the W/S ratio is changed, a new c r i t i 
cal point is evidenced; the set of these points constitutes within 
the three-dimensional phase diagram a line of c r i t i c a l points. One 
can ask the question to know where are the ends of this line. Several 
possibilities can be considered : i) the line crosses the whole dia
gram and goes from one face of the diagram to another one, i i ) the 
line abuts on a three-phase region either on a c r i t i c a l end point or 
on a t r i c r i t i c a l point. We have examined in detail the pseudoternary 
diagrams defined by the following W/S ratios : 1, 1.2, 1.4, 1.8 and 
2.2. The oil rich part of some of these diagrams is shown in figures 
3a-3d. Analysis of these pseudoternary diagrams allows one to elimi
nate the f i r s t proposal. Indeed, the pseudoternary diagram defined by 
W/S = 1 is similar to those observed with hexanol. The zone XII and 
i t s c r i t i c a l point as well as the zones Χ, V and XI are no longer 
observed in this plane. Moreover, this study shows that the extent of 
these regions decreases with the W/S ratio. They disappear for a W/S 
ratio included between 1 and 1.1. 

This study allows us to evidence a new one-phase region noticed 
L* on figures 3. The microemulsions located in this region scatter 
light and exhibit a flow birefringence when their oil content is l a r 
ger than 85 %. In the planes W/S = 1.2 and 1.4 we have also observed 
a four-phase liquid region : LL*LfiL where one of the phases is biré
fringent (Lg) and the three other ones are isotropic however one of 
them is flow biréfringent (L*). Three of the four three-phase regions 
which surround the four-phase region have been observed in the plane 
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Γ/ο hexanol 

W/S =3 

90 100 
Vo dodecane 

Figure 2 . W/S pseudoternary diagrams at Τ = 21,5°C (in volume) of 
the water-dodecane-SDS-hexanol system. 
L, Lg designate respectively an isotropic phase and a b i 
réfringent phase. 
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Figure 3. W/S pseudoternary diagrams at Τ = 21.5 °C ( in volume) of 
the water-dodecane-SDS-pentanol system. Top: W/S = 1; 
bottom: W/S = 1.4. L, Lg, and L" designate r e s p e c t i v e l y 
an i s o t r o p i c phase, a biréfringent phase and a flow 
biréfringent l i q u i d phase. 
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it it 
defined by W/S = 1.2; these equilibria are the following LL L,L LgL 
and LL Lg. Systematic progression from three phases to four phases to 
three phases with changing either oil or alcohol concentration is re
ported for the f i r s t time. As the W/S ratio increases, the two f o l l o 
wing effects are observed : the disappearance of the four-phase re
gion, and the shifts of the biréfringent (Lfi) and flow biréfringent 
(L ) regions towards the water and surfactant rich region. 

Thus the study of several W/S pseudoternary diagrams of system A 
leads us to observe a great variety of one-phase regions and of phase 
equilibria. In addition this study allows us to evidence a line of 
c r i t i c a l points which limits are within the tetrahedron of represen
tation of the states of the system. On the contrary in the system B, 
any c r i t i c a l point is evidenced as the W/S ratio is changed up to 5. 

The phase behavior observed in the quaternary systems A and Β is 
also evidenced in ternary systems. Figure 4 shows the phase diagrams 
for systems made of AOT-water and two different o i l s . The phase dia
gram with decane was establishe
ne has been established in
tem does not present a c r i t i c a  poin  phas
is bounded by a two-phase domain where the inverse micellar phase is 
in equilibrium with a liquid crystalline phase, as for system Β or 
system A when the W/S ratio is below 1.1. In the case of decane, a 
c r i t i c a l point has been evidenced by light scattering (15). Assih and 
a l . have observed around the c r i t i c a l point a two-phase region where 
two microemulsions are in equilibrium. A three-phase equilibrium con
nects the liquid crystalline phase and this last region. 

In conclusion, the same phase behavior is evidenced when we 
change the alcohol or the W/S ratio in a quaternary system, and the 
oil in a ternary system. This behavior can be characterized by two 
types of phase diagrams. In the f i r s t type no c r i t i c a l point occurs. 
In this case, the inverse micellar phase is bounded by a two-phase 
region where it is in equilibrium with a liquid crystalline phase. 
The second type is characterized by the occurence of a c r i t i c a l point. 
In this case, the inverse micellar phase is bounded by a region where 
two micellar phases are in equilibrium. 

Discussion 

Some features of these diagrams can be explained with the help of 
light scattering results. Indeed existence of a c r i t i c a l point is a l 
ways related with strong attractive interactions. Light scattering 
experiments in inverted micellar phase have shown that interactions 
increase as the alcohol chain length decreases or as the W/S ratio 
increases (i.e. as the micellar size increases). Therefore one can 
assume that the line of c r i t i c a l points observed in the pentanol sys
tem above a limit value of the W/S ratio is due to a strengthening of 
the interactions. At W/S equal to 1.1 interactions between droplets 
are sufficient to induce a liquid-gas type phase separation. On the 
same manner, interactions can explain the differences observed in the 
phase diagrams of the ternary systems containing AOT and water as 
isooctane is replaced by decane. Indeed it has been shown that in
teractions increase with the molecular volume of oil (10). 

In the following we present a quantitative interpretation of the 
phase diagram based on a model of interacting particles. We show that 
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Figure 4 . Phase diagrams of the ternary systems. Water, AOT, iso-
octane or decane. The phase diagram with decane has been 
established by Assih et a l . 
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the LL zone XII observed in the diagram of the pentanol system where 
two microemulsions coexist can be interpreted as a liquid-gas transi
tion due to interactions between inverse micelles. The liquid phase 
has a high micellar concentration and the gas phase has a low concen
tration of micelles. 

Using the hard sphere adhesive state equation proposed by Baxter 
(16), it is possible to calculate the demixing line due to interac
tions. This state equation corresponds to the exact solution of the 
Percus-Yevick equation in the case of an hard sphere potential with 
an i n f i n i t i v e l y thin attractive square well. In our calculation we 
assum that the range of the potential is short in comparison to the 
size of the particles (in fact less than 10 % ) . 

The Baxter's state equation includes only one parapeter τ which 
is related to the attractive interactions. 

Ρ 1 +η + η 2
 Λ 18 (2 +η) - η λ 2 

(1-η) 3 7 1 Λ 36 (1-η)3 pkT 

2 Π * with : λ = 6 - τ + Ι - [ ( 6 - τ + ΐ ) 2 - 6 [ΐ - \)] 

η is the volumic fraction of particles and ρ the density number. 
Baxter has shown that below a certain value of τ (τ =T c) a phase 

separation of liquid-gas type occurs, τ is related to the second v i -
r i a l coefficient Β of the osmotic pressure which value can be expe
rimentally determined from light scattering experiments. 

τ - 1 2 

8 - Β 
In previous papers, the experimental values of Β for several 

ω/ο microemulsions have been measured. As already pointed out, these 
values are function of both the radius of the micelles and the a l 
cohol chain length (9-10). The attractive interactions between micel
les increase as the micellar radius increases and as the alcohol 
chain length is shorter. We have proposed an interaction potential 
between ω/ο micelles which allows to account for the scattering re
sults (10). This potential V(r) results from the possibility of pene
tration of the micelles. V(r) is proportional to the volume of inter-
penetration of micelles. The penetration is limited by the molecules 
of alcohol located inside the interfacial film, r is the distance 
between two micelles. 

V(r) 
kT r > 2R 

= - J Δρ (2R - r ) 2 [2R + f) 2R - £ < r < 2R 

V(r) 
kT = + 00 r < 2R 

where R is the radius of micelles and £ is the difference between the 
lengths of surfactant and alcohol. Δρ is a parameter depending only 
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on the oil and surfactant. Its value was determined from light scat
tering experiments (10). In the case gtudied Δρ = O.00071 A"3 and 
& = 8.82 A for pentanol and il = 7.56 A for hexanol. 

For the calculation of B, numerical integration is requested 

Β = 8 + 24 
(2R)3 

2R 

2R-£ 

V(r) 
kT 

dr 

Following Barboy (17) the coexistence curve is obtained by nume
ri c a l resolution of the two following equations : 

ΡΟϋ,τ^) = Ρ ( τ , η 2 ) 

μ ί τ , τ ^ ) = μ ( τ , η 2 ) 

where η χ and η 2 are the
high density micellar phase
tential, it is related to Ρ by 

where V q is the micellar volume 
given by Barboy (17). 

3y 
3ÏÏ 

8P 
3η 

an analytical expression for μ is 

The demixing curves in the W/S pseudoternary diagrams for the 
hexanol and pentanol systems have been calculated according to the 
above theoretical treatment. These lines have been determined in the 
following way. The calculation of the state equation is applied to a 
dilution l i n e ; along such a line the inverse micelles have a cons
tant radius R. The micelles contain the whole water (volume V w ) , the 
surfactant (volume V ) and a part of the alcohol V g . The rest of a l 
cohol V £ is in the oil continuous phase. We suppose that the alcohol-
oil ratio in the continuous phase is constant and is equal to k. Be
sides, in the calculation of the micellar radius R one assumes that 
the surfactant and the alcohol molecules which are situated at the 
interface have a constant area per chain s. In mosÇ of the previous 
studies s has been found constant and equal to 25 A 2. This value is 
taken equal for the alcohol and surfactant chains. Consequently : 

3v ( k + 1 ) (Vws + V " k 

k — (V - 1) + 
V ws a 

V ν ™ + ( k + 1 } s 
χ + 1 ν A a 

- v g is the molecular volume of surfactant (412 A 3 for SDS) 
- v a is the molecular volume of the alcohol (180 A 3 for pentanol 

and 209 A 3 for hexanol) 
- k is the ratio of the alcohol (V°̂ ) and oil volumes in the oil 

continuous phase (k = O.133) 
= V /V w s = V + V w s VA = V? + v m A A 

A l l the parameters involved in the calculation of the phase se
paration curve are deduced from experimental values. Application of 
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this calculation to the W/S = 1.8 plane leads to a calculated de-
mixing line very close to the experimental one in the case of penta
nol, particularly in the region XII (figure 5). Besides a c r i t i c a l 
point P̂  is found near the experimental one P^. On the contrary in 
the case of hexanol the theoretical demixing line is found largely 
below the experimental one. These results corroborate our hypothesis 
of liquid-gas transition for the region XII of the phase diagram with 
pentanol where two microemulsions are in equilibrium. In the hexanol 
system, the phase separation is not due to micellar interactions but 
results from other factors such as interfacial tension or curvature 
and leads to the formation of a lamellar phase. The coexistence curve 
corresponding to such effects is termed "lamellar" demixing line. In 
the case of the pentanol system, it exists a competition between 
these last effects and interactions. This competition gives rise to 
the three-phase equilibria observed in region X. o 

In our model a c r i t i c a l radius Rc appears; i t s value is 52 A in 
the pentanol system. Then in each W/S plane a c r i t i c a l dilution line 
corresponding to such a radiu
the W/S ratio. As this rati
lower alcohol content. In the case, where the c r i t i c a l dilution line 
is below the "lamellar" demixing line, the phase diagram is expected 
to be similar to that observed with the hexanol system for which the 
interactions are not predominant. This is the case of the pseudoter
nary sections defined by a W/S ratio less than 1.1. Besides this pro
vides an explanation for the simultaneous disappearance of the re
gions X, V, XI, XII. 

A similar interpretation of phase diagrams has been recently 
proposed by Safran and Turkevich (18). These authors have considered 
the effects of interaction and curvature on the stability of micro
emulsions. They suggest that unstabilities of spherical microemulsion 
droplets lead the system to separate with water in order to prevent 
micellar growth above a limit radius R̂ . Taking into account interac
tions with a phénoménologie treatment, they show that phase separa
tion due to interaction is also possible and they found a c r i t i c a l 
radius Rc. If Rc is greater than R̂  a water phase is formed and i f RQ 

is lower than R̂  phase separation gives rise to two micellar phases 
with a c r i t i c a l point. This theoretical treatment reflects very well 
the behavior we observe but it is not in f u l l accordance with our 
experimental results. The main difference is that when interactions 
are not preponderant the phase separation does not occur with a water 
phase but with a lamellar phase. 

Our theoretical treatment is based on the same physical idea. 
But in our interpretation the comparison with the experimental beha
vior is quantitative and the calculation of the demixing line is 
based on the experimental dependence of the interactions upon micel
lar radius or alcohol chain length. We can notice that calculations 
made by Safran et a l . lead the authors to suppose interactions in
creasing with the radius what is experimentally well established. 

For the water, AOT and decane system, light scattering experi
ments are in progress in view to apply the proposed interaction po
tential to ternary systems. As expected the f i r s t results clearly 
indicate that interactions increase as the system approaches the c r i 
t i c a l point. Besides preliminary calculations confirm that a liqui d -
gas type transition must occur very close to the experimental de-
mixing line. 
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W/S:1,8 Oil 

Figure 5 . Comparison between experimental ( f u l l line) and calcula
ted (dashed line) demixing curves in the oil rich region 
of the hexanol and pentanol systems. PJ=j is the experimen
tal c r i t i c a l point. P£ is the theoretical c r i t i c a l point. 
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Conclusion 

In conclusion the study of the phase diagram of the two following 
quaternary mixtures A : H20 - C 1 2H 2 6 - SDS - pentanol and Β : H20 -
C 1 2H - SDS - hexanol leads us to observe several one-phase regions 
in the oil rich part of the phase diagram. These one-phase regions 
are connected the ones to the others by a great variety of multiple 
coexisting phases equilibria (two, three or four). In the case of 
the pentanol system, as the W/S ratio is greater than 1.1 a line of 
c r i t i c a l point is evidenced. 

Light scattering measurements and theoretical treatment strongly 
support the idea that attractive interactions between inverse micel
les play an important role in the stab i l i t y of oil rich microemul
sions. In the system containing pentanol, attractions between ω/ο 
micelles can be sufficient to give rise to a phase separation between 
two microemulsion phases. 
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9 
Critical Points in Microemulsions 
Role of van der Waals and Entropic Forces 

D. CHATENAY, O. ABILLON, J. MEUNIER, D. LANGEVIN, and A. M. CAZABAT 
Laboratoire de Spectroscopie Hertzienne de l'Ecole Nationale Supérieure, 24 Rue Lhomond, 75231 
Paris Cedex 05, France 

Interactions in microemulsions have been studied using 
light scattering techniques. In water in oil systems, 
hard sphere interactions are dominant  The remaining 
interactions are
der Waals type. Th
is less known. In those systems, interactions seem to 
be of a quite different kind. Entropic forces are 
thought to be important in those media, as will be 
shown by the study of a simplified system. 
Both interfacial and bulk properties have been inves
tigated. 

Interactions in microemulsions are not perfectly known. We w i l l pre
sent in the following an experimental study which w i l l contribute to 
cla r i f y this problem. We shall mainly emphasize the differences 
between water in oil and oil in water microemulsions. 

Description of the system 

We have studied a mixture of oil, brine, surfactant and co-surfactant 
of following composition : 
brine 46,8% (wt) 
Oil (toluene) 46.25%(wt) 
surfactant (SDS) 1.99%(wt) 
co-surfactant (butanol) 3.96%(wt) 

By increasing the brine salinity, we observe the sequence of e q u i l i 
bria 

S < S x (S x = 5.4 wt%) 
-Winsor I (organic phase coexisting with an oil in water microemul
sion) 

S2> S > S 1 (S2= 7.5 wt%) 
-Winsor III (middle phase microemulsion coexisting with aqueous and 
organic phases) 

0097-6156/85/0272-0119$06.00/0 
© 1985 American Chemical Society 
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s > s 2 

-Winsor II (water in oil microemulsion coexisting with an aqueous 
phase). 

In the two phase domains (S < S1 and S > S 2), we were able to dilute 
the microemulsion phases. This led us to picture the microemulsions 
phases as a dispersion of droplets of oil (resp. water) in water 
(resp. oil). These droplets are surrounded by a layer of surfactant 
and co-surfactant. This dilution procedure allows us to define the 
composition of the continuous phase (1) (2). No dilution procedure 
was found in the three phase domain S2< S < S2, thus supporting the 
idea that the structure of the middle-phase microemulsion is more 
complicated than a mere dispersion of droplets. 

Interfacial properties 

Experimental results : 
The interfacial tension
surface light scattering (3). The results are presented on figure 1-a. 
The two curves intersect at the optimal salinity S* = 6.3 and their 
common value is γ* = 4.5 10"3 dyn/cm. 

In the two phase domains, we measured the interfacial tensions 
(γ . γ ) between successive dilutions of the microemulsion phases 
an§ m the^excess organic or aqueous phases. The measured values did 
not deviate significantly from the i n i t i a l values. We then measured 
the interfacial tensions between the microemulsion continuous phase 
and the excess phase. The results of these measurements are given in 
figure 1-b. The values of the measured interfacial tensions in that 
case are equal within 30% to those obtained with the original samples. 

In the three phase domain, we have measured the interfacial 
tensions Y Q W between the aqueous and organic phases (see f i g 1-b). 
in this domain, we found that γ = Suply , γ I. 

'ow r 1 1 om 'wm ^ 
Origin of the interfacial tension in the case γ> γ : 
The experimental results presented above suggest that the interfacial 
properties are not fully dependent on the bulk properties of the 
coexisting phase. The origin of the low interfacial tensions is then 
the presence of a surfactant and co-surfactant layer at the interface. 

In order to evaluate the order of magnitude of the interfacial 
tensions, one may write the free energy of a microemulsion in the 
form : F = F + F, + F. c d ι 

F^ is a curvature energy 
F^ is the entropy of mixing of the constituents 
F. is the energy of interaction between the elements 

of the structure. 
These different terms may be evaluated for different possible struc
tures of the microemulsion phase. Then the interfacial tensions can 
be deduced from the knowledge of F , F, and F.. 

Different evaluations of F d °(4-5-6-7) 1 (1981,1983) and F£ 
(6-7-8-9-Ί0) have been proposed . In a l l cases, the contribution of 
these two terms is found negligible (which is consistent with our 
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exper imental o b s e r v a t i o n s ) . For i n s t a n c e , in the case of a d i s p e r s i o n 
of d r o p l e t s which may be viewed as hard spheres , the c o n t r i b u t i o n of 
these two terms is found to be (6-7-11) 

Λ -kT , ± 

Y d + i ' — 7 1 η Φ 

- 3 ο 
which g ives Ύ ^ + £ — 7.10 f o r φ= O.1 , R= 100A( typica l exper imental 

va lues in the two-phase domain). Th is value is s i g n i f i c a n t l y lower 
than the measured ones in the two-phase domains f a r from the phase 
boundar ies , where the hard sphere p i c t u r e is v a l i d . In that c a s e , the 
va lues of the i n t e r f a c i a l t e n s i o n are e s s e n t i a l l y due to curvature 
e f f e c t s . An e s t i m a t i o n of the c o n t r i b u t i o n of the curvature terms 
(12) lead to the value γ = 1 0 1 dyn/cm in reasonable agreement wi th 
exper imental r e s u l t s . ^ 
O r i g i n of low i n t e r f a c i a l tens ions in the case γ > γ : 

Close to the boundaries S x and S 2 in the three phase domain, the 
i n t e r f a c i a l tens ions were found to be very low. In that c a s e , the 
t h e o r e t i c a l model presente
because the middle phase microemulsion s t r u c t u r e is not simply a 
d r o p l e t d i s p e r s i o n . Furthermore the i n t e r a c t i o n term F^ becomes 
e v i d e n t l y dominant and is d i f f i c u l t to evaluate s ince the nature 
of the f o r c e s is not p e r f e c t l y known. However, such low i n t e r f a c i a l 
tens ions are c h a r a c t e r i s t i c of c r i t i c a l consolute p o i n t s . I t was 
then tempting to check that the behavior of the i n t e r f a c i a l tens ions 
was compatible wi th the u n i v e r s a l s c a l i n g laws obta ined in the theory 
of c r i t i c a l phenomena. In these theor ies the re levant parameter is 
the d is tance ε to the c r i t i c a l po in t de f ined by : 

c 

where 
is the chemical p o t e n t i a l of component i . 

c 
is the value of the chemical p o t e n t i a l of component i at the 

c r i t i c a l p o i n t . 
S c a l i n g laws p r e d i c t that : 

Δρ = Δρρ . ε where Δρ is the dens i ty d i f f e r e n c e of the two c o e x i s 
t i n g phases . Δ ρ 0 is a n o n - u n i v e r s a l p r e f a c t o r , 3 an u n i v e r s a l expo
nent 

ο Φ 

E l i m i n a t i n g ε between these two r e l a t i o n s l e a d to : 

Y = Y o i Ao ι Φ/3 
Ύ Ύ ' ΔΡ ο 

The u n i v e r s a l exponent ( φ / β ) depends on the type of theory . Renormal i -
z a t i o n group theory p r e d i c t s φ / β = 4 whi le m e a n - f i e l d theory p r e 
d i c t s φ / β =3. 

On f i g u r e 2, the measured values of the i n t e r f a c i a l tens ions 
are p l o t t e d aga inst the d e n s i t y d i f f e r e n c e on a l o g - l o g graph. For 

γ < γ , the r e s u l t s are in good agreement wi th r e n o r m a l i z a t i o n 
group t h e o r i e s (Cazabat 1982). 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



9. CHATENAY ET AL. Role of van der Waals and Entropie Forces 123 

Figure 2 . 
Interfacial tensions versus density differences between phases: 
o, middle phase microemulsion, top phase : o, middle phase 
microemulsion, bottom phase. The horizontal arrows indicate 
the common value γ* of the two interfacial tensions at the 
optimal salinity : the vertical arrows indicate the density 
difference relative to the transition between three phase and 
two phase domains. The line represents the expected scaling 
law : their slope is 4. 
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φ/3 = 4.2 ± O.3 for the interfacial tension between the middle phase 
microemulsion and the excess oil. 
φ/3 = 4.4 ± O.6 for the interfacial tension between the middle phase 
microemulsion and the excess water. 

Above γ*, a deviation from scaling laws is found, which is in 
agreement with our preceding interpretation of the origin of the 
interfacial tensions. 
Relation between the different interfacial tensions 
In the three phase domain, the measured values of the three interfa
c i a l tensions satisfy the Antonov inequality : 

γ < γ + γ ow om 'wm 
this inequality is characteristic of a non-wetting situation (13). This 
was checked by showing that a drop of the middle phase microemulsion 
did not spread at the interface between the oil and water phases 
around the salinity S* (fig 3). Approaching the two boundaries S x and 
S 2 it should be possible to observe a wetting-non wetting transition
Experiments are currentl

Bulk properties 
Introduction : 

Bulk properties of the microemulsion phases were investigated by va
rious techniques (light scattering, viscosity, conductivity, ultraso
nic absorption). 

These techniques allowed us to test some structural models of 
microemulsions and to study forces, exchanges and connectivity pheno
mena in these media. 
Light scattering data in the two-phase domains for the boundaries Sx 

and S2 : 
In that case, a l l light scattering data are well accounted for 

by the model of mono-disperse droplets submitted to Brownian motion. 
The dilution procedure (2) associated to the measurements of the in
tensity of the scattered light allows to study the osmotic compressi
b i l i t y of the samples as a function of the volume fraction of the 
dispersed phase. In that case the scattered intensity I is given by : 
(9-10): 

! „ | J L | 1
a n d * 3kT ( 1 + Β φ ) 

where 
π is the osmotic pressure 
φ is the volume fraction of the droplets 
k is the Boltzmann constant 
Τ is the absolute temperature 
R is the droplet radius 
Β is the f i r s t v i r i a l coefficient 

The value of Β is characteristic of the type of interaction between 
droplets : 

Β = 8 hard-sphere interaction 
Β > 8 repulsive interaction 
Β < 8 attractive interaction 

Quasi elastic light scattering techniques allow to measure the diffu
sion coefficient D of the droplets, the variation of which with the 
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Figure 3 . 
A drop of middle phase at the i n t e r f a c e between aqueous phase 
and oil phase. The aqueous phase, the oil phase and the middle 
phase are obtained by phase separation at S=6.5. The drop of 
middle phase does not spread at the i n t e r f a c e showing that 
γ < γ + γ w,o 'm,o 'm,w 
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volume fraction is given by (10): 

D = ^ — (1 + αφ) 
6πη 0Κ Η 

where η 0 is the continuous phase viscosity 
R̂  is the hydrodynamic radius of the droplet 

α is a v i r i a l coefficient 
The v i r i a l coefficient takes into account the direct interactions 
between droplets (like B) and the hydrodynamic interactions. Light 
scattering data in the two-phase domains are gathered in table I. 

From these data some essential features can be retained. First 
of a l l the droplets become bigger and bigger and the interactions 
between them become more and more attractive when one approaches the 
boundaries S1 and S 2 . For S < Si , we found an increasing difference 
between R and RR when S increased. For S < S2, the differences 
between R and Ry and the attractive interactions are well taken into 
account by a model which allow  interpénétratio f th  interfacial 
layers (15). In this model
Van der Waals forces betwee
Light scattering data close to the boundaries S x and S 2 : 
For S ̂ S 2 , the variationsof I and D with the scattering wave-vectors 
are in good agreement with the predictions of the theories of c r i t i c a l 
phenomena. These theories lead to three independent determinations 
of the correlation length ξ of the c r i t i c a l concentration fluctuations 
( H ) . 
ξ is extracted from the variations of I with the scattering wave-
vector. 
ξ 0 is determined from the extrapolation of the variation of the d i f 
fusion coefficient at zero scattering wave-vector. 
ξ 0 is extracted from the variation of the diffusion coefficient with 
the scattering wave-vector. 

These three determinations lead to the same value (within experi
mental accuracy) of the correlation length (cf. table II). These 
results are in agreement with our preceding interpretation of the 
origin of low interfacial tension close to the boundary S 2 . 

For S ̂  Si , we observed variations of I with the scattering 
wave-vector but this was not the case for the diffusion coefficient. 
Furthermore, the autocorrelation function of the scattered intensity 
showed significant deviations from an exponential form. This indica
tes an increasing polydispersity of the droplets when S increases. 
The interpretation of the bulk properties of the microemulsions 
phases, close to Si , in terms of c r i t i c a l phenomena, is then less 
satisfying. Near this boundary, the samples are further from a c r i 
t i c a l consolute point than in the case of the boundary S 2 . As far as 
bulk properties are concerned, light scattering experiments are 
rather sensitive to droplets elongation as it w i l l be observed in 
viscosity measurements. 
Complementary results 
Introduction : 
In order to precise the different phenomena which occur at the two 
phase boundaries Sx and S2 , the system has been studied with comple
mentary techniques : viscosity, connectivity experiments (electrical 
conductivity, forced Rayleigh scattering). These experiments w i l l 
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Table I. Droplet Sizes and In t e r a c t i o n Parameters of the 
Microemulsion in the Two Phase-Domain. 

S a l i n i t y R *H Β α 

ο ο 
3.5 % 85 A 95 A 5 " 1 HARD SPHERE 
5 130 190 3 -5 
5.2 155 240 0 -6 

S = 5.4 
S = 7.4 

8 180 200 2 -7 
10 % 225 150 6 -2 HARD SPHERE 

HARD SPHERE 8 1.5 

Table I I . Values of the C o r r e l a t i o n Lengths in the Microemulsions 
Close to the Boundaries. Three determinations of these Values 
Are Given as Described in the Text. 

DATA 

S a l i n i t y ξ 0 ( V ξ ( ι ) I K e ) 1 ξ ( ϋ ) I D(e) I 

5.2 % 100 A 90 A < 100 
5.3 120 125 -

1 
' 5.4 190 170 -

5.5 110 130 — 

5.6 80 100 
7.2 110 150 
7.3 220 250 280 

S 2 
Z 7.4 610 600 750 

7.5 300 320 350 
7.6 230 280 280 

! 
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lead to a differentiation between the two boundaries S x and S 2. 
Viscosity : 
When dilution is possible (S < S x or S > S 2 ), we have studied the 
viscosity of the samples as a function of φ, the droplet volume 
fraction. In each case, we have determined the quantity : 

η - η 0 

= lim 

where η is the viscosity at the volume fraction φ, η 0 is the conti
nuous phase viscosity. For S > S 2 ( o i l rich system), we found λ = 2.5 
which is characteristic of a sphere suspension. For S <s S x (water 
rich system), we found that λ increased rapidly approaching the 
phase boundary, for instance λ= 3,7 for S=3.5 and λ= 4.3 for 
S=5. In that case, viscosity results together with light scattering 
ones may be taken into account by describing the microemulsion phase 
as a polydisperse dispersion of ellipsoids ( 3 ) . 
Connectivity experiment
In the case of oil rich systems
be studied by conductivit
sible, we have studied the conductivity of the microemulsion phases 
as a function of the droplets volume fraction ( 3 ) . 

In those systems, as the attractive interactions increase (i.e.S 
decreases), a steep increase of the conductivity at a volume fraction 
around 0»15 is more and more visible (fig.4). 

The percolation phenomenon is visible only in systems with suf
fi c i e n t l y attractive interactions, and shows that there are pore ope
nings in the overlapping region of the interfacial layers. A collec
tive phenomenon must be supposed to explain such a strong anomaly 
of a transport coefficient. 

In the case of water rich systems, the connectivity of the sys
tem cannot be evidenced in a so-direct way . Nevertheless, forced 
Rayleigh scattering and fluorescence photo-bleaching experiments are 
currently under way to elucidate this point (with L. Léger , Collège 
de France). 

Study of an oil free system 
Introduction : 
In this case of water rich systems, there is no evident model of inte
raction and Van der Waals forces between droplets are too weak to 
lead to a c r i t i c a l point which seems to be of oi quite different 
kind from the one near S2 . The phase diagram of the system is pos
sibly too complicated to study this particular point but it seems 
that the c r i t i c a l point near S χ is a lower c r i t i c a l point. In that 
case, one may think that entropie forces are important in the medium. 
In order to confirm this point, we have studied simpler systems : 
oil free systems. 

These oil free systems have been studied for three reasons : 
- i f entropie forces (water structuration around the droplets) are at 
the origin of the c r i t i c a l point near Si , one may expect that these 
forces w i l l not be affected i f one removes the oil-core of the dro
plets. In that case, the main structural elements are the interfacial 
layer (made of surfactant and alcohol) and the surrounding brine, 
-we have experimentally evidenced that for about the same relative 
concentration of brine, alcohol and SDS, the oil-free system was 
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very close to a lower c r i t i c a l point at the brine salinity Si . 
-in oil free systems, we have suppressed one component : the phase 
diagram of the system is then simpler and may be studied with not too 
much d i f f i c u l t y . 

For instance, we have studied a system of following composition : 
brine (salinity 6,6%) 50 cc 
butanol 5.75 cc 
SDS 2.55 g 

This system had a lower c r i t i c a l point at T c = 24,85 °C. 

Preliminary results 
As above, the interfacial and bulk properties have been studied by 
light scattering (17). A l l the results that we obtained are in f a i r l y 
good agreement with the renormalization group theory of c r i t i c a l phe
nomena and the experimental variations of the interfacial tensions and 
correlation lengths are given in table III. 

Typical experimental results for the anisotropy of the scattered 
intensity and the diffusio
Both results are in good
(Ornstein-Zernike law for the intensity. Kawasaki formula for the 
diffusion coefficient) ( 14). 

Some questions remain unanswered about the values of the prefac-
tor measured in our experiments (table III). The value of the prefac
tor γ ο of the interfacial tension variations is very small : 

γ 0 Ô.2 dyn/cm, compared to the values obtained in the case of c r i t i 
cal points for pure fluids or binary mixtures ( γ 0 a few tens of dyn/cm). 
This small value remains to be understood. The values of the prefac
tors of the correlation lengths are of the order of magnitude of a 
molecular size. Experiments are currently under way to study 
thoroughly those systems. 

Conclusion 
A l l these experimental results show a strong asymmetry between the 
two boundaries Si and S2 . This has been confirmed by ultrasonic 
experiments made by Hirsch et a l . 

In oil-rich systems, the interpénétration of the interfacial 
layers allows to explain the origin of the attractive Van der Waals 
interactions and to describe the behavior of the conductivity (ope
ning of pores). This picture is corroborated by ultrasonic adsorption 
experiments which show a strong adsorption near S2 . This maximum of 
the ultrasonic adsorption is well accounted for by the exchanges of 
surfactants in the microemulsion phase, these exchange becoming 
more and more important as the interactions increase leading to a 
c r i t i c a l point. 

In the case of the water-rich systems, the approach to the c r i t i 
cal point seems to be quite different. Ultrasonic adsorption experi
ments show no evidence of surfactant exchange even close to the 
boundary Sj(18). We rather observe an elongation of the droplets. In 
those systems, entropie forces must be dominant as evidenced by the 
study of a simpler system. 

More experimental and theoretical work is needed to fu l l y under
stand a l l these phenomena in micellar systems. 
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A Log Ο 
5 -(με/™) 

Figure 4 . 
Electrical conductivity versus volume fraction for three series 
of water in oil microemulsions versus salinity. Circles cor
respond to the microemulsions obtained from phase separation. 

Table III. C r i t i c a l Exponents and Prefactors for the Interfacial 
Tensions and the Correlations Lengths in the Case of the Oil-Free 
System. 

Τ > T c (2 phases) Τ <Tc (1 phase) 

I T 0 . 2 
γ ^ .2 ε 

O H O 

ξ Ί 7 ε ' (A) lower 
6 3 

ξ 6 ε ' upper 

ξ Λ, 15 ξ - 6 

62 
13 ξ * 

I ζ = ΔΤ/Τ ε | 
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> Ι ( Θ ) / Ι ( ΐ [ - Θ ) 

SCATTERED LIGHT INTENSITY 
ANISOTROPY 

60 90 
Degrés 

(Dx108)cm2/S 

DIFFUSION COEFFICIENT 

2 (qxl05)cnf1 

Figure 5 
Anisotropy of the Scattered intensity and of the diffusion coef
ficient for a system without oil in the monophasic domain and 
for ε= (T-T c)/T c = 1.8 10"** . 
a) Variation of the ratio of the light scattered at the θ angle 
and the light scattered at the (ΤΓ-Θ) angle versus the scat

tering angle Θ . The f u l l line represents the best f i t w^th 
Ornstein-Zernike formula. It corresponds to ξ(I) = 593 A . 
b) Variation of the diffusion coefficient versus scattering 
wave vector. The f u l l line represents the best f i t with 
Kawasaki formula. It corresponds to £(D) = 613 A . The value 
of ξ deduced from D(0) is ξ(Ώ 0) = 600 A . 
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10 
Thermal and Dielectric Behavior of Free and Interfacial 
Water in Water-in-Oil Microemulsions 

D. SENATRA1, G. G. T. GUARINI2, G. GABRIELLI2, and M. ΖΟΡΡΙ1 

1Department of Physics, University of Florence, Largo E. Fermi, 2 Arcetri, 50125 Florence, Italy 
2Department of Chemistry, University of Florence, Via G. Capponi, 9, 50121 Florence, Italy 

The low temperature properties of a dodecane-hexanol-
K.oleate w/o microemulsion from 20°C to -190°C were 
studied vs. increasin
in the interval
Calorimetry and dielectric analysis (5 Hz-100 MHz). A 
differentiation between w/o dispersions is obtained 
depending on whether they possess a "free water" frac
tion. Polydispersity is evidenced by means of dielec
tric loss analysis. Hydration processes occurring, at 
constant surface tension, on the hydrophilic groups of 
the amphiphiles, at the expenses of the free water 
fraction of the droplets, are shown to develop "on age
ing" of samples exhibiting a time dependent behavior. 
An energy balance between endothermic and exothermic 
processes of the system is presented and a model pro
posed based upon the expansion of the interphase re
gion by means of the formation of 4-H2O-molecule struc
tures on the polar groups of the surfactants. 

It is w e l l known that in recent years microemulsions have a t t r a c t e d 
re levant i n t e r e s t from both t h e o r e t i c a l and p r a c t i c a l p o i n t s o f view. 

However there is s t i l l a great d i s c u s s i o n about the d e f i n i t i o n 
o f t h e i r r e p r e s e n t a t i v e p r o p e r t i e s and even about the proper meaning 
o f the word "microemuls ion" . Indeed such a name would i n d i c a t e a d i s 
persed system whi le microemulsions show the appearence o f t rue s o l u 
t i o n s , i . e . , o f homogeneous systems. Since an e s s e n t i a l r e q u i s i t e f o r 
the ex is tence o f a microemulsion is the presence o f water ( l ) , we 
t h i n k tha t a study o f the fundamental p r o p e r t i e s o f such systems 
should r e q u i r e the use o f exper imental approaches s p e c i f i c a l l y apt t o 
r e v e a l " i n p r i m i s " the behav ior o f water . Moreover ,bes ides o f course 
the hydrocarbon,be ing the other components necessary f o r the e x i s t 
ence o f a m i c r o e m u l s i o n : a m p h i p h i l i c compounds a c t i n g as sur face a c 
t i v e a g e n t s , a l s o techniques s u i t a b l e f o r the study o f systems wi th a 
h igh sur face - to -vo lume r a t i o , are requested . 

0097-6156/85/0272-0133$06.00/0 
© 1985 American Chemical Society 
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The aim o f the present work is t w o f o l d : to reach a deeper knowl
edge of the r o l e o f water in determining the p r o p e r t i e s o f microemul
s ions and to i d e n t i f y t o the grea tes t p o s s i b l e e x t e n t , the c o n d i t i o n 
o f o r g a n i z a t i o n and s t a b i l i t y o f the i n t e r p h a s a l r e g i o n . 

Low frequency d i e l e c t r i c a n a l y s i s in p a r a l l e l wi th d i f f e r e n t i a l 
scanning c a l o r i m e t r y (DSC) were used to study a water - in -dodecane 
microemulsion by on ly changing i t s water conten t , without modi fy ing 
the i n i t i a l p ropor t ions o f the other components. 
D i e l e c t r i c a n a l y s i s was chosen t o s tudy: 

i ) the change o f the w/o microemulsion as a f u n c t i o n o f i n c r e a s 
i n g water content by c o n s i d e r i n g "water" both a component and a h i g h 
l y s p e c i f i c d i e l e c t r i c p r o b e , because of the l a r g e d i f f e r e n c e between 
ε - water (80.37) and ε - dodecane (2.011+) at 20°C.; (2) 

i i ) the m o d i f i c a t i o n o f the s y s t e m ^ p r o p e r t i e s upon s o l i d i f i c a 
t i o n , at s e v e r a l d i f f e r e n t concent ra t ions (3.); 

i i i ) the frequency dependence o f the d i e l e c t r i c l o s s o f l i q u i d 
samples in order t o use i n t e r f a c i a l p o l a r i z a t i o n phenomena (Maxwell -
Wagner absorpt ion) (U-5

d i s p e r s i t y o f the system
i n t e r f a c e . 
Thermal a n a l y s i s was employed to a c q u i r e : 

i ) genera l thermodynamic in fo rmat ion about a multicomponent s y s 
tem; 

i i ) semiquant i ta t i ve e v a l u a t i o n o f the heats a s s o c i a t e d wi th ex
p e r i m e n t a l l y i d e n t i f i e d t r a n s i t i o n s wi th p a r t i c u l a r regard to those 
o f water . T h i s is thought p o s s i b l e because o f the smal l and de f ined 
water content o f w/o microemuls ions; 

i i i ) a d e s c r i p t i o n o f the present system based on p r o p e r t i e s 
which do not depend on whether the s t r u c t u r e is known ( 5 - 6 ) . 

Both exper imental approaches are supposed s u i t a b l e t o : a) charac^ 
t e r i z e the microemulsion in the two d i f f e r e n t s t a t e s : l i q u i d and s o l 
i d ; b) i d e n t i f y the presence o f a " f ree water" f r a c t i o n in microemul 
s i o n systems and the concent ra t ion at which the l a t t e r becomes detect 
a b l e ; c) d i s t i n g u i s h between d i f f e r e n t types o f w/o d i s p e r s i o n s de 
pending on whether they possess a f ree water content . 

M a t e r i a l s and Methods 

Microemuls ions . Components o f the i n i t i a l mixture o f the a c t u a l s y s 
tem are : dodecane,n-hexanol and potassium o l e a t e whose % weights a r e , 
r e s p e c t i v e l y , 5 8 . 6 ? , 25.6? and 15.8? (7^8) wi th K-oleate/dodecane=O.U 
(g/ml) and hexanol/dodecane=O.2 (m l /ml ) . In order t o s o l u b i l i z e the 
K-oleate,2 . i+? o f water by weight was added to the former mixture 
which was t h e r e f o r e kept at 2 0 ° C . , s e a l e d i n t o a quartz b o t t l e , f o r a pe 
r i o d o f one year without u s i n g it ( 5-6) (9.) . W a t e r - i n - o i l microemul
s i o n samples were produced at 20°C. , by adding to the above mixture 
very smal l amounts o f double d i s t i l l e d water from a S u p e r - Q - M i l l i p o r e 
System wi th a O.2 ym M i l l i Stack f i l t e r . In order to speed up the f o r 
mation o f i s o t r o p i c l i q u i d specimens, the samples were gent ly s t i r r e d 
f o r about 15 minutes . P a r t i c u l a r care was devoted to preserve the in
t e g r i t y o f the samples by ma in ta in ing them s e a l e d i n t o n e u t r a l g l a s s 
conta iners at a constant temperature o f 2 0 ° C . The sample water con -
t en t was expressed by the mass f r a c t i o n C=water / (water+oi l ) . The c o n 
c e n t r a t i o n i n t e r v a l i n v e s t i g a t e d estends from O.021+ u p t o O.k. The 
corresponding range wi th C in volume f r a c t i o n , is O.019 <C <O.3l+. 
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The average u n c e r t a i n t y on the sample water content was eva luated to 
be l e s s than l ° / 0 0 . 

Prev ious f i n d i n g s on the a c t u a l microemulsion are g iven in re fe r 
ences (9-17) where the system 1 s phase map v s . c o n c e n t r a t i o n in the 
temperature i n t e r v a l ( -20 ° C + 8 0 ° C ) , v i s c o s i t y measurements ,d ie lec 
t r i c a n a l y s i s o f l i q u i d samples aga inst both concent ra t ion and f r e q 
uency, the therma l ly s t i m u l a t e d d i e l e c t r i c p o l a r i z a t i o n r e l e a s e (TSD), 
e l e c t r o - o p t i c a l phenomena, l i g h t s c a t t e r i n g , Raman spect roscopy and 
sound propagat ion i n v e s t i g a t i o n s are r e p o r t e d . 

D i e l e c t r i c a n a l y s i s . The r e a l ( ε 1 ) and the imaginary ( ε " ) par t o f 
the r e l a t i v e complex p e r m i t t i v i t y were determined,at a g iven f i x e d 
f requency , as a continuous f u n c t i o n o f decreas ing temperature in the 
i n t e r v a l from 20°C down to - 190 ° C and , at a constant temperature o f 
20°C. , as a f u n c t i o n o f f requency in the range (5 Hz - 100 MHz). The 
d i e l e c t r i c a n a l y s i s was a p p l i e d to s e v e r a l samples w i t h i n the a f o r e 
mentioned concent ra t ion i n t e r v a l f o l l o w i n g the procedure d e s c r i b e d in 
re fe rences (5) (11-12 ) . Th
ed by app ly ing a ra te o f

The temperature dependence ô f the microemulsion was d e s c r i b e d by 
r e p o r t i n g the behav ior o f both ε ' and ε " / ε ! ( l o s s tangent) aga inst 
decreas ing temperature. The l a t t e r parameters were determined wi th an 
average u n c e r t a i n t y o f 5? and 10?, r e s p e c t i v e l y . 

The sample temperature,measured wi th c a l i b r a t e d thermocouples d i 
r e c t l y i n s e r t e d i n t o the specimen, was known wi th an e r r o r o f +O.05 

° C throughout the whole temperature i n t e r v a l i n v e s t i g a t e d . 
The d i e l e c t r i c l o s s ( ε " ( ϋ 6 ι ) o f l i q u i d microemulsion samples at 

20°C. , was obta ined by s u b t r a c t i n g from the exper imenta l ly observed 
l o s s ( ε ' Ό τ - , Κ the dc conductance c o n t r i b u t i o n assessed from the low
est frequency measurements where, ε " ^ fo l lows the r e l a t i o n ε " ^ = λ / ω , 
λ be ing the s p e c i f i c c o n d u c t i v i t y . ( l 8 ) 

The d i e l e c t r i c l o s s study was performed by means o f a c e l l a l l o w 
i n g an e l e c t r o d e d is tance up to 10 mm (6). The £ " ç [ i e i va lues were de 
termined wi th an average u n c e r t a i n t y o f 8 ? . For the procedures f o l l o w 
ed to c a l i b r a t e the sample ho lders and to de f ine the low temperature 
c a l i b r a t i o n v a l u e s , see re fe rences (5~6) (11-12 ) . 

Enthalpy Measurements. A P e r k i n Elmer D i f f e r e n t i a l Scanning C a l o r i 
meter Model DSC 1 -B was used throughout . The instrument measures the 
heat f low ra te ( c a l / s ) by ma in ta in ing the sample and the re fe rence 
iso therma l t o each other wh i le they are heated or coo led wi th a l i n e 
ar known temperature ra te (Scan speed , ° C / m i n ) . (19) 

The DSC curve obta ined is the r e c o r d i n g of the heat f low ra te 
(dH/dt) as a f u n c t i o n o f t empera ture .Quant i t a t i ve data were obta ined 
by e v a l u a t i n g the t o t a l heat absorbed or r e l e a s e d dur ing endothermic 
( Δ Η > 0) or exothermic ( Δ Η<*0) p rocesses that take p l a c e , at c o n 
s tant p r e s s u r e , in the known weight o f the sample, w i t h i n a tempera
tu re i n t e r v a l Δ Τ . The area o f each recorded DSC peak in the Δ Τ i n t e r 
v a l , is a measure o f the e n t h a l p i c change ( Δ Η ) a s s o c i a t e d wi th the 
g iven thermal process o c c u r r i n g in the microemulsion samples. However, 
in order t o de f ine the enthalpy change o f a process it is necessary 
to de f ine the temperature at which the process takes p l a c e . The l a t 
t e r e s s e n t i a l c o n d i t i o n was f u l f i l l e d by measuring the t r a n s i t i o n 
p o i n t s and the en tha lp ies o f f u s i o n o f both s tandard m a t e r i a l s and 
the i n d i v i d u a l components o f the microemuls ion , w i th p a r t i c u l a r regard 
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to those used t o formulate the i n i t i a l mixture o f the system. (20-21) 
By means o f a c a r e f u l c a l i b r a t i o n , we assumed as the temperature 

at which a given thermal process takes p l a c e , t h e value assessed f o r 
the temperature at which the h a l f width o f the DSC peak occurs on the 
s t a r t i n g s ide o f any given peak. The re fe rence values obta ined and , 
t h e r e f o r e used throughout the present work are repor ted in "Table I". 
Four d i f f e r e n t scan speeds were t e s t e d , namely: 2 ° C / m i n , U ° C / m i n , 
8 ° C / m i n and l 6 ° C / m i n . For each concen t ra t ion the thermograms were 
made at both decreas ing and i n c r e a s i n g temperatures. 

Both the d i e l e c t r i c and the c a l o r i m e t r i c r e s u l t s were found t o 
be q u i t e w e l l r e p r o d u c i b l e in the whole concent ra t ion range s t u d i e d 
but f o r two concent ra t ion v a l u e s , C=O.2T0 and C=O.3539 where time de 
pendent phenomena were observed upon ageing o f the samples. Because 
o f the l a t t e r e f f e c t , the two analyses were performed by t a k i n g the 
measurements r e s p e c t i v e l y , 3-7-10-15-20 and 30 days a f t e r the p r e p a 
r a t i o n o f each concent ra t ion t e s t e d . The l a t t e r study had the aim t o 
f o l l o w the spontaneous e v o l u t i o n o f the system u n t i l t ime independent 
both d i e l e c t r i c and c a l o r i m e t r i
t r i c study o f the time dependen
f i x e d frequency o f 10 KHz. 

Resu l ts 

Low Temperature D i e l e c t r i c measurements. Depending on the sample wa
t e r c o n t e n t , three d i e l e c t r i c t rends were observed f o r both ε ' and 
ε " / ε 1 as a f u n c t i o n o f decreas ing temperature. 
In F i g u r e 1-a, curves " F " ( F l a t ) , show the behav ior in the c o n c e n t r a 
t i o n range O.02U<:C< O.222 w h i l e , curves "SPS" (S ing le -Peak -Shaped) , 
r e f e r t o the i n t e r v a l O.222 < C < O.31. In F i g u r e 1-b, the t r e n d that 
c h a r a c t e r i z e s the samples in the range O.31<0<θΛ is repor ted (DPS-
Double-Peak-Shaped) . The sample temperature upon s o l i d i f i c a t i o n wi th 
a grad ient o f 10 .8°C/min is a l s o p l o t t e d in both p i c t u r e s . 

At C=O.270 and C=O.353 the d i e l e c t r i c p r o p e r t i e s o f the system 
were found t o change upon ageing o f the samples. Because o f the "age
i n g e f f e c t " , t h e SPS d i e l e c t r i c curves o f C=O.270 as w e l l as the DPS 
ones o f C=O.353, f l a t t e n and a t r e n d l i k e tha t observed on the sam
p l e s wi th wery low water content r e s u l t s (F igure 1-a,curve F

a g e ( ^ ) * 

D i e l e c t r i c L o s s . The frequency dependence o f the d i e l e c t r i c l o s s 
( £ " d i e l ) o i > l i q u i d microemulsions (T=20°C) is repor ted in F igure 2. 

Table I Reference Values (+) ( t ) 

Component T m ( ° C ) Enthalpy ( c a l / g ) Symbol used 

n-dodecane - 9.6θ 

n-hexanol -51.62 

water O.00 

heavy water + 3.90 

water (T=-10°C) 

(+) For l i t e r a t u r e values See re fe rences ( 2 0 - 2 1 ) ; ( ^ ) Each f i g u r e 
represents tne mean o f three independent measurements. 

51.7*+ 

36.00 

79.70 

7^.96 

lh.66 

Δ Η ° 

Κ 
Δ Η ° 

w 

( Δ Η ) - 1 0 ° C 
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Each curve shows the t y p i c a l behav ior o f a sample in the aforemention 
ed C - i n t e r v a l s , w i t h : Ci=O.19U; 02=O.30*+; 03=O.32*+. The curve ^ -Fag 
corresponds to the e " d i e i o f aged samples wi th C=O.2T0 and 0=O.353, 
measured 30 days a f t e r t h e i r p r e p a r a t i o n . The d i e l e c t r i c l o s s o b s e r v 
ed on the corresponding samples 3 days a f t e r t h e i r p r e p a r a t i o n , was 
found t o be o f the C 2 and C3 t y p e , r e s p e c t i v e l y . In F igure 2 the ab 
b r e v i a t i o n s " F - S P S - D P S - F a g " , are used to i n d i c a t e the low temperature 
d i e l e c t r i c behav ior that corresponds to the above samples. Besides 
the "aged" , the data r e f e r t o measurements taken 3 days a f t e r the 
p r e p a r a t i o n o f the samples. On s t a b l e samples, no change was observed 
in the l o s s values as a f u n c t i o n o f t ime . 

DSC A n a l y s i s . Samples wi th concent ra t ion in the i n t e r v a l O.02*+£C< 
<O.222 are c h a r a c t e r i z e d by the thermal curves shown in F igure 3 - a 

and, in the range O.222 <C<O.*+, by the DSC r e c o r d i n g p l o t t e d in 
F igure 3~b ( f u l l l i n e ) . The two f a m i l i e s o f curves d i f f e r on ly in the 
273 Κ peak. The l a t t e r process was a s c r i b e d to the me l t ing o f a " f r ee 
water" f r a c t i o n o f the sampl
iment performed on a D2
to room temperature ,conf i rmed the above i n t e r p r e t a t i o n . The DSC t h e r 
mograms were found to be temperature ra te independent and showed a 
r e v e r s i b l e behavior at both decreas ing and i n c r e a s i n g temperatures. 

In F igure *+, a s y n t h e t i c r e p r e s e n t a t i o n is g iven o f a l l the e n -
t h a l p i c changes r e c o r d e d , expressed in c a l o r i e s per gram o f sample. 
In F igure k: ΔΗχ = 1st DSC-peak at T= - 6 0 ° C . ; ΔΗ2 is comprehensive o f 
the - U o ° C broad band and the smal l endotherm at the me l t ing tempera
ture o f the n-hexanol (- - 5 2 ° C ) ; Δ Η ^ = dodecane enthalpy change (=i-10 
° C ) ; Δ Η ν = f ree water enthalpy change ( 0 ° C ) . Numbered p o i n t s r e f e r 
t o the "ageing e f f e c t " : Δ Ι ^ and Δ Η α v s . time at C=O.270 andC=0353 
(time= 3-7 -15-20-30 days a f t e r the sample p r e p a r a t i o n ) . Bars are 
s tandard e r r o r s o f the mean o f 6 independent exper imental runs . 

The ageing e f f e c t is c h a r a c t e r i z e d by a decrease o f the amount 
o f " f ree water" u n t i l Δ Η ν =0; c o r r e s p o n d i n g l y , the enthalpy change 
a s s o c i a t e d wi th the f u s i o n o f the dodecane ( Δ Η ^ ) i n c r e a s e s . The sat 
u r a t i o n t rend fo l lowed by both Δ Ε ^ and Δ Η ^ as the concent ra t ion ex
ceeds C=O.3 is qu i te w e l l o b servab le . 

The enthalpy changes a s s o c i a t e d wi th w e l l i d e n t i f i e d thermal 
events - m e l t i n g o f water and o f dodecane- are p l o t t e d v s . c o n c e n t r a 
t i o n in F igure 5 where Δ Η ν and Δ Η ^ are expressed in c a l o r i e s per 
gram o f component. 

P a r a l l e l i n g D i e l e c t r i c and C a l o r i m e t r i c R e s u l t s . The concent ra t ion 
i n t e r v a l i n v e s t i g a t e d can be d i v i d e d i n t o three main reg ions each 
c h a r a c t e r i z e d by d e f i n i t e and w e l l r e p r o d u c i b l e both d i e l e c t r i c and 
c a l o r i m e t r i c b e h a v i o r s , namely: 
1. - O.02i+j<C<O.222 where: Δ Η ν =0 (F igure 3 -a ) and Δ Η α > Δ Η £ (F igure 
5 ) ; l i q u i d samples e x h i b i t at 2 0 ° C a "Maxwell-Wagner" absorp t ion ε ^ ^ 
centered at a frequency h igher than 100 MHz, (F igure 2,curve 1 - F ) ; the 
p e r m i t t i v i t y low temperature dependence fo l lows a f l a t t r e n d (F igure 
1 - a , curves F ) . 
2. - O.222 <C<O.31 where: Δ Η ν φ 0 (F igure 3 -b) and Δ Η ^ Δ Η ^ (F igure 
5 ) ; the d i e l e c t r i c l o s s shows the appearance o f an a d d i t i o n a l peak 
in the f i r s t MHz range (F igure 2,curve 2 - S P S ) ; the behav ior o f ε ' and 

ε " / ε ' v s . temperature shows tha t both q u a n t i t i e s i n c r e a s e wi th de -
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200 

747 498 249 t/sec 747 498 249 t/sec 

F igure 1. Low temperature d i e l e c t r i c behavior o f the w/o m i c r o 
emuls ion . Dashed l i n e ( ε ' ) ; f u l l l i n e ( ε " / ε ' ) . (a ) : C=O.293 (SPS) ; 
C=O.195 ( F ) . (b) : 0=O.13*+ (DPS). "Reproduced wi th permiss ion from 
Ref . 5. Copyr ight 1 9 8 * + I t a l i a n P h y s i c a l S o c i e t y ' . " 

F igure 2. Frequency dependence o f the d i e l e c t r i c l o s s o f l i q u i d 
microemulsion samoles at T=20°C. 
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10. SENATRA ET A L . Thermal and Dielectric Behavior of H2O 139 

F igure 3- T y p i c a l DSC curves o f w/o microemulsion samples wi th 
concen t ra t ion in the i n t e r v a l s : (a) O.02U £ C ^O.222 wi th AHW= 0; 

(b) O.222 <C<O.U wi th Δ Η ν ^ ο. Dashed curve: DSC r e c o r d i n g o f a 
D 2 0 / o microemuls ion. "Reproduced wi th permiss ion from Ref . 5. 

Copyr ight 198U, ' I t a l i a n P h y s i c a l S o c i e t y ' . " 

O.3 C[w/w] O.4 

F igure h. Enthalpy changes o f a l l the thermal processes recorded 
by DSC. ΔΈ^* " f ree water"; AH d+ "dodecane". ΔΗ is expressed in 
c a l / g o f the sample. "Reproduced wi th permiss ion from Ref . 5. Cop
y r i g h t 198U, ' I t a l i a n P h y s i c a l S o c i e t y ' . " 
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F igure 5. Behavior o f the enthalpy change a s s o c i a t e d wi th the 
me l t ing o f the sample f ree water and dodecane content against con
c e n t r a t i o n . Δ Η is expressed in c a l / g o f component. 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



10. SENATRA ET AL. Thermal and Dielectric Behavior of H2O 141 

c r e a s i n g temperature going through a maximum around - 3 5 ° C . , a tempera
tu re tha t does not correspond to the sample t r a n s i t i o n temperature , 
( F igure 1 - a , SPS c u r v e s ) . 
3. - O.31<C<O.U where: Δ Η ν φ 0 (F igure 3 - b ) , A H d o s c i l l a t e s around 

Δ Η £ (F igure 5 ) ; the frequency dependence o f ε " < ϋ θ ι is d i s t i n g u i s h e d 
by the appearance o f an a d d i t i o n a l l o s s peak at the end o f the KHz 
r e g i o n (F igure 2,curve 3 -DPS) ; the d i e l e c t r i c p r o p e r t i e s o f the s y s 
tem v s . temperature are c h a r a c t e r i z e d by Double-Peak-Shaped curves 
wi th ε 1 and ε ^ / ε ' maxima at - 15 ° C and - 3 3 . r e s p e c t i v e l y (F igure 
1 -b,DPS c u r v e s ) . 

Wi th in the 2nd and 3 r d r e g i o n , t ime dependent phenomena were 
found t o occur upon ageing o f the samples wi th C=O.270 and C=O.353, 

as a r e s u l t : i ) - the " f ree water" f r a c t i o n eva luated from the exper 
i m e n t a l l y measured Δ Κ ^ (or Δ Η $ - Δ Η ν ) tends to zero accompanied wi th 
a p a r a l l e l i n c r e a s e o f the heat o f me l t ing o f the dodecane up to v a l 
ues h igher than Δ Η | . (See Table I I , "Age ing E f f e c t " ); i i ) - the low 
temperature d i e l e c t r i c peak o f both SPS and DPS types f l a t t e n ( F igure 
1 - a , curves F and F a g ) ; i i i )
h i b i t e d by the samples 3

s impler behav ior w i th only one main absorp t ion whose maximum develops 
beyond the 100 MHz upper l i m i t o f the frequency i n t e r v a l i n v e s t i g a t e d 
(F igure 2 , curves 2 -SPS,3 -DPS and curve ^ - F a g e ( } ) . 

The a n a l y s i s o f i n t e r f a c i a l p o l a r i z a t i o n phenomena was used as 
an exper imental means o f v e r i f y i n g whether the r e s u l t s obta ined on 
temperature processed samples, as in d i e l e c t r i c and c a l o r i m e t r i c meas 
urements, are in accordance wi th those gathered on the corresponding 
samples in the l i q u i d s ta te ( temperature-unprocessed) . The agreement 
between the r e s u l t s obta ined by means o f d i f f e r e n t exper imental ap 
proaches conf irms that : ( a ) - we are d e a l i n g wi th b a s i c and genera l 
p r o p e r t i e s o f the microemulsion which appear t o manifest themselves 
independent ly o f the p a r t i c u l a r measuring technique employed; ( b ) -
the temperature change does not a f f e c t the main p r o p e r t i e s o f the sys 
tern. The l a t t e r r e s u l t is in accordance wi th p rev ious f i n d i n g s on the 
" e l e c t r e t " p r o p e r t i e s o f the a c t u a l microemulsion (3) (5.) ( 2 2 ) . 

Hydrat ion P r o c e s s e s . From the exper imenta l ly measured Δ Η ν and the 
known water content o f the sample, the amount o f water tha t is "not 
f r e e " (hidden water) was est imated and the r a t i o , R = N W / ( N S + N C ) , 
between the number o f hidden water molecules ( N W ) and that o f a l l the 
h y d r o p h i l i c groups a v a i l a b l e in the sample ( N - s u r f a c t . + N - c o s u r f . ) 
c a l c u l a t e d . The r e s u l t s repor ted in Table II show, f i r s t o f a l l , that 
R is a smal l number and, secondly t h a t , as Δ Η ν ^ 0 , the R r a t i o in
creases by - k. Then, by measuring the t o t a l heat absorbed upon m e l t 
i n g by a g iven sample dur ing a whole DSC r u n , ( Δ Η ξ ^ , ί η c a l / g o f sam 
p i e ) , and c a l c u l a t i n g the d i f f e r e n c e between t h i s quant i ty ,measured 
at a time t 0 =3 days and at t > t Q a f t e r the p r e p a r a t i o n o f the same 
c o n c e n t r a t i o n , it is p o s s i b l e t o a s c e r t a i n that the ageing e f f e c t i m 
p l i e s some energy sav ing p r o c e s s , the d i f f e r e n c e g iven in"equation l " 
be ing the "energy s a v e d " : 

M t o - t = < Κ Λ ο - ( A H t o t } t > t 0 < 1 > 

Such a t r e n d does , on average, occur upon water a d d i t i o n a l s o 
in s t a b l e samples where t ime dependent phenomena cou ld not be d e t e c t 
ed at l e a s t w i t h i n the macroscopic t ime s c a l e used . As it is shown 
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in F igure h9 t h i s complete ly genera l behavior o f the system can be 
e a s i l y evidenced by c o n s i d e r i n g t h a t , ΔΗ^. and Δ Η ^ sa tura te as C - O.3 

and, c o r r e s p o n d i n g l y , the other thermal processes ( ΔΗ-| and ΔΗ2) g ive 
decreas ing e n t h a l p i c c o n t r i b u t i o n s p rov ing that the system, as a func 
t i o n o f i n c r e a s i n g water con ten t , succeeds in decreas ing the ex ten 
s i o n o f the in terphase r e g i o n . 

The i n c r e a s e o f the R r a t i o by -h9 the v a n i s h i n g o f Δ Ι ^ and the 
gradual decrease o f Δ Η ξ 0 ^ . shown in Table I I , suggest that a h y d r a t i o n 
process may develop through a migra t ion o f water molecules from the 
drop le t core toward the in te rphase r e g i o n . Such a process occurs at 
the expenses o f the f ree water f r a c t i o n o f the sample upon adsorp t ion 
o f H2O molecules on the h y d r o p h i l i c groups o f the amphiphi les and 
ends , upon ageing o f the sample, wi th a t o t a l change o f 1 - t o - U water 
molecules per h y d r o p h i l i c group of the sur fac tan t mo lecu les . 

R e c e n t l y , Ste inbach and Sucker (23.) r epor ted about the forma
t i o n o f *+-H20-molecule s t r u c t u r e s that may develop on the h y d r o p h i l i c 
groups o f sur face a c t i v e compounds upon d i l a t a t i o n o f a l - H 2 0 - m o l e c u -
l e s t r u c t u r e , by adsorb in
w a t e r - a i r i n t e r f a c e . In th
microemuls ion , the d i s p e r s e d drop le t c o n s i t s o f an i n t e r p h a s a l c h o r o -
na tha t surrounds an inner water c o r e ; the f ree water f r a c t i o n o f the 
l a t t e r ' ( b u l k - ^ O j i s the subphase t h a t , a c t i n g as a r e s e r v o i r , sup 
p l i e s H 2 0 molecules to the in terphase r e g i o n . S ince the format ion o f 
hydrated s t r u c t u r e s takes p l a c e at £ o n s i ^ a n t s u r f ^ a c e t e n s i o n ( 2 3 . ) , the 
above mechanism al lows the w a t e r - o i l i n t e r f a c e to expand without a f 
f e c t i n g the sur face pressure necessary to mainta in the system's e q u i 
l i b r i u m . In t h i s way whi le the area o f every p o l a r head o f the amphi-
p h i l e remains c o n s t a n t , the in terphase area s t a b i l i z e d by a s i n g l e 
p o l a r head i n c r e a s e s up to the amount corresponding t o the d e f i n i t e 
area requirement o f the U-H20 -molecule s t r u c t u r e ( 2 3 ) (5-6) -

Depending on the sample water c o n t e n t , it fo l lows that i f the 
f ree water f r a c t i o n is l a r g e r than that r e q u i r e d f o r the format ion o f 
the "sur face complexes", there w i l l be a p o r t i o n o f f ree water l e f t 
w i t h i n the inner core o f the d i s p e r s e d phase. Th is i n t e r p r e t a t i o n ,put 
forward to e x p l a i n that h y d r a t i o n s t r u c t u r e s may form a l s o in samples 
that do not e x h i b i t a t ime dependent b e h a v i o r , is however c o n s i s t e n t 
wi th the p r e v i o u s l y d e s c r i b e d s a t u r a t i o n t r e n d fo l lowed by Δ Η ν a -
ga ins t i n c r e a s i n g c o n c e n t r a t i o n . Such an exper imental r e s u l t p r o v e s , 
unambiguously,that the f ree water f r a c t i o n o f the samples does not 
become any l a r g e r , desp i te the i n c r e a s e in the system's water content, 
(F igures k and 5 ) . 

Hydrat ion processes may t h e r e f o r e " s o l v e " the apparent paradox 
that the d rop le ts s i z e i n c r e a s e s , as shown by l i g h t s c a t t e r i n g meas
urements, w h i l e , thermodynamical ly , no i n c r e a s e in the sample f ree 
water content is observab le . In f a c t , upon format ion o f hydrated 
s t r u c t u r e s , the diameter o f the d i s p e r s e d phase , as a whole , does 
indeed i n c r e a s e , however the dimension o f the d r o p l e t ' s core is kept 
w i t h i n some constant v a l u e s . The dimensions o f the inner water core 
o f the d r o p l e t s as w e l l as the number o f H2O molecules that can be 
adsorbed on the h y d r o p h i l i c groups to form hydrated s t r u c t u r e s should 
r e a s o n a b l y , depend on the type o f components c o n s t i t u t i n g a microemul 
s i o n ( 2 3 ) . 

Surface Enthalpy Increment and Enthalpy Decrement. In a prev ious 
•paragraph we repor ted that in the ageing e f f e c t (Table I I - F i g u r e k) 9 
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as Δ Η ^ + Ο , A H d i nc reases up to va lues h igher than Δ Η ^ (Table I ) . 
The g rea te r amount o f heat absorbed by the dodecane "more endothermic" 
t r a n s i t i o n , was a s c r i b e d t o the presence o f another endothermic c o n 
t r i b u t i o n o c c u r r i n g in the same temperature i n t e r v a l ( ~ - 1 0 ° C ) . Th is 
overimposed thermal process c o u l d a r i s e from the f u s i o n o f tha t f r a c 
t i o n o f the f ree water content t h a t , by d isappear ing from the water 
bu lk phase , becomes adsorbed on the h y d r o p h i l i c groups to form the 
U-H20 -molecule s t r u c t u r e s ( i n t e r f a c i a l water ) . 

The enthalpy o f a s s o c i a t i o n o f the hydrated s t r u c t u r e is k.l 
k c a l / m o l e ( 2 3 . ) ; the process is exothermic in na ture . T h i s energy is 
thus r e l e a s e d when the change in the s t r u c t u r a l c o n f i g u r a t i o n from 1 -
t o - U water molecules takes p l a c e . T h e r e f o r e , in the p a r t i c u l a r case 
o f the samples e x h i b i t i n g a time dependent b e h a v i o r , the format ion 
o f such s t r u c t u r e s c o u l d be v e r i f i e d to a c e r t a i n ex tent . 
We c a l c u l a t e d : 
1 . The t o t a l heat ( Δ Η ° ) r e q u i r e d f o r the f u s i o n o f "each H2O mole

c u l e " o f the U-water-molecule s t r u c t u r e , as f o l l o w s : 

A H s - ( A V - 1 0 ° C "  ^ a s s » . S
where: ( ΔΗ^.) at - 1 0 ° C is the enthalpy o f f u s i o n o f " i n t e r f a c i a l 
water" (Table I ) , in accordance wi th our prev ious assumption;while 
( A H £ ) a s s = k.l/k χ 1 8 . 0 2 = 56.89 c a l / g is the heat r e l e a s e d by 
each a s s o c i a t e d water molecule forming the hydrated s t r u c t u r e . 
The quan t i t y Δ Η ° is c a l l e d the "sur face enthalpy increment" . 

2 . By means o f "equat ion 1 . " , the d i f f e r e n c e between the experimen
t a l l y measured ( Δ Η ΐ ο ^ ) at t= t Q and tha t at the time t= t f at 
which the R r a t i o was i n c r e a s e d by 3 , 

Κ σ Λ ο - t . = < A H t c A 0 " < < Λ . = M A t ( 3 ) 

Then we t r i e d t o f i n d the r e l a t i o n between the above q u a n t i t i e s . I t 
was found t h a t , under the c o n d i t i o n s g iven in po in t ( 2 . ) , the exper 
i m e n t a l l y measured d i f f e r e n c e o f "equat ion 3 . " fo l lows the empyr ica l 
law: 

Δ Η = ΔΗ = Δ Η ° χ α ( c a l / g o f sample) (h) 
ο Δ"β s 

α b e i n g a c o e f f i c i e n t that g ives the f r a c t i o n o f water a v a i l a b l e in 
the g iven weight o f the sample under t e s t (6). The quant i t y ΔΗ<$ is 
c a l l e d "the enthalpy decrement" and i n t e r p r e t e d as the t o t a l heat 
r e l e a s e d in a sample upon format ion o f the U-H20-molecule s t r u c t u r e s 
and used to p a r t l y or f u l l y compensate the endothermic heat o f m e l t 
i n g when the R r a t i o is i n c r e a s e d by 3. 

From the observa t ion tha t Δ Η ^ > Δ Η ^ occurs not on ly wi th the d i s 
appearance (ageing e f f e c t ) but a l s o wi th the absence o f the sample 
f ree water content ( Δ Η ν =0), it fo l lows tha t in the very f i r s t C -
range (O.02k <C <^O.222) where no f ree water c o u l d be d e t e c t e d , the 
"more endothermic" behav ior o f Δ Η ^ may be a s c r i b e d t o the f u s i o n o f 
i n t e r f a c i a l water . Thus the endothermic processes dominating the e n 
e r g e t i c s of the system are the format ion o f the w/o d i s p e r s i o n wi th 
the connected development o f the in terphase reg ion and , the me l t ing 
o f the water around - 1 0 ° C . We r e c a l l tha t the assumption o f a m e l t 
i n g temperature o f - 1 0 ° C f o r bound water , is not in cont ras t w i th the 
f i n d i n g s repor ted in l i t e r a t u r e f o r " i n t e r f a c i a l " water (2k). 
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By extending the energy balance a n a l y s i s to samples wi th C > O . 3 , 
f o c u s i n g the a t t e n t i o n on the " l e s s endothermic" behav ior fo l lowed by 
the dodecane enthalpy change in the range O.3<C<O.U, f u r t h e r sup
por t t o the development o f hydra t ion processes is found. With respect 
t o the Δ Η ^ re ference v a l u e , among the p o s s i b l e both negat ive and p o 
s i t i v e c o n t r i b u t i o n s to the measured e n t h a l p i c changes, it fo l lows 
t h a t , w i t h i n the above concen t ra t ion i n t e r v a l , two main processes 
seem to p r e v a i l which both l e a d to a " r e s u l t a n t " exothermic type o f 
c o n t r i b u t i o n : the format ion o f the hydrated s t r u c t u r e s and the de 
crease o f the system's i n t e r p h a s a l r e g i o n . Both events may compensate 
the endothermic c o n t r i b u t i o n s due t o the m e l t i n g . 

P o l y d i s p e r s i t y . In prev ious papers (3>) (5-6) (9.) we repor ted that 
permanently p o l a r i z e d microemulsion specimens can be produced by r a p 
i d f r e e z i n g i s o t r o p i c l i q u i d samples, po led at 20°C. , wi th a low l e v e l 
e l e c t r i c f i e l d . Moreover it was shown that these samples behave l i k e 
p y r o e l e c t r i c bodies wi th the p o l a r ax is in the d i r e c t i o n o f the f i e l d . 
Such a behav ior i m p l i e s t h a t
from é l e c t r o s t r i c t i o n phenomen
whole , the d i s p e r s e d phase undergoes a deformation that can be e i t h e r 
a r e a l shape change, as in coacervate d r o p s , or a " g e n e r a l i z e d " d e f o r 
mation due to a migra t ion o f charges over microscop ic d i s t a n c e s , as 
in e l e c t r e t s . The i n t r o d u c t i o n o f a s o r t o f "shape p o l a r i t y " to ex 
p l a i n the mechanism o f p o l a r i z a t i o n o f n o n - r i g i d s p h e r i c a l d rop le ts 
d i s p e r s e d in a continuous medium, is however c o n s i s t e n t wi th the 
frequency dependence o f the d i e l e c t r i c l o s s p l o t t e d in F igure 2. In 
f a c t , by i n t r o d u c i n g a "shape f a c t o r " tha t accounts f o r the degree o f 
e longa t ion o f the d r o p l e t , accord ing to S i l l a r s ' theory o f i n t e r f a 
c i a l p o l a r i z a t i o n (25) ( 5 - 6 ) , it f o l l o w s : 
i ) the l o s s produced by a d i s p e r s i o n o f s p h e r i c a l l y shaped d r o p l e t s 

is much l e s s than that caused by the same amount o f m a t e r i a l d i s 
t r i b u t e d in the form o f e longated s p h e r o i d s ; 

i i ) the d i e l e c t r i c l o s s w i l l s h i f t i t s maximum to a lower frequency 
upon a shape change o f the d i s p e r s e d phase toward a more elongat 
ed c o n f i g u r a t i o n . 

As a consequence, a system c o n t a i n i n g p a r t i c l e s o f d i f f e r e n t shape 
w i l l e x h i b i t a sequence o f l o s s maxima, centered at f requenc ies lower 
than that at which occurs the maximum l o s s f o r spheres . 

T h e r e f o r e , in the case o f d rop le ts d i f f e r i n g in s i z e -under the 
assumption that l a r g e r d rop le ts w i l l deformate more than the smal le r 
o n e s - the d i e l e c t r i c l o s s a n a l y s i s may he lp in d i s t i n g u i s h i n g among 
the l o s s e s caused by the d i f f e r e n t s i z e - d i s t r i b u t i o n s o f the d r o p l e t s . 

The behavior o f B M
d £ e l v s . f requency p l o t t e d in F igure 2 s u g 

gests that in the i n t e r v a l s (O.222< C< O.31) and ( O . 3 K C < O . U ) , the 
samples are p o l y d i s p e r s e d and that two types o f p o l y d i s p e r s i t y d e v e l 
op upon water a d d i t i o n which are d i s t i n g u i s h e d by the l o s s curves 
2 -SPS and 3-DPS, r e s p e c t i v e l y . 

Accord ing to S i l l a r s ' t h e o r y , the aged samples showing the b e 
h a v i o r o f curve ^ ~ F a g , should c o n s i s t o f a homogeneous d i s t r i b u t i o n 
o f smal l s p h e r i c a l d r o p l e t s l i k e the one obta ined in the i n t e r v a l 
( O . 0 2 U £ C £ O . 2 2 2 ) , upon minimal a d d i t i o n o f water (curve 1 - F ) . De
s p i t e the i n c r e a s e d sample water con ten t , the exper imental evidence 
supports again an i n t e r p r e t a t i o n in terms o f spher ica l -undeformed 
d r o p l e t s , w h i c h however,being l a r g e r , need to be more r i g i d to account 
f o r the observed t r e n d . ( 5 - 6 ) . Such a c o n d i t i o n is achieved by the 
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format ion of the U-H2O- molecule s t r u c t u r e s accompanied by an entropy 
decrease and by the disappearance o f the f ree water ( Δ Η ν ^ 0 ) . The 
above entropy decrease is due t o the d iminut ion o f the freedom o f the 
water molecules and p o s s i b l y a l s o to the f a c t t h a t , be ing the forma
t i o n o f hydrated s t r u c t u r e s e n t h a l p i c a l l y f a v o u r e d , such event may 
take p l a c e a l s o wi th a r e l a t i v e entropy decrease . 

D i s c u s s i o n 

Two d i f f e r e n t types o f w/o d i s p e r s i o n s were found to develop in the 
i n t e r v a l s (O.02k< C< O.222) and (O.222< C< O.k). The former , is d i s 
t i n g u i s h e d by (AH w =0) and r a t h e r h igh va lues o f the R r a t i o (=3-5). 
The l a t t e r is c h a r a c t e r i z e d by the presence o f a f ree water f r a c t i o n 
as a w e l l de tec tab le component o f the system ( Δ ί ^ ^ Ο ) , wi th R r a n g 
i n g around a va lue o f 2. (See Table I I ) 

In the " t r a n s i t i o n " r e g i o n (O.222< C< O.31) where a Δ Η ^ Ο c o n 
t r i b u t i o n s t a r t s b e i n g de tec tab le wi th Δ Η ν - Δ Η ^ and Δ Η ^ ~ Δ Η £ , (see 
Table I and F igure 5 ) 5 a concent ra t ion was found at which R-  (Table 
I I ) . Th is r e s u l t suggest
phase reg ion has reached the proper ex tens ion t o a l low the format ion 
o f d rop le ts c o n s i s t i n g o f a continuous monolayer o f s u r f a c t a n t s wi th 
l -H20 - m o l e c u l e per h y d r o p h i l i c group, anchored to a s h e l l o f i n t e r 
f a c i a l water (mel t ing at - 1 0 ° C ) , tha t enc loses an inner core c o n t a i n 
i n g a f ree water f r a c t i o n . The d i f f e r e n c e between the t o t a l sample 
water content and the measured Δ Η ν conf i rms in f a c t that there is a 
p o r t i o n o f water which is n e i t h e r " f r e e " nor " i n t e r f a c i a l " . 

The p r o p e r t i e s that c h a r a c t e r i z e the w/o d i s p e r s i o n s recogn ized 
in the above concent ra t ion i n t e r v a l s are in good agreement wi th the 
d e f i n i t i o n u s u a l l y adopted to d i s t i n g u i s h m i c e l l a r s o l u t i o n s from w/o 
microemulsions ( 2 6 - 3 0 ) . However,by f o l l o w i n g the e v o l u t i o n o f the 
system aga inst water a d d i t i o n , it appears that a continuous change 
occurs in the s t r u c t u r a l c o n f i g u r a t i o n o f the d i s p e r s e d phase which 
most ly concerns the i n t e r p h a s a l r e g i o n . 

The conc lus ions drawn on the b a s i s o f the d i e l e c t r i c l o s s a n a l 
y s i s o f l i q u i d samples, support the i n t e r p r e t a t i o n tha t a very g r a d 
u a l conf luence o f the d i f f e r e n t types o f d i s p e r s i o n s takes p l a c e . S u c h 
an i n t e r p r e t a t i o n cou ld e x p l a i n the i n s t a u r a t i o n o f p o l y d i s p e r s e d 
samples in terms o f the c o e x i s t e n c e , at e q u i l i b r i u m , f i r s t , o f m i c e l 
l a r aggregates wi th w/o microemulsion d r o p l e t s and , s u c c e s s i v e l y , o f 
a microemulsion wi th l - ^ O - p e r h y d r o p h i l i c group monolayer, in e q u i 
l i b r i u m wi th a hydrated type o f microemulsion (U -water molecule per 
p o l a r head o f the s u r f a c t a n t h y d r o p h i l i c groups monolayer) . The l a t 
t e r i n t e r p r e t a t i o n is in accordance wi th Ste inbach and Sucker f i n d 
ings that the two types o f s t r u c t u r e s ( I-H2O and *+-H20 molecule ) , 
may c o e x i s t at e q u i l i b r i u m ( 2 3 ) . 

As shown in F igure 5 by the two dashed v e r t i c a l l i n e s , the c o n 
c e n t r a t i o n s C=O.2T0 and 0=O.353, at which time dependent phenomena 
were observed , may be regarded as the upper l i m i t s o f the two types 
o f p o l y d i s p e r s e d samples. Beyond 0=O.353 the onset o f the b i c o u n t i n -
uous s t r u c t u r e is thought to develop even i f m a c r o s c o p i e a l l y , the 
samples appear i s o t r o p i c and homogeneous bes ides b e i n g s t a b l e . 

Conc lus ion 

From the ensemble o f the r e s u l t s c o l l e c t e d it is p o s s i b l e to draw 
some f i n a l c o n s i d e r a t i o n s : 
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1) r e a l l y complementary and converging in fo rmat ion was obta ined by 
p a r a l l e l study of c a l o r i m e t r i c ans d i e l e c t r i c p r o p e r t i e s o f the 
w/o microemuls ion; in p a r t i c u l a r , accord ing t o our working hypo
t h e s i s , deeper knowledge o f the r o l e o f both water and in terphase 
has been gained and it was thus p o s s i b l e t o evidence the e x i s t 
ence o f two types o f water ( " f r e e " and " i n t e r f a c i a l " ) due to the 
presence o f i n t e r p h a s a l s t r u c t u r e s c h a r a c t e r i z e d by d i f f e r e n t sur 
face water complexes; 

2) the above leads to the p o s s i b i l i t y o f d i s t i n g u i s h i n g among some 
main types o f d i s p e r s i o n which can be t r a c e d t o , s a y , m i c e l l e s , 
microemulsions and b icont inuous s t r u c t u r e s ; 

3) the observed c o n t i n u i t y o f behav ior o f the system's c a l o r i m e t r i c 
p r o p e r t i e s , a par t from Δ Η ν , can be accounted f o r by the presence 
o f an e q u i l i b r i u m between any two contiguous s t r u c t u r e s developed 
upon water a d d i t i o n ; 

k) the r e v e r s i b i l i t y o f the DSC experiments and the agreement b e 
tween h igh and low temperature d i e l e c t r i c measurements i n d i c a t e 
that the microemulsio
multicomponent system
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11 
Macro- and Microemulsions in Enhanced Oil Recovery 

M. K. SHARMA and D. O. SHAH 
Departments of Chemical Engineering and Anesthesiology, University of Florida, Gainesville, 
FL 32611 

The physicochemical aspects of micro- and macroemul-
sions have been discussed in relation to enhanced oil 
recovery processes. The interfacial parameters (e.g. 
interfacial tension
facial charge, contac
enhanced oil recovery by chemical flooding are de
scribed. In oil/brine/surfactant/alcohol systems, a 
middle phase microemulsion in equilibrium with excess 
oil and brine forms in a narrow salinity range. The 
salinity at which equal volumes of brine and oil are 
solubilized in the middel phase microemulsion is 
termed as the optimal salinity. The optimal salinity 
of the system can be shifted to a desired value by 
varying the concentration and structure of alcohol. 
It was observed that the formulations consisting of 
ethoxylated sulfonates and petroleum sulfonates are 
relatively insensitive to divalent cations. The re
sults show that a minimum in coalescence rate, inter
facial tension, surfactant loss, apparent viscosity 
and a maximum in oil recovery are observed at the 
optimal salinity of the system. The flattening rate 
of an oil drop in a surfactant formulation increases 
strikingly in the presence of alcohol. It appears 
that the addition of alcohol promotes the mass trans
fer of surfactant from the aqueous phase to the in
terface. The addition of alcohol also promotes the 
coalescence of oil drops, presumably due to a de
crease in the interfacial viscosity. Some novel con
cepts such as surfactant-polymer incompatibility, 
injection of an oil bank and demulsification to pro
mote oil recovery have been discussed for surfactant 
flooding processes. 

During the past two decades, much attention has been focused on en
hanced oil recovery by chemical flooding processes in order to in
crease the world-wide energy supply. It is well recognized that the 
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macro- and microemulsion systems play an important role in the oil 
recovery processes. Recently, several major research findings in 
this area have been reported in the review articles and books (1 4). 

Wagner and Leach (5), Taber (6) and Melrose and Bradner (7) 
have suggested that capillary forces are responsible for entrapping 
a large amount of oil in the form of oil ganglia within the porous 
rocks of petroleum reservoirs. Foster (8) has also shown that in
terfacial tension at crude oil/brine interface, which plays a domi
nant role in controlling capillary forces, should be reduced by a 
factor 10,000 times (e.g. 10~3 t o io-4 dynes/cm) to achieve an 
efficient displacement of the crude oil. Such low interfacial ten
sion can be achieved by appropriate surfactant formulations. The 
oil droplets can be deformed easily in the presence of low inter
facial tension. Figure 1 schematically illustrates a two dimension
al view of the surfactant-polymer flooding process. After injecting 
a surfactant slug into the reservoir, a polymer slug is injected for 
mobility control. During this process, the displaced oil droplets 
coalesce and form an oil

Once an oil bank is
propagated through the porous medium with minimum entrapment of oil 
at the t r a i l i n g edge of the oil bank. The maintenance of ultralow 
interfacial tension at the oil bank/surfactant interface is neces
sary for minimizing the entrapment of the oil in the porous medium. 
The leading edge of the oil bank coalesces with additional oil 
ganglia. Moreover, besides interfacial tension and interfacial 
viscosity, another interfacial parameter which influences the oil 
recovery is the surface charge at the oil/brine and rock/brine in
terfaces (9,10). It has been shown that a high surface charge den
sity leads to a lower interfacial tension, lower interfacial v i s 
cosity and higher oil recovery as shown in Figure 3. 

In 1959, Wagner and Leach (11) suggested that increased oil 
recovery could be obtained by changing wettability of rock material 
from oil-wet to water-wet. Melrose and Bradner (7) and Morrow (12) 
also suggested that for optimal recovery of residual oil by a low 
interfacial tension flood, the rock structure should be water-wet. 
Previous investigators (13,14) have used sodium hydroxide to make 
the reservoir rock water-wet. Slattery and Oh (15) have shown that 
intermediate wettability may be less desirable than either oil-wet 
or water-wet rocks. Since, chemical floods satisfy many of these 
conditions, they have been considered promising for enhanced re
covery of oil. The mechanism of oil displacement in porous media 
has been reviewed by Bansal and Shah (16) and more recently by 
Taber (Γ7) . 

Enhanced O i l Recovery By Microemulsion Flooding 

In this section, several important aspects of microemulsions in 
relation to enhanced oil recovery w i l l be discussed. It is well 
recognized that the success of the microemulsion flooding process 
for improving oil recovery depends on the proper selection of 
chemicals in formulating the surfactant slug. 

During the past decade, it has been reported that many surfac
tant formulations for enhanced oil recovery generally form multi
phase microemulsions (18-20). From these studies, it is evident 
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Figure 1. Schematic i l l u s t r a t i o n of the surfactant-polymer flooding 
process. 
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Figure 2. Schematic presentation of the role of coalescence of 
oil ganglia in the formation of the oil bank. 
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Figure 3. Schematic i l l u s t r a t i o n of the role of surface charge 
in the oil displacement process. 
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that a variety of phases can exist in equilibrium with each other. 
Figure 4 shows the effect of salinity on the phase behavior of oil/ 
brine/surfactant/alcohol systems. The microemulsion slug partitions 
into three phases (Figure 4), namely, a surfactant-rich middle phase 
and a surfactant-lean brine and oil phase (21-23) in the intermedi
ate salinity range. This surfactant-rich phase was termed as the 
middle phase microemulsion (23) . The middle phase microemulsion 
consists of solubilized oil, brine, surfactant and alcohol. The 
1 m u transition of the microemulsion phase can be obtained by 
varying any of the eight variables listed in Figure 4. 

Interfacial Tension. It is well established that ultralow inter
facial tension plays an important role in oil displacement process 
(18,20). Figure 5 schematically illustrates the factors affecting 
the magnitude of the interfacial tension. Using this conceptual 
approach, one can broaden and lower the magnitude of interfacial 
tension as well as increase the salt tolerance limit of the surfac
tant formulation. Experimentally
direct correlation betwee
charge in various oil-water systems. It was established that the 
interfacial charge density plays a dominant role in lowering the 
interfacial tension. Figure 6 shows the interfacial tension and 
partition coefficient of surfactant as a function of the salinity. 
The minimum interfacial tension occurs at the same salinity where 
the partition coefficient is near unity. The same correlation be
tween interfacial tension and partition coefficient was also ob
served by Bavière (25) for paraffin oil/sodium alkylbenzene sulfo
nate (average MW 350)/isopropyl alcohol/brine system. 

Chan and Shah (26) proposed a unified theory to explain the 
ultralow interfacial tension minimum observed in dilute petroleum 
sulfonate solution/oil systems encountered in tertiary oil recovery 
processes. For several variables such as the salinity, the oil 
chain length and the surfactant concentration, the minimum in inter
facial tension was found to occur when the equilibrated aqueous 
phase was at CMC. This interfacial minimum also corresponded to the 
partition coefficient near unity for surfactant distribution in oil 
and brine. It was observed that the minimum in ultralow interfacial 
tension occurs when the concentration of the surfactant monomers in 
aqueous phase is maximum. 

Formation and Structure of Middle Phase Microemulsion. The 1 -> m -* 
u transitions of the microemulsion phase as a function of various 
parameters are shown in Figure 4. Chan and Shah (31) compared the 
phenomenon of the formation of middle phase microemulsion with that 
of the coacervation of micelles from the aqueous phase. They con
cluded that the repulsive forces between the micelles decreases due 
to the neutralization of surface charge of micelles by counterions. 
The reduction in repulsive forces enhances the aggregation of mi
celles as the attractive forces between the micelles become predom
inant. This theory was verified by measuring the surface charge 
density of the equilibrated oil droplets in the middle phase (9). 
It was observed that the surface charge density increases to a max
imum at the salin i t y at which the middle phase begins to form. 
Beyond this salinity, the surface charge density decreases in the 
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Figure 4. Schematic i l l u s t r a t i o
microemulsion phase by s e v e r a l v a r i a b l e s . 

Figure 5. Schematic presentation of the three components of the 
i n t e r f a c i a l tension. 
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three-phase region. Based on several observations of different sur
factant/brine/oil systems, Chan and Shah (31) proposed the mechanism 
of middle phase microemulsion formation as shown in Figure 7. In 
general, the higher the solubilization of brine or oil in the middle 
phase microemulsion, the lower the interfacial tension with the ex
cess phases. The salinity at which equal volumes of brine and oil 
are solubilized in the middle phase microemulsion is referred to as 
optimal salinity for the surfactant/oil/brine systems under given 
physicochemical conditions (2^,23) . Previous investigators (22,29, 
30) have shown that the oil recovery is maximum near the optimal 
salinity of the system. Therefore, one can conclude that the middle 
phase microemulsion plays a major role in enhanced oil recovery 
processes. 

Using various physicochemical techniques such as high resolu
tion NMR, viscosity and el e c t r i c a l r e s i s t i v i t y measurements, Chan 
and Shah (31) have proposed that the middle phase microemulsion in 
three-phase systems at and near optimal salinity is a water-external 
microemulsion of spherica
characterize the middle phas
including freeze-fracture electron micrographs revealed the struc
ture as a water-external microemulsion (31). The droplet size in 
the middle phase microemulsion decreases with increasing salinity. 
The freeze-fracture electron microscopy of a middle phase microemul
sion is shown in Figure 8. This system was extensively studied by 
Reed and Healy (21-23). It clearly indicates that the discrete 
spherical structure of the droplets in a continuous aqueous phase is 
consistent with the mechanism proposed in Figure 7. It should be 
pointed out that several investigators (32-39) have proposed the 
possibility of bicontinuous structure or coexistence of water-ex
ternal and oil-external microemulsions in the middle phase. For 
very high surfactant concentration (30-40 %) systems, the existence 
of anomalous structures which are neither conventional oil-external 
nor water-external microemulsions, have been proposed to explain 
some unusual behavior of these systems (32-36). 

Solubilization. The effectiveness of surfactant formulations for 
enhanced oil recovery depends on the magnitude of solubilization. 
By injecting a chemical slug of complete miscibility with both oil 
and brine present in the reservoir, 100% oil recovery can be 
achieved. 

The effect of hydrated r a d i i , valency and concentration of 
counterions on oil-external and middle phase microemulsions was in
vestigated by Chou and Shah (40). It was observed that 1 mole of 
CaCl2 was equivalent to 16-19 moles of NaCl for solubilization in 
middle phase microemulsion, whereas for solubilization in oil-ex
ternal microemulsions, 1 mole of CaCl2 was equivalent to only 4 
moles of NaCl. For monovalent electrolytes, the values for optimal 
salinity for solubilization in oil-external and middle phase micro
emulsions are in the order: L i C l > NaCl > KC1 > NH4CI, which corre
lates with the Stokes ra d i i of hydrated counterions. The optimal 
salinity for middle phase microemulsions and c r i t i c a l electrolyte 
concentration varied in a similar fashion with Stokes r a d i i of 
counterions, which was distinctly different for the solubilization 
in oil-external microemulsions. Based on these findings, it was 
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N a C l C O N C E N T R A T I O N (wt .%) 

Figure 6. Effect of salinity on interfacial tension and partition 
coefficient for TRS 10-80/n-octane system. 

Figure 7. Schematic il l u s t r a t i o n for the mechanism of transition 
from lower -> middle -> upper phase microemulsion 
upon increasing salinity. Solid circles, oil-swollen 
micelles (or microdroplets of oil); open circles , 
reverse micelles (or microdroplets of water). 
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Figure 8. Freeze-fracture electron micrograph of the middle phase 
of the Exxon system at the optimal salinity. 
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concluded that the middle phase microemulsion behaves like a water 
continuous system with respect to the effect of counterions (40). 

The effect of alcohol concentration on the solubilization of 
brine has been studied in this laboratory (41). It was observed 
that there is an optimal alcohol concentration which can solubilize 
the maximum amount of brine and can also produce ultralow inter* 
fa c i a l tension. The optimal alcohol concentration depends on the 
brine concentration of the system. The effect of different alcohols 
on the equilibrium properties and dynamics of micellar solutions has 
been studied by Zana (42). 

Phase Behavior. The surfactant formulations for enhanced oil re
covery consist of surfactant, alcohol and brine with or without 
added oil. As the alcohol and surfactant are added to equal volumes 
of oil and brine, the surfactant partitioning between oil and brine 
phases depends on the relative s o l u b i l i t i e s of the surfactant in 
each phase. If most of the surfactant remains in the brine phase, 
the system becomes two phases
micelles or oil-in-water
of oil solubilized. If most of the surfactant remains in the oil 
phase, a two-phase system is formed with reversed micelles or the 
water-in-oil microemulsion in equilibrium with an aqueous phase. 

The phase behavior of surfactant formulations for enhanced oil 
recovery is also affected by the oil solubilization capacity of the 
mixed micelles of surfactant and alcohol. For low-surfactant 
systems, the surfactant concentration in oil phase changes consi
derably near the phase inversion point. The experimental value of 
partition coefficient is near unity at the phase inversion point 
(28). The phase inversion also occurs at the partition coefficient 
near unity in the high-surfactant concentration systems (31). Sim
i l a r results were also reported by previous investigators (43) for 
pure alkyl benzene sulfonate systems. 

Figure 9 shows the effect of surfactant concentration on the 
volume of the middle phase microemulsion. It is interesting that 
the plot goes through the origin indicating that even at very low 
surfactant concentrations, a microscopic amount of the midddle phase 
microemulsion must exist at the interface between oil and brine. 

Salinity Tolerance. As the petroleum reservoir salinity can be very 
high, the surfactant formulations should be designed for high salt 
tolerance. The widely used petroleum sulfonates for enhanced oil 
recovery exhibit relatively low salt tolerance in the range 2-2.5% 
NaCl concentration, and even smaller for the optimal salinity. The 
presence of divalent cations in the brine decreases the optimal 
salin i t y of surfactant formulations (44). 

Since optimal salinity leads to a favorable condition for maxi
mum oil recovery, one would like to design methods to adjust the 
optimal salinity of a given surfactant formulation (45,46). Figure 
10 shows the optimal salinity of a mixed surfactant formulation con
sisting of a petroleum sulfonate and an ethoxylated sulfonate. It 
is evident that the optimal salinity of the formulation increases 
with increasing concentration of ethoxylated sulfonate, the optimal 
salinity increases from 1% to 24% NaCl brine. Moreover, it is in
teresting to note that these formulations, when equilibrated with 
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TRS 10-410, wt. % 

Figure 9. E f f e c t of surfactant concentration on the volume of 
middle phase microemulsion. Key: ο, 1 .570 isobutanol; 
., 37o isobutanol. 
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oil, produce middle phase microemulsion with very low interfacial 
tension (< 10" 3 dynes/cm). Similar results were also obtained using 
ethoxylated alcohols in surfactant formulations by previous investi
gators (47). It is interesting that the ethoxylated sulfonate alone 
(curve F in Figure 10) is unable to produce ultralow interfacial 
tension. However, when mixed with petroleum sulfonate, it produces 
very low interfacial tension. Therefore, the surfactant formula
tions consisting of mixed petroleum sulfonates and ethoxylated sul
fonates or alcohols are promising for enhanced oil recovery from 
high salinity reservoirs. 

Macroemulsions in Enhanced O i l Recovery Processes 

As the surfactant slug is injected into the reservoir, the mixing of 
injected slug with reservoir components takes place. The mixing of 
surfactant with reservoir oil and brine often produces emulsions. 
Moreover, the reservoir parameters such as porosity, pressure, 
temperature, compositio
gas-oil ratio affect th

Usually, the formation of stable macroemulsions in the oil 
fields is considered undesirable and can cause severe problems. 
Previous investigators (48-50) have reported poor oil recovery due 
to problems associated with stable emulsions. In addition, water-
in-oil emulsions should be resolved before the oil refining process 
because of the presence of considerable amounts of emulsified water 
in crude oil increases the cost of oil transportation and leads to 
other maintenance problems. Because of corrosion problems, most 
pipelines do not accept curde oil with significant amount of emul
si f i e d water. On the other hand, McAuliffe (51) has shown a bene
f i c i a l effect of macroemulsions in oil recovery as their injection 
into sandstone cores increased sweep efficiency. According to this 
concept, the emulsion droplet enters a pore constriction smaller 
than i t s e l f . For an emulsion to be most effective, the oil droplets 
in the emulsion must be larger than the pore-throat constrictions in 
the porous media. The injected emulsion enters the highly permeable 
zones, which in turn reduces the channeling of water. Therefore, 
water starts to flow into low permeable zones, resulting in a great
er sweep efficiency. Based on this concept, a f i e l d test was con
ducted which showed an improvement in oil recovery by macroemulsion 
flooding process. In order to understand the effect of macroemul
sions on the oil recovery process, the following parameters should 
be discussed. 

Electrophoretic Mobility. The electrophoretic mobility of the crude 
oil droplets as a function of caustic concentration has been deter
mined in relation to enhanced oil recovery (52) . It was observed 
that a maximum in electrophoretic mobility corresponds to a minimum 
in interfacial tension at the crude oil/caustic interface (Figure 
11). The maximum electrophoretic mobility at minimum interfacial 
tension can be attributed to the ionization of carboxyl groups pre
sent in the crude oil, which in turn determine the charge density 
at the crude oil/caustic interface, depending on NaOH concentration. 

The experimental procedure used for the measurement of inter
facial tension and the electrophoretic mobility to determine the 
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SURFACTANT FORMULATIONS 
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Figure 10. Increase in optimal salinity of formulations consisting 
of a mixture of a petroleum sulfonate (Ρ - 465) and an 
ethoxylated sulfonate (EOR-200). 
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optimum caustic concentration is extremely time consuming and 
laborious. Therefore, optical transmission or absorbance measure
ments were made on diluted emulsions to overcome this problem. There 
was a very good correlation between the ultralow interfacial tension 
and absorbance measurements. It has been observed for several crude 
oil s that the caustic concentration which yields the maximum ab
sorbance also shows a maximum in electrophoretic mobility and a min
imum in interfacial tension. These parameters play a prominent role 
in the oil recovery by caustic flooding process. 

Transient Processes. There are several transient processes such as 
formation and coalescence of oil drops as well as their flow through 
porous media, that are like l y to occur during the flooding process. 
Figure 12 shows the coalescence or phase separation time for hand-
shaken and sonicated macroemulsions as a function of salini t y . It 
is evident îthat a minimum in phase separation time or the fastest 
coalescence rate occurs at the optimal salinity (53)  The rapid 
coalescence could contribut
oil bank from the mobilize
the optimal salinity of the system, the interfacial viscosity must 
be very low to promote the rapid coalescence. 

The flow through porous media behavior of various macroemul
sions was studied by measuring the pressure drop across a porous 
medium (Figure 13). It is obvious that a minimum in pressure drop 
occurs near the optimal salinity of the surfactant formulation. One 
can conclude that the interfacial tension is an important parameter 
which influences the pressure drop across porous media (53). 

Figure 14 shows a very interesting and an important correlation 
between the rate of coalescence in macroemulsions and the apparent 
viscosity in the flow through porous media. It was observed that a 
minimum in apparent viscosity for the flow of macroemulsions in 
porous media coincides with a minimum in phase separation time at 
the optimal s a l i n i t y . This correlation between the phenomena occur
ring in the porous medium and outside the porous medium allows us 
to use coalescence measurements as a screening criterion for many 
oil recovery formulations for their possible behavior in porous 
media. It is .very likely that a rapidly coalescing macroemulsion 
may give a lower apparent viscosity for the flow in porous media 
(53). 

The variation in the shape of an oil drop (η-Octane) upon con
tacting a surfactant formulation consisting of O.05% TRS 10-80 in 
1% NaCl as a function of time is shown in Figure 15. It is evident 
that as surfactant molecules migrate from the aqueous phase to the 
interface and subsequently, to the oil phase, the interfacial ten
sion decreases and the spherical drop gradually flattens out. This 
flattening time reflects the rate at which surfactant molecules 
accumulate at the oil-brine interface. As shown in Table 1, there 
is a good correlation between the flattening time, interfacial ten
sion and the oil recovery. The reduction in flattening time leads 
to favorable oil recovery efficiency (54). Table 2 shows the effect 
of alcohol concentration on various parameters and oil recovery in 
porous media. It is evident that the flattening time decreases 
strikingly in the presence of alcohol suggesting that the alcohol 
promotes the mass transfer to the interface and a rapid reduction in 
the magnitude of the interfacial tension. 
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Figure 12. E f f e c t of s a l i n i t y on the phase separation or coalescence 

rate of hand-shaken and sonicated macroemulsions. 
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Figure 13. Effect of salinity on the pressure drop-flow rate 
curves of sonicated macroemulsions. 
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Figure 14. A correlation between the apparent viscosity and 
coalescence rate of sonicated macroemulsions. 
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Figure 15. An i l l u s t r a t i o n of the drop flattening process for an 
octane drop upon contacting O.05% TRS 10-80 in 1% NaCl. 
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Table I. IFT, Flattening Time and O i l Recovery Efficiency of O.05% 
TRS 10-80 in 1% NaCl vs. η-Octane at 25°C 

SYSTEM IFT FLATTENING TIME* OIL RECOVERY 
(mN/m) (Seconds) (%0IP) 

I. Fresh Oil/1% NaCl *50.8** CO 61-63 
II. Fresh O i l / E q u i l i 

brated Surfactant O.731 6600 44-52 
Solution 

III.Fresh Oil/Fresh 
Surfactant Solution O.627 480 75-77 

IV. Equilibrated O i l / % 
NaCl O.121 900 83 

V. Equilibrated O i l / 
Equilibrated Sur
factant Solution O.0267 240 94 

VI. Equilibrated O i l / 
Fresh Surfactant 
Solution O.00209 15 — 
*Flattening time is defined as the time required for the n-octane 
drop to gradually flatten out. 

Octane/H20, 20°C., IFT = 50.8 mN/m, "Interfacial Phenomena", 
Davies and Rideal, Chapter 1, p. 17 Table 1, Academic Press, 
N.Y. 1963. 

Sandpack dimensions: 1.06" dia. χ 7" long: Permeability = 3 
darcy; flow rate: 2.3 ft./day. 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



Ta
bl

e 
II

. 
Th
e 

Ef
fe

ct
 o

f 
IB
A 

on
 F

la
tt

en
in

g 
Ti
me
, 

IF
T,

 I
FV
, 

Pa
rt

it
io

n 
Co

ef
fi

ci
en

t,
 
an
d 

Oi
l 

Di
sp

la
ce

me
nt

 E
ff

ic
ie

nc
y 

Sy
st
em
 

O.
1%

 
TR
S 

10
-4
10
 

in
 1

.5
% 

Na
Cl

 v
s.

 
n-
Do
de
ca
ne
 

S1
00
-4
8 

90
 s

ec
 

O.
08
6 

O.
09
6 

O.
01

0 

Ru
n 

Fl
at

te
ni

ng
 

Ti
me
 

IF
T 

(d
yn
es
/c
m)
 

In
te

rf
ac

ia
l 

Vi
sc

os
it

y 
(s

.p
.)

 
Pa

rt
it

io
n 

Co
ef

fi
ci

en
t 

Se
co

nd
ar

y 
Re

co
ve

ry
 

By
 B

ri
ne

 
Fl

oo
di

ng
 

By
 S

ur
fa

ct
an

t 
So

in
. 

Fl
oo

di
ng
 8

4.
37
% 

Te
rt

ia
ry

 
Re

co
ve

ry
 

Fi
na

l 
Oi

l 
Sa

tu
ra

ti
on

 
11
.7
3%
 

O.
1%

 T
RS
 1

0-
41
0 

+ 
O.

06
% 

IB
A 

in
 

1.
5%
 N

aC
l 

vs
 n

-
Do
de
ca
ne
 

O.
05

% 
TR
S 

10
-8
0 

O.
05

% 
TR
S 

10
-8
0 

in
 1
% 

Na
Cl

 v
s.
 

+O
.0

4%
 I

BA
 i

n 
n-
Oc
ta
ne
 

1%
 N

aC
l 

vs
. 

n-
Oc

ta
ne

 
S1
00
-4
3 

<1
 s

ec
 

O.
08
8 

O.
08
6 

O.
00
9 

98
.3
2%
 

1.
28
% 

S1
00
-0
2 

42
0 

se
c 

O.
02

5 

O.
02

3 

O.
3 

61
.2
% 

60
% 

0 30
% 

S1
00
-4
4 

<1
 s

ec
 

O.
02

4 

O.
01

8 

1.
36
 

60
.0
8%
 

91
% 

76
.8
4%
 

5.
36
% 

Al
l 

di
sp

la
ce

me
nt

 e
xp

er
im

en
ts

 a
re

 c
ar

ri
ed
 o

ut
 w

it
h 

no
ne

qu
il

ib
ra

te
d 

sy
st
em
s 

in
 s

an
d 

pa
ck

s 
at

 2
5°
C.
; 

Di
me

ns
io

ns
 a

nd
 f

lo
w 

ra
te

s 
sa
me

 a
s 

gi
ve

n 
in
 T

ab
le

 1
. 

Se
co

nd
ar

y 
an
d 

te
rt

ia
ry
 o

il
 r

ec
ov

er
y 
va

lu
es

 a
re

 p
er

ce
nt

 o
f 

oi
l-

in
-p

la
ce

, 
wh
er
ea
s 

fi
na

l 
oi

l 
sa

tu
ra

ti
on
 i

s 
pe

rc
en

t 
of

 t
ot

al
 p

or
e 
vo

lu
me

. 

2 9 > α η τα
 

ο m G r CO
 δ 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



11. SHARMA AND SHAH Enhanced Oil Recovery 167 

The mixing of surfactant and polymer in the porous medium 
occurs due to both dispersion and the excluded volume effect for the 
flow of polymer molecules in porous media, which in turn could lead 
to the phase separation. Figure 16 illustrates the schematic expla
nation of the surfactant-polymer incompatibility and concomittant 
phase separation. We propose that around each micelle there is a 
region of solvent that is excluded to polymer molecules. However, 
when these micelles approach each other, there is overlapping of 
this excluded region. Therefore, i f a l l micelles separate out then 
the excluded region diminishes due to the overlap of the shell and 
more solvent becomes available for the polymer molecules. This 
effect is very similar to the polymer depletion stabilization (55). 
Therefore, this is similar to osmotic effect where the polymer 
molecule tends to maximize the solvent for a l l possible configur
ations. 

In oil recovery processes, the formation of an oil bank is very 
important for an efficient oil displacement process in porous media
This was established from
oil bank followed by th
ultralow interfacial tension with the injected oil. We observed 
that the oil recovery increased considerably and the residual oil 
saturation decreased with the injection of an oil bank as compared 
to the same studies carried out in the absence of an injected oil 
bank (54). Figure 17 schematically represents the oil bank forma
tion and i t s propagation in porous media, which is analogous to the 
snowball effect. If an early oil bank is formed then it moves 
through the porous medium accumulating additional oil ganglia re
sulting in an excellent oil recovery, whereas a late oil bank for
mation w i l l result in a poor oil recovery. 

In summary, several phenomena occurring at the optimal salinity 
in relation to enhanced oil recovery by macro- and microemulsion 
flooding are schematically shown in Figure 18. It is evident that 
the maximum in oil recovery efficiency correlates well with various 
transient and equilibrium properties of macro- and microemulsion 
systems. We have observed that the surfactant loss in porous media 
is minimum at the optimal salinity presumably due to the reduction 
in the entrapment process for the surfactant phase. Therefore, the 
maximum in oil recovery may be due to a combined effect of a l l these 
processes occurring at the optimal salinity. 

Demulsification. It is necessary to demulsify the macroemulsions 
formed due to surfactant flooding. The problem of separating two 
immiscible liquids when one is dispersed within the other is fre
quently encountered in petroleum technology. Demulsification by 
definition is agglomeration and coalescence of dispersed phase, 
eventually resulting in a breakdown of the macroemulsion into two 
separate phases. A wide variety of materials such as cotton, wool, 
glass fibers and Teflon have been used to promote the coalescence 
rate of macroemulsions. The addition of acids or bases apparently 
causes neutralization of the particle charge and subsequently, leads 
to coagulation of droplets. 

Several patents have been granted for methods to demulsify the 
crude oil macroemulsions. In the elec t r i c a l method, the imposition 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



168 M A C R O - A N D MICROEMULSIONS 

Figure 16. Schematic i l l u s t r a t i o n of surfactant-polymer incom
p a t i b i l i t y leading to phase separation in mixed surfac
tant-polymer systems. 

EARLY GOOD 
OIL BANK OIL RECOVERY 
FORMATION 

L A T E POOR 
OIL BANK OIL RECOVERY 
FORMATION 

NO OIL BANK FORMATION NO 
OIL RECOVERY 

Figure 17. Schematic i l l u s t r a t i o n of the injection of an oil bank 
and the subsequent "snowball effect" in enhanced oil 
recovery. 
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Oil Recovery Efficiency 

Pore volume at which produced fluids 
exhibit the maximum surfactant concentration 

Surfactant Retention in Porous Media 

Apparent viscosity (orAP) of 
emulsions in porous media 

Coalescence or phase-separation time 
of emulsions 

Solubilization of Oil and Brine in 
m 0 microemulsions 

Interfacial tension 

Optimal S a l i n i t y 

S a l i n i t y 

Figure 18. A summary of various phenomena occurring at the optimal 
salinity in relation to enhanced oil recovery by surfac
tant-polymer flooding. 
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of high potentials on macroemulsions leads tc coagulation of water 
droplets. In enhanced oil recovery methods by chemical flooding, 
the macroemulsions are stabilized by the surfactants. In order to 
break these macroemulsions, it is necessary to rupture the inter-
fa c i a l film. This can be achieved to some extent by heat treatment. 
A widely used method for the breaking of oil f i e l d macroemulsions is 
the use of elevated temperatures (27^28). By the action of heat, 
the surfactant becomes more soluble in either the aqueous phase or 
oil phase, which destabilizes the interfacial film, and the separ
ation of i:wo phases occurs. 
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12 
Role of the Middle Phase in Emulsions 

F. M. FOWKES, J. O. CARNALI, and J. A. SOHARA1 

Department of Chemistry, Lehigh University, Bethlehem, PA 18015 

We have studied some soap-stabilized oil-in-water emul
sions which flocculate at higher salinities without 
coalescense, developing flat planes of contact. The 
contact angles between the oil/water interfaces and the 
plane of contact increas  60°
indicating that th
are less than the  oil/wate
It is shown that these contact angles develop when 
middle phase films (M) coat the o i l droplets and fill 
the planar spaces between flocculated droplets. The 
net interfacial tension is γMO+ γMW and the contact 
angle ΘW allows calculation or each of these two 
tensions; 

cosΘW = γMO/ (γMO + γMW) 
A small angle X-ray scattering study showed that the 
middle phase films between flocculated oil droplets 
were about 90 nm in thickness, and spinning drop 
interfacial tension measurements were found to be able 
to centrifuge middle phase films off tne o i l drops 
along the axis of rotation. 

Such contact angle measurements are recommended as 
general tools for middle phase studies because they 
are sensitive to very low middle phase concentration 
and measure the relative hydrophilic or oleophilic 
character of the middle phase. 

In a number of studies of middle phase phenomena in oil-water-
emulsifier systems i t has been shown that middle phases form when 
the emulsifier is about equally partitioned into the o i l and water 
phases Healy et a l . , ( l ) , Salager et a l . , (2), Shah et a l . , (2), 
Kuneida and Shinoda,(4). In these studies i t has been shown tnat 

1Current address: Atlas Powder Company, Tamaqua, PA 18252 
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the interfacial tension of the middle phase versus oil (γ ) de
creases as the emulsifier content of the oil increases, while 
decreases as the emulsifier content of the water increases 
(shown in Figure 1). In these studies the partition coefficient 
for the emulsifier has been systematically varied by changes in 
emulsifier carbon number or ethylene oxide number, by changes in the 
carbon number of the oil phase, by changes in the salinity of the 
aqueous phase, by changes in temperature (with nonionic emul-
sif i e r s ) or by changes in pH with soap or amine salt emulsifiers. 
In many of these studies the structure of the middle phase is not 
established, but it is clearly immiscible in water or oil and i t s 
elect r i c a l conductivity is closer to water than oil. Phase diagram 
studies of oil-water-emulsifier systems Ekwall, (5), indicate 
that surfactant-rich phases immiscible in oil or water have rod-
shaped or lamellar micelles with some degree of optical anisotropy 
or flow birefringence, and these phases have much greater elec-
r i c a l conductivity than oil. Figure 1 illustrates that the middle 
phase composition varie
an oil-rich composition
mostly water-soluble to mostly oil-soluble. If lamellar structures 
are present the relative thickness of oleophilic and hydrophilic 
layers must vary smoothly from the water-rich compositions to the 
oil-rich compositions. 

Middle phase studies are generally conducted with emulsifier 
concentrations high enough that the volume of the middle phase is 
easily observed, typically 5-10%. Middle phases may be just as 
important at lower concentrations (less than î%) but have been 
d i f f i c u l t to observe. However, the interfacial tension has been 
found to go through a minimum Chan and Shah, (6) just as in 
Figure 1. 

In research unrelated to these middle phase studies, emulsions 
of mineral oil in water stabilized with O.5% of sodium soaps were 
observed to flocculate in an unexpected fashion upon increasing 
salinity Princen et a l . , (7^), Aronson and Princen, (8). In 
O.1 M sodium chloride the emulsion droplets flocculated into 
clusters of spheres, but in O.3 to O.5 M salt solutions the floc
culated droplets were separated by f l a t planes as shown in Figure 2. 
Where these planes met the oil/water interface a distinct "contact 
angle" was observed (56° in O.5 M salt, as depicted in Figure 2). 
Although other explanations were offered i n i t i a l l y , we now know 
that these contact angles result from thin films of middle phase 
which have spread spontaneously over a l l oil droplets and in the 
plane separating flocculated droplets. Such contact angles are 
easy to observe and become a sensitive measure for formation of 
middle phase films too thin to observe directly. 

In this paper we present three techniques for the study of 
thin middle phase films adsorbed on emulsion droplets. Film thick
nesses have been measured by small angle X-ray scattering, contact 
angles of adjacent droplets have been measured in flocculated 
emulsions, and much direct evidence for such films has been observed 
visually in the spinning drop interfacial tensiometer. 
Experimental Details 

Emulsions. A white mineral oil of 125/135 Saybolt viscosity 
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[-Middle Phase Rangea 

F igure 1. I n t e r f a c i a l
p a r t i t i o n c o e f f i c i e n t s f o r systems wi th middle phases (M). 
(Healy et a l , 1976). Reproduced wi th permiss ion from 
Hea ly , R. N . , R. L . Reed, and D. G. Stenmark, Soc . P e t . Eng. J . , 
June 1976, p. 147; copyr igh t owner: S o c i e t y of Petroleum 
Engineers of AIME. 

F igure 2. F l o c c u l a t e d oil d r o p l e t s d i s p l a y i n g plane of contact 
and contact angles 0y (O.4 M N a C l ) . 
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(Fisher Scientific) was emulsified into aqueous soap solutions of 
O.25 w% each of sodium laurate and sodium oleate prepared from 
sodium hydroxide, lauric acid (Aldrich Gold Label) and oleic acid 
(Fisher Purified). Coarse emulsions were used for microscopy (as 
in Figure 2), but fine emulsions (with droplet sizes of about 
O.2 microns), used for determination of middle phase film thick
nesses, were made by ultrasonication with a c e l l disruptor. 
Sodium chloride contents of these emulsions varied from O.1 M to 
O.5 M. 

Interfacial Tensions. I n i t i a l l y interfacial tensions were measured 
by the pendant drop technique. Later studies with an EOR spinning 
drop interfacial tensiometer gave much information on middle phase 
films, as shown in the photographs made with a camera mounted on 
our tensiometer. 

Small Angle X-Ray Scattering (SAXS). A Kratky camera using the 
1.54 X CuKa line in a 7.
Western Electric Researc
tering at angles of O.1 milliradian increments were measured for 
1000 seconds each. The s t a t i s t i c a l evaluation of the data, 
desmearing and data analysis were performed with the help of the 
program FFSAXS, Version 4 by C. G. Vonk of the DSM, Central 
Laboratory, Geleen, The Netherlands Fowkes and Carnali, (9). 

Contact Angles. Figure 2 shows a photograph of a pair of emulsion 
droplets which have flocculated in O.5 M sodium chloride solution, 
and a drawing of such a system to show how the contact angle θ was 
determined. The r a d i i of the two drops (Rj and R2) and the overall 
length of the doublet (L) were determined and from these measure
ments X, the radius of their c i r c l e of contact,was calculated from: 

For each contact angle reported several doublets were measured. 

Experimental Results and Discussion 

Contact Angle and SAXS Studies. The contact angles which developed 
at the junction of flocculated oil droplets, illustrated in 
Figure 2, can be used together with the measured interfacial ten
sions (Table 1) in a vector diagram to demonstrate that the inter-
f a c i a l tensions on the outer surface of the oil drops (Yow) a r e 

appreciably greater than the interfacial tensions (YQ^) in t n e plane 
of contact between drops: 

(R X

2 - X2)H + (R 2 2 - X 2 ) ^ = L - R i - R 2 (1) 

and the contact angle θ was calculated from: 

2Θ = sin ^X/Ri) + sin" 1(X/R 2) (2) 

Yow = Yow c o s ^ w (3) 

The contact angles in Figure 2 are measured through the aqueous 
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phase, and are therefore designated 6y. Similar contact angles for 
water droplets in oil would be measured through the oil phase ( 6 Q ) . 

Table I shows that Yow"~YOW i n c r e a s e s from 0 to O.49 mJ/m2 as 
the salinity increases to O.5 M. 

Table I. Interfacial Tensions and Contact Angles for O i l Droplets 
in O.5% Soap Solution vs. Salinity 

NaCl Cone. Y0W(mj/m2 0w(degrees) Y o w - Y o w ( m J / m Z ) 

0 0 0 
O.3 M 1.6 32 O.25 
O.4 M 1.2 45 O.35 
O.5 M 1.1 56 O.49 

The above results ar
findings of Princen and
interfacial tensions in the plane of contact was that the aqueous 
layer between the two adsorbed monolayers might be so extremely 
thin that special attractive forces between oil droplets diminished 
the effective interfacial tensions. We therefore set out to measure 
the thickness (H) of this aqueous layer by small angle X-ray scat
tering (SAXS), using fine emulsions of various s a l i n i t i e s . The SAXS 
findings were analyzed by Guinier plots and by correlation functions 
in some detail; a l l results indicated that the layers between floc
culated droplets were not at a l l thin, but relatively thick (90 nm). 
This measurement clearly demonstrated that no special short-range 
attractions between oil droplets can exist in this system. 

Another explanation for the contact angles and the decreased 
interfacial tentions between oil droplets is that increasing salinity 
has induced formation of middle phase (M) which has coated the oil 
droplets and f i l l e d the space between droplets in the plane of 
contact, as shown in Figure 3. The interfacial tensions between 
droplets are those between oil and middle phase (Y^Q) whereas the 
tensions between oil and water are the sum of the oil and water 
interfacial tensions with the thin interfacial film of middle phase 
(ΥΠΟ + YMW). T h u s t h e apparent Y q w tensions are γ Μ 0 + y m tensions 
and these always exceed the tensions operating in the plane of con
tact between flocculated oil droplets (Y M Q). T n e contact angle 8y 
is therefore a measure of the presence or thin films of middle 
phase around the oil droplets: 

C 0 S % • Ύ Μ 0 / ( Υ Μ 0 + V <4> 
Table II retabulates the data of Table I according to equation (4) 
and shows that the measured interfacial tension of the oil/water in
terface and the contact angle allow determination of γ Μ 0 and YMW 
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Table II. Interfacial Tensions of Middle Phase vs. O i l or Water 

NaCl Conc. \ M̂0 M̂W 
O.3 M 32° 1.6 mJ/m2 1.35 mJ/m2 O.25 mJ/m2 

O.4 M 45° 1.2 O.85 O.35 
O.5 M 56° 1.1 O.61 O.49 

The findings of Table II look remarkably like those illustrated 
in Figure 1, for increased salinity has decreased Y M Q and increased 
Ywr, as the emulsifier becomes partitioned more strongly into the oil 
phase. The contact angle information could become part of the same 
diagram, as illustrated in Figure 4. The l e f t edge of the middle 
phase region in Figure 4 is where cos 6y f i r s t exceeds zero,(where 
the contact angle f i r s t appears). The mid-point of the diagram 
(where γ Μ 0 equals γ ^ ) is where is 60° and cos6 = O.5, as can be 
seen by equation (4). On the right side of the diagram water-in-oil 
emulsions are formed an
the oil phase: 

C O S 6 0 = W ( Y M 0 + V ( 5 ) 

On the right side of the diagram aqueous droplets w i l l be coated 
with middle phase and when the emulsifier is partitioned s u f f i 
ciently into the oil phase 6 Q approaches zero at the right boundary 
of the middle phase region. 

In systems with higher emulsifier concentrations the observed 
middle phase may well tend to hold trapped droplets. In the water-
rich middle phase compositions on the l e f t side of Figure 4 (where 
cos6 w exceeds 0 and is less than +O.5) oil droplets can easily 
become entrapped in the middle phase, for their interfacial tensions 
(ΎΜΟ) a r e l e s s than in the aqueous phase (γ Μ 0 + γ ^ ) . Similarly 
the oil-rich middle phase compositions on the right side of Figure 4 
w i l l tend to entrap aqueous droplets. Electron micrographs of 
middle phases do indeed show such entrapped droplets (Chan and Shah, 
1982). 

Spinning Drop Interfacial Tensiometer Studies. In the foregoing 
studies with oil-in-water emulsions stabilized with O.5% of sodium 
soaps the volume of middle phase which develops with increased 
salinity is ordinarily too small to observe. However, i f a single 
oil drop is spun in the center of a large excess of the aqueous 
soap solution for some hours, middle phase films are seen to be 
centrifuged to the ends of the oil drop and to be ejected along 
the axis of rotation as shown in Figure 5. In Figure 5a the aqueous 
phase is salt-free and contacting droplets have a of 0°. In 
Figure 5b (O.3 M sodium chloride) the end of the oil drop after 24 
hours is seen to be narrower and less reflective as the middle phase 
film is centrifuged towards that end. In Figure 5c (O.4 M sodium 
chloride), after 17 hours of spinning, middle phase material is seen 
to be spun off along the axis of rotation, and in Figure 5d (also 
O.4 M salt) the droplets in contact show 0y values of 40-50°. 

As middle phase films form in the spinning drop interfacial 
tensiometer, the interfacial tension drops. However, as these films 
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Figure 3. Diagrammatic sketch of middle phase films surrounding 
oil droplets and f i l l i n g the plane of contact between them. 

Figure 4. Contact angles and interfacial tensions of oil-water-
emulsifier systems with middle phases as a function of the 
emulsifier partition between oil and water. 
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Figure 5. Photographs of oil drops in spinning drop interfacial 
tensiometer with O.5% soap solution: 

(a) no salt present, 6 W = 0° 
(b) O.3 M salt, spun 24 hours 
(c) O.4 M salt, spun 17 hours 
(d) O.4 M salt, 6 W = 40-50° 
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are spun off, the interfacial tension rises again, as shown in 
Figure 6. Without salt present (triangles) no middle phase forms 
and there is no rise in interfacial tension. However, with salt 
present the resulting middle phase is spun off and the net inter-
facial tension rises appreciably. 

We have sought to see whether these contact angles are observed 
in other systems with middle phases and find them to be a general 
phenomenon. For instance, in an emulsion system involving long 
chain amine salts as emulsifiers, where middle phases occur, 6y 
values of 30-50° were observed. 

Conclusions 

1. The contact angles previously observed with flocculated oil 
droplets in saline emulsions are found to result from thin films of 
a middle phase which coats emulsion droplets and f i l l s the planes of 
contact between droplets. 
2. In these systems th
and the aqueous phase ar
phase (γ^ο + YMW ). Such measured tensions and measured contact 
angles allow calculation of γ̂ ο a n d Y M W : 

C O S 9W = V ( Y M 0 + V -
3. Small angle X-ray scattering measurements showed that in the 
system under investigation the middle phase films between floc
culated oil droplets were about 90 ran in thickness. 
4. Contact angles between contacting drops are a very sensitive 
measure of middle phase behavior and can be used to detect middle 
phases in systems with low emulsifier content. 
5. The magnitude of the contact angle is a measure of the relative 
oil and water content of the middle phase. 
6. In the spinning drop interfacial tensiometer the thin films of 
middle phase can in time be centrifuged off of oil drops. 
7. Contact angles between emulsion drops are f a i r l y easy to observe 
in the spinning drop interfacial tensiometer. 

Acknowledgments 

Support of this project was initiated by a starter grant from the 
Department of Energy (Fowkes and Carnali, 1983). The SAXS studies 
were made with a Kratky camera at AT&T Western Electric Company's 
Engineering Research Center in Princeton, NJ; our thanks to Dr. John 
Emerson, who made these arrangements and provided technical advice 
to the project. The spinning drop measurements were made with the 
support of Atlas Powder Company. Our thanks also to IBM for a 
distinguished graduate fellowship for J. O. Carnali. 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



182 MACRO- AND MICROEMULSIONS 
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Figure 6. Time-dependence of interfacial tensions of oil drops 
spinning in O.5% soap solutions (25°). Triangles - no salt. 
Hexagons and circles - O.3 M salt. Squares - O.4 M salt. Inter-
fa c i a l tensions rise as middle phase films are spun off. 
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Structural Considerations of Lamellar Liquid Crystals 
Containing Large Quantities of Solubilized Hydrocarbon 
Alkanes 
ANTHONY J. I. WARD1,3, STIG E. FRIBERG1, and DAVID W. LARSEN2 

1Chemistry Department, University of Missouri at Rolla, Rolla, MO 65401 
2Chemistry Department, University of Missouri at St. Louis, St. Louis, MO 63121 

The order parameter
in a lamellar liquid crystal were determined from 2H NMR 
data. The variation of order parameters along the hydro
carbon chain with varying amounts of hydrocarbon solubi
lized supports a model with the main part of the hydro
carbon forming a layer between the amphiphilic layers with 
only a small amount of it penetrating between the amphiphilic 
molecules. 

Large quantities of hydrocarbon o i l s may be solubilized by aqueous 
lamellar dispersion of nonionic surfactants of the type n-dodecyl 
polyethylene glycol ether (1); in the case of the lamellar phase of 
n-dodecyl tetraethylene glycol ether (C12E4) up to 55% (W/W) of n-
hexadecane. This implies a volume ratio of 1.6:1 of hydrocarbon to 
non-hydrocarbon constituents giving a formally calculated thickness 
for the hydrocarbon layer (2) of 60 Å. 

The s t a b i l i t y of a lamellar liquid crystal with such a large 
amount of oil is an intriguing problem. The main structural entity 
to be c l a r i f i e d before a serious attempt at an examination of the 
problem may be made is the degree of order of the hydrocarbon chains. 
This factor in turn depends on the location of the solubilized hydro
carbon chains; are they penetrating the amphiphilic layer or are 
they forming a liquid layer between the layers of amphiphilic mole
cules. 

3 Permanent address: Department of Chemistry, University College, Dublin, Belfield, Dublin 4, 
Ireland 
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The small angle X-ray data (1) gave l i t t l e indication of penet
ration of the hydrocarbon chains into the amphiphilic layer. In 
fact, the observed increase in interlayer spacing, d, was too large 
to be accounted for even by allowing the surfactant molecules to 
adopt a f u l l y extended conformation at the additon of hydrocarbon. 
Hence, the X-ray results were interpreted as the increased spacing 
being due to the formation of an oil layer in the hydrocarbon part 
of the lamellar structure. It is d i f f i c u l t to conceive a reason 
for s t a b i l i t y of such a layer, and, i f this interpretation is cor
rect, it raises questions about the st a b i l i t y of the lamellar 
structure. 

Low angle X-ray data alone cannot provide an unambiguous answer 
to the question of location and order of the hydrocarbon chains. We 
considered direct determinations of the order parameters of the 
solubilized hydrocarbon chains to be useful information. A prelimi
nary NMR investigation (3) of alkane solubilized in the lamellar 
phases formed by C-^E^ and water provided tentative support for the 
model with most of the
between the amphiphili
penetration between the solubilized hydrocarbon chains and those of 
the surfactant molecules. 

In the present contribution, a detailed description of the 
composition dependence of the solubilizate order is given and the 
effect of solubilizate chain-length variation studied in order to 
characterize the structure and dynamics within the bilayer interior 
containing these surprisingly thick oil layers. 

Experimental 
n-dodecyl tetraethylene glycol ether (C^E^) was obtained from Nikko 
(Japan) Ltd. and was >98% pure by GLC c r i t e r i a . Perdeuterated n-
hexadecane and n-decane were obtained from MSD Isotopes. 

Samples were prepared by weighing the components, mixing 
thoroughly and centrifuging to remove air bubbles. This procedure 
was repeated in a minimum of two times. Portions of the samples 
were centrifuged into glass NMR tubes for N.M.R. investigations. 
2H NMR spectra were obtained on a spectrometer operating in the 
Fourier transform mode built at the Chemistry Department, UMSL by 
one of the authors (DWL). 

Results & Discussion 
Figure 1 shows the spectrum obtained for n-perdeutero decane solubi
lized in the lamellar phase of water and C-^E^* A comparison with 
the spectrum of n-perdeutero hexadecane (Fig. la) from the prelimi
nary investigations by Ward et aJL (3) is instructive. In both cases, 
the spectrum may be simulated by a number of overlapping spectra 
corresponding to half the number of carbon atoms in the solubilized 
chain. 
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A complex variation in the spectra of hexadecane is observed as a 
function of the oil content of the liquid crystal with a water/^2^4 
ratio of 40:60 (Fig, 2), the main features being as follows: 
(a) the spectra comprise overlapping "powder" system; (b) at low oil 
contents, the central components were not always resolvable; (c) 
with increasing the oil weight fraction, the observed quadrupolar 
splittings passed through a maximum at relatively low concentrations 
thereafter being reduced. 

These are illustrated in Figure 3 as a plot of quadrupolar 
splittings versus oil content for hexadecane. 

The splittings pass through a maximum with the oil content 
varying from approximately 20% solubilized hydrocarbon for the three 
outer carbons in the chain to less than 10% for the second carbon 
atom counted from the center of the chain. 

These results mean a variation of the hydrocarbon chain order 
parameter profile with the concentration. However, the monotonously 
decreasing values for higher oil contents give a regularity to the 
pattern and the values fo
variation of order paramete
(Fig. 4). 

The assignment of the splittings to segments of the alkane chain 
was based on preliminary experiments with selectively deuterated 
analogues and is tentative. It indicates an order profile, which is 
different to that normally expected for amphiphilic chains (4-7). 

The systems reported by Seeling (4), Charvolin (5) and Smith (6) 
were concerned with amphiphilic solubilizates anchored at the inter
face by a polar group. Such a structure gives large values of the 
order parameter; approximately one to two orders of magnitude larger 
than the presently reported. Furthermore the order parameter values 
are approximately constant for a l l the carbon atoms except the three 
to four ones at the end of the chain. The values earlier reported 
for hydrocarbons (7) were for short hydrocarbon in liquid crystals 
with extremely high content of water. The order parameters were 
approximately constant along the chain justifying an interpretation 
in the form of the hydrocarbon being a tumbling ri g i d rotator. 

Our present results with low values of Δ ν . and the almost linear 
variation from the center of the chain reflect the absence of an 
ordering influence at one end of the chain. 

The distinction from the order in solubilized amphiphiles is 
obvious. The ordei parameters of the hydrocarbon are much smaller 
and the distribution of order parameter values is symmetrical from 
the center of the chain. 

On the other hand, the distinction is also evident from the 
values of order parameters in the systems investigated by Reeves and 
collaborators (7). The hydrocarbons solubilized in the present 
lamellar phase with moderate amount of water present (<50%) display 
a large variation in the order parameter with the position of the 
carbon atom. The ratio between carbon atom #1 and #6 (Fig. 4) is 
seven, the same order of magnitude as found for the anchored amphi
philes (5-7). 
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Figure 1. (a) The deuterium NMR spectrum of a ^ ^ 2 E 4 ^ n ~ ^ 1 6 D 3 4 ^ 
H 2 O lamellar d i s p e r s i o n (weight f r a c t i o n of oil = 10.2%). 
(b) The deuterium NMR spectrum of a C I 2 e A/n - C i o D 2 2 ^ H 2 ^ lamellar 
d i s p e r s i o n (weight f r a c t i o n of oil - 9.6%). 

Figure 2. Deuterium NMR spectra of n-hexadecane-d34 s o l u b i l i z e d 
in a lamellar d i s p e r s i o n of C ^ 2 E 4 / H 2 ° a s a f u n c t i o n o f oil-
content (the numbers are weight f r a c t i o n of oil) at a fi x e d 
soap.water r a t i o (60:40 W/W). 
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chain segments of solubilized η-Ο^Ώβ^ as a function of oil content 
at fixed soap/water ration (60:40 W/W). 
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The fact that the maximum spli t t i n g in the solubilized hydrocarbons 
are of the same magnitude as the splitting of the terminal groups of 
an amphiphilic (5-7) may be interpreted as an indications of a geo
metrical connection between the two. Also the presence of very small 
(£ 100 Hz) and unresolved splittings for the 2-3 terminal segments 
implies that they are located at the bilayer center and are highly 
motional disordered. Some preliminary observations of the C^E^/ 
n-C10D22/H20 system indicate a similar type of profile (Fig. 5) and 
hence, similar location. 

The second factor to be evaluated is the variation of order 
parameter with oil content. 

Figure 3 shows that a l l the splittings, except that assigned to 
the central chain segment show an increase with the i n i t i a l additions 
of oil. This indicates an ordering of the chain segments presumably 
arising from restriction from mixing with the amphiphilic chains. 
The ordering occurs up to an oil volume fraction, φ , of ca. O.18 
(as measured for segments 5-8) for a soap.water weight fraction of 
O.6. It is interesting
with a value of O.175 fo
against φ ^ calculated for nonpenetration crosses the experimental 
curve (Moucharafieh et^ al 1979) for the same sample composition. 
The results from the two methods support an interpretation of larger 
mixing for the i n i t i a l additions of hydrocarbon molecules. 

At oil contents greater than that where the maximum value of Δ\κ 
occurs, the values show a linear decrease with increasing oil content. 
We interpret this as the result of a fast exchange, on the H NMR 
time-scale, between n-hexadecane molecules located at the end of the 
amphiphile molecules and hence, partially mixed with the surfactant 
and those located in the center of the oil layer and undergoing 
essentially isotropic motion ( Δ ν ^ Ο ) . The extrapolation of the 
curves to Δ ν^Ο supports this interpretation since a l l pass through 
the oil content axis at a weight fraction of 53-55% coinciding with 
the maximum value of oil that may be solubilized observed from the 
phase diagram. An interpretation of this oil content dependence of 
Δ ν . , therefore, for solubilized hexadecane implies that up to an 
oil/soap mole ratio of approx. 1:2 the oil chains mix to some extent 
with the surfactant chains; additional oil goes into the center of 
the bilayer essentially in the form of an isotropic liquid layer 
containing up to a maximum 1 mole oil per mole of C-j2E4* T n e P r e~ 
liminary results obtained from the c

1o E4^ ClQ D22^ H2^ Î a m e l l a r phase 
supports this conclusion. The solubilized aecane shows a complex 
2H NMR spectrum (Fig. lb) which may be simulated using 5 overlapping 
powder spectra, with the central component remaining unresolved 
(Δν < 100Hz) at a l l oil contents studied. The order profile (Fig.5) 
is similar to that observed for hexadecane and shows that the 
terminal methyl segments are not mixed with the soap chains having 
almost isotropic behavior. A comparison of the Δν . for the central 
values segment for different alkanes is given in Table I. 
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Figure 4. Order p r o f i l e f or s o l u b i l i z e d n-C^^O^^ in terms of 
quadrupole s p l i t t i n g s determined from the c e n t r a l chain segment 
(#1) to the terminal methyl segments (#8) at a concentration of 
10% oil. 
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Figure 5. Order p r o f i l e for s o l u b i l i z e d n-C 1 0 D22 in terms of 
quadrupole s p l i t t i n g s determined from the c e n t r a l chain segment 
(#1) to the terminal methyl segments (#5). Key: weight f r a c t i o n 
of oil/soap 9.6% (o), 35% ( . ) . 
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Table I. Comparison of Avi for the central values segment for 
different alkanes 

O i l Δν ± (Hz) 
C ^ 2730 
7,7 f-C 1 3H 2 6D 2 2250 
C 1 0D 3 4 1350 
(for 10:90 oil:soap) 

An increase in split t i n g with decreased chain length is found 
consistent with the greater a b i l i t y of the smaller chains to mix 
with the soap chains which consequent more ordering. 

Conclusion 
An interpretation of ̂ H NMR data from solubilized alkanes in aqueous 
lamellar phases of a nonioni  surfactant is found consistent with 
the presence of a layer
This supports a similar
X-ray data (1). The presence of such an oil layer w i l l have conse
quences, as yet not understood, on the osmotic pressures within the 
bilayer and the interlayer interactions responsible for the st a b i l i t y 
of the lamellar phase. 

It should be observed that the temperature s t a b i l i t y of this 
liquid crystalline phase with liquid oil layers of large dimensions 
does not show a " c r i t i c a l 1 1 behavior. Increased temperature leads to 
a reduced thickness of the layers in an orderly fashion (8). 
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Use of Videomicroscopy in Diffusion Studies 
of Oil-Water-Surfactant Systems 

KIRK H. RANEY, WILLIAM J. BENTON, and CLARENCE A. MILLER 

Department of Chemical Engineering, Rice University, Houston, TX 77251 

Aqueous solutions containing anionic surfactants 
and alcohol cosurfactants were contacted with various 
oils. A microscope which utilized a vertical sample 
orientation and a
record the resultin
result, an improved and detailed viewing of 
intermediate phase growth, interface motion, and 
spontaneous emulsification was achieved. 

The theory of diffusion paths, extended to allow 
for diffusion in a two-phase dispersion, was used to 
solve the diffusion equations for a model, pseudo-
ternary system. Predicted diffusion paths were 
generally consistent with the experiments in regard to 
the number and type of intermediate phases formed and 
the occurrence of spontaneous emulsification. Also, 
except in cases of convection or highly nonuniform 
growth of liquid crystal myelins, interface positions 
varied with the square root of time, as predicted by 
theory. 

When a surfactant-water or surfactant-brine mixture is carefully 
contacted with oil in the absence of flow, bulk diffusion and, in 
some cases, adsorption-desorption or phase transformation kinetics 
dictate the way in which the equilibrium state is approached and 
the time required to reach it. Nonequilibrium behavior in such 
systems is of interest in connection with certain enhanced oil 
recovery processes where surfactant-brine mixtures are injected 
into underground formations to diplace globules of oil trapped in 
the porous rock structure. Indications exist that recovery 
efficiency can be affected by the extent of equilibration between 
phases and by the type of nonequilibrium phenomena which occur 

In detergency also, the rate and manner of oily soil removal 
by solubilization and "complexing" or "emulsification" mechanisms 
are controlled by diffusion and phase transformation kinetics (2-

In both applications, it is important to know whether 
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Intermediate phases form at the boundary between the phases 
i n i t i a l l y contacted and, i f so, their manner and rate of growth. 
Whether or not spontaneous emulsification occurs is also of 
interest. We describe here an experimental technique which 
provides such information by allowing microscopic observation of 
the region of contact between phases in thin, rectangular, optical 
capillary cells. 

A novel feature of the technique is that the cells are 
maintained in a vertical orientation with the various interfaces 
horizontal during the entire experiment. This scheme represents a 
significant improvement over the previous method where the cells 
were vertical during the i n i t i a l contacting process but where 
rotation to the horizontal position was required for observation 
with a conventional microscope (4). Although much useful 
information was obtained from the earlier technique, the inevitable 
flow associated with oil overriding the aqueous phase after 
rotation obscured some features of intermediate phase development 
and precluded measuremen

As in the previou
alcohol-petroleum sulfonate mixtures brought into contact with 
oil. In these systems, which are the type used for enhanced oil 
recovery, the i n i t i a l mixtures are, depending on the salinity, 
either stable dispersions of lamellar liquid crystal and brine or a 
single liquid crystalline phase. The latter is formed at higher 
sal i n i t i e s than the former, in accordance with the general pattern 
of phase behavior in such systems described elsewhere (5). Indeed, 
one aspect of our work which differs from studies made by others of 
spontaneous emulsification in enhanced oil recovery processes (6-7) 
is emphasis on the need to understand the role of liquid crystals 
in the overall nonequilibrium process. Related studies of 
spontaneous emulsification in other systems are reviewed elsewhere 
(A). 

After describing the experimental technique in the next 
section, we report our observations of intermediate phase formation 
and spontaneous emulsification in three parts corresponding to 
three types of equilibrium phase behavior found when equal volumes 
of oil and the surf actant-alcohol-brine mixtures are 
equilibrated. The three types are well known (8-9) and, in order 
of increasing salinity, are a "lower" phase, oil-in-water 
microemulsion in equilibrium with excess oil, a "surfactant" or 
"middle" phase, probably of varying structure, in equilibrium with 
both excess oil and excess brine, and an "upper" phase, water-in-
oil microemulsion in equilibrium with excess brine. 

Finally, we present an interpretation of our observations in 
terms of diffusion paths. Basically, the diffusion equations are 
solved for the case of two semi-infinite phases brought into 
contact under conditions where there is no convection and no 
interfacial resistance to mass transfer. Other simplifying 
assumptions such as uniform density and diffusion coefficients in 
each phase are usually made to simplify the mathematics. The 
analysis shows that the set of compositions in the system is 
independent of time although the location of a particular 
composition is time-dependent. The composition set can be plotted 
on the equilibrium phase diagram, thus showing the existence of 
intermediate phases and, as explained below, providing a method for 
predicting the occurrence of spontaneous emulsification. 
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The diffusion path method has been used to interpret 
nonequilibrium phenomena in metallurgical and ceramic systems (10-
11) and to explain diffusion-related spontaneous emulsification in 
simple ternary f l u i d systems having no surfactants (12). It has 
recently been applied to surfactant systems such as those studied 
here including the necessary extension to incorporate i n i t i a l 
mixtures which are stable dispersions instead of single 
thermodynamic phases (13). The details of these calculations w i l l 
be reported elsewhere. Here we simply present a series of phase 
diagrams to show that the observed number and type of intermediate 
phases formed and the occurrence of spontaneous emulsification in 
these systems can be predicted by the use of diffusion paths. 

Materials and Methods 

Apparatus. As mentioned above, a microscope was designed and built 
that allows samples to remain in a vertical orientation, as shown 
in Figure 1. A schemati
shown in Figure 2. Basically
three functional sections. These include the devices for 
producing, f i l t e r i n g , and condensing the transmitted light, the 
microscope body which contains the magnifying optics, and the 
peripheral devices used to observe and record the contacting 
experiments. 

Light is produced by a 100-watt quartz-halogen bulb contained 
in a lamp housing (Nikon). The light intensity is controlled with 
a 12-volt regulating transformer. Attached to the front end of the 
lamp housing are two bars which serve as a sliding mount for 
f i l t e r s and a condenser. 

Light f i r s t passes through two f i l t e r s . A hot mirror reflects 
most of the heat contained in the light, and a diffusion f i l t e r 
gives the light f i e l d a uniform intensity. Next, the light passes 
through an i r i s diaphragm and condenser. These are used to 
concentrate light on the sample for maximum image resolution and 
contrast. Located between the diaphragm and condenser is a 
rotating polarizer. A two-way mechanical stage holds the sample in 
the transmitted light. 

The microscope body (Bausch and Lomb) has a four-objective 
revolving turret. F l a t - f i e l d objectives, ranging from 4x to 40x, 
are used which allow a l l sections of the visual f i e l d to be 
simultaneously focused. The trinocular body permits the image to 
be either viewed with lOx wide-field eyepieces or sent to a video 
camera system. Also, the microscope body contains an analyzing 
polarizer that can be activated for observation of birefringence in 
the sample. 

Attached to the microscope by a C-mount adapter is a video 
camera (RCA TC-1000L). A 9-inch video monitor (Panasonic) is used 
for real-time viewing of contacting experiments. Recording of 
certain phenomena for later observation is made with a reel-to-reel 
video recorder (SONY AV-3600). 

A l l equipment except the monitor and recorder are positioned 
on an instrument bench. Coarse-scale focusing is accomplished by 
adjusting the position of the microscope body. The instrument 
bench is located on a vibration-isolation table. 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



MACRO- AND MICROEMULSIONS 

Figure 1. Vertical sample configuration. 

1 - Regulating Transformer 
2- Lamp Housing 
3- Hot Mirror, Diffusion Filter 
4- Aperture Diaphragm, Condenser 
5- Mechanical Sample Stage 

6- 4-0bjective Nosepiece 
7- Trinocular Head 
8- Video Camera 
9- Monitor 

Figure 2. Schematic diagram of microscope assembly. 
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Procedure * Rectangular glass capillaries (Vitro-Dynamics) were 
used as sample cells in the contacting experiments. Their shape 
prevented optical distortion due to curved surfaces. The 
capillaries were 50 mm in length and 2 mm in width. Various 
thicknesses are available, but 200-micron pathwidth capillaries 
were found to be best suited for overall observation of 
interfaces. These were also thick enough to allow discrimination 
of weak birefringence in the samples. 

I n i t i a l l y , a sample c e l l was h a l f - f i l l e d with surfactant 
solution by capillary action. Next, the c e l l was sealed at the 
bottom and attached to a microscope slide with fast-setting 
epoxy. If movement of interfaces was to be measured, a reference 
mark was placed next to the capillary near the meniscus. 

With the capillary maintained in a vertical orientation, the 
slide was taped to the mechanical stage of the microscope 
assembly. The sample was positioned in the viewing f i e l d , the 
light intensity adjusted, and the image focused. To minimize 
mixing of the phases, a
of the capillary wit
observation even during the i n i t i a l contacting period. Finally, 
the top of the capillary was sealed to prevent evaporation of the 
liquid within. 

Measurements of interface positions were made directly from 
the video monitor. To allow for interface irregularities which 
were sometimes observed, readings were made at equally spaced 
intervals along the interface and averaged. 

Properties of Systems Studied. Contacting experiments at ambient 
conditions (23±4°C) were performed with two commercial petroleum 
sulfonate systems. The preparation procedure for the aqueous 
solutions is described elsewhere (5). 

PDM-337/TAA. In this system, aqueous solutions, prepared from 
d ionized and t r i p l e - d i s t i l l e d water, contained 9.0% by volume of a 
63/37 weight-ratio mixture of PDM-337 surfactant (Exxon) and 
reagent grade tert-amyl alcohol (TAA). The surfactant is 84% 
active and is primarily the monoethano lamine salt of dodecyl 
orthoxylene sulfonic acid. Samples were prepared in the salinity 
range of O.4 to 2.6 gm NaCl/dl surfactant solution. The NaCl was 
reagent grade. 

Diffusion studies were made using an Isopar M/Heavy Aromatic 
Naptha (IM/HAN) 9:1 oil mixture (Exxon). Isopar M and HAN are 
refined paraffinie and aromatic o i l s , respectively. Figure 3 shows 
equilibrium salinity scans measured in the laboratory for equal-
volume mixtures of the surfactant solution and oil. Since room 
temperature varied somewhat, the effect of temperature on phase 
behavior was determined. As Figure 3 shows, there is a small 
temperature effect, especially at the lower s a l i n i t i e s . However, 
it is not large enough to have influenced the basic results of the 
contacting experiments. Optimum salinity, where equal volumes of 
oil and brine are contained in the middle phase, is approximately 
1.4 gm/dl. 

The structure of the oil-free aqueous surfactant solutions is 
shown at the bottom of the diagram. S is a dispersion of lamellar 
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liquid crystalline spherulites in brine, L is a homogeneous 
lamellar liquid crystalline phase, and S+L is a transition region 
between them where liquid crystal gradually becomes the continuous 
phase. Optimum salinity is located near the center of the S+L 
range, where no gross phase separation occurs. 

TRS 10-410/IBA. Solutions containing 5.0% by weight TRS 10-410 
surfactant (Witco) and 3.0% reagent grade isobutyl alcohol (IBA) 
were used in the salinity range of O.7 to 2.3 gm/dl. The 
surfactant is a 61.5% - active mixture of petroleum sulfonates with 
an equivalent weight of 424. 

Contacting experiments were performed with reagent grade n-
dodecane (C12) and n-undecane (Cll) (Humphrey). An experimentally 
determined phase volume scan with n-dodecane at 23°C is shown in 
Figure 4. The middle phase is smaller in volume, but three-phase 
equilibria occur over a wider salinity range than in the PDM 
system. Optimum salinity is approximately 1.7 gm/dl. At this 
salinity, the aqueous solutio
crystal. Note that a
solution separates into two phases, the liquid crystal L and an 
isotropic phase C which scatters light and exhibits streaming 
birefringence. This phase is discussed further elsewhere (5). 

Based on literature correlations ( 14), an estimate of the 
phase volume scan with n-undecane is also plotted. The decrease in 
hydrocarbon chain length moves the optimum to approximately 1.5 
gm/dl salinity, which, like the PDM system, is near the center of 
the S+L regime. Also, the volume of the middle phase is predicted 
to increase, while the three-phase salinity range is predicted to 
shrink slightly. 

Results 

Low-Salinity Diffusion Phenomena. A study was made of the 
diffusion phenomena in the salinity range below the three-phase 
regime (see Figures 3 and 4). Both systems exhibited the same 
basic behavior, shown in Figure 5, during the contacting 
experiments. I n i t i a l l y , the aqueous surfactant "solution" was a 
dispersion of spherulitic liquid crystalline particles in an 
isotropic aqueous solution. Immediately after the oil was 
contacted with this dispersion, an isotropic phase began to develop 
near the surface of contact. The phase grew in both directions but 
most rapidly toward the aqueous end. Figure 6 is a photograph 
showing the intermediate phase for the PDM system with O.6 gm 
NaCl/dl solution. The drops in the oil phase at the top of the 
figure resulted from i n i t i a l mixing rather than from diffusion. 

The boundary between the intermediate phase and liquid crystal 
dispersion was not actually an interface but rather a moving front 
where liquid crystal dissolved. This structure was evident because 
the boundary was quite often irregular, especially in the period 
immediately after contacting of the phases. However, it tended to 
flatten out as time proceeded. An interesting phenomenon which 
occurred in a l l experiments was increased birefringence near the 
dissolving front. This phenomenon resulted from a buildup of 
liquid crystalline material, which is shown schematically in Figure 
5. The buildup is also evident in Figure 6. 
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Figure 4. Salinity scans for the TRS 10-410/n-undecane ( C l l 
and the TRS 10-410/n-dodecane (C12) systems at 23°C. 
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Figure 5. Diagram of low-salinity diffusion phenomena. 

Figure 6. O.6 gm/dl-salinity PDM system 1 hour after contact 
(Bar equals O.1 mm). 
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Positions of the phase boundaries were measured at increasing 
time intervals for up to ten days. The positions of dispersion 
boundaries for the PDM system are shown in Figure 7 as functions of 
t ' where t is the elapsed time of the experiment. Similar 
results were obtained for other PDM samples and for the TRS 
samples. The data were f i t with straight lines using least-squares 
analysis, the extrapolated position at t - 0 being used as a 
reference. (Experimental determination of an i n i t i a l position was 
complicated by curvature at the pre-injection air-aqueous solution 
meniscus and by small amounts of unavoidable mixing during the 
injection of oil.) The best-fit slopes and correlation 
coefficients r for both boundaries are given in Table I. 

Diffusion path theory, predicts a linear relationship between 
interface positions and t ' when there is no convection. Based on 
the correlation coefficients in Table I, this relationship appears 
to hold for the systems at these conditions. The low coefficients 
for the upper interfaces resulted from the measurement uncertainty 
(± O.05 mm) being the sam
of the interfaces, whic
in Figure 7. Division of the best-fit slopes by 2t ' gives an 
estimate of the interface velocities at any elapsed time t. 

The identity of the intermediate phase formed at these 
conditions can be deduced from the relative movement of the 
interfaces. Because the phase grew quickly in the direction of the 
aqueous surfactant solution, it contained predominantly brine. 
Although small in quantity, some oil did diffuse into it. From 
this information and from i t s isotropic appearance, one can 
conclude that the intermediate phase was an oil-in-water 
microemulsion. Additional support for this conclusion is that this 
type of microemulsion is an equilibrium phase at low s a l i n i t i e s . 

Intermediate-Salinity Diffusion Phenomena. From the low-salinity 
end of the three-phase region to approximately halfway to optimum 
salinity, the systems exhibited behavior like that seen at low 
salinities (Figure 5). As is evident from Table II, good linear 
relationships exist between interfacial position and t ' , 
indicating negligible convection in both of the systems. Most runs 
showed some deviation from linearity at small elapsed times (t < 9 
hrs.). This deviation resulted from the formation of a thin layer 
of a second intermediate phase, presumably brine, below the 
microemulsion phase. The brine disappeared after a few hours, 
indicating that it formed as a result of some slight mixing during 
oil injection rather than by diffusion. 

The increased relative velocities of the microemulsion-oil 
interfaces at these conditions (as evidenced in Table II) indicate 
that the microemulsion contained a significant amount of oil. As a 
result, the microemulsion was probably a middle phase. This 
conclusion is supported by the formation of the brine phase, which 
exists in equilibrium with this type of microemulsion at these 
conditions. 

As salinity was increased toward optimum, the formation of a 
permanent brine layer between the liquid crystal dispersion and 
microemulsion occurred. For the PDM system, the layer was stable 
except for some penetration by small projections of surface liquid 
crystal. No noticeable buildup of liquid crystal occurred at the 
dispersion boundary. 
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Figure 7. Dispersion boundary p o s i t i o n s f o r the PDM system at 
low s a l i n i t i e s . 
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Figure 8 shows the microemulsion interface positions for the 
PDM system in this regime. Convection is not indicated. The 
dispersion front boundaries were very irregular in shape, and, 
therefore, those positions are not plotted. However, estimates of 
the relative dispersion front velocity in each experiment are given 
in the f i r s t two entries of Table III. As is evident from the 
small difference between these values and those for the brine 
interface, the brine layer grew very slowly at these s a l i n i t i e s . 

In contrast, the brine phase tended to form large pockets in 
the TRS system, causing extensive movement of the liquid crystal to 
the brine-microemulsion interface. This behavior is schematically 
illustrated in Figure 9. Not surprisingly, interface movements 
were inconsistent with diffusion path analysis. Figure 10 shows 
such a plot for the TRS/C12 system at 1.5 gm/dl sal i n i t y . The 
nonlinearity results from convection, which speeds up 
equilibration. Experimentally, the inconsistency with diffusion 
path theory was evident from the time-dependent appearance of the 
upper microemulsion interface
compositions. 

Another type of interfacial instability occurred in both 
systems whenever liquid crystal penetrated the brine to contact the 
brine-microemulsion interface. At high magnification (40x), rapid 
convection of liquid crystal particles to the interface was 
observed at volcano-like i n s t a b i l i t i e s (Figure 11). Reported 
earlier for the same systems (4), this type of instability forms 
convection currents in the surrounding brine phase. After times 
ranging from a few seconds to a few hours, the i n s t a b i l i t i e s 
"choke-off." The mechanism by which this small-scale convection is 
initiated, maintained, and terminated is as yet unknown. 

An interesting phenomenon occurred at optimum salinity in the 
TRS/C12 system. The intermediate microemulsion phase formed 
i n i t i a l l y as discrete drops along the interface between brine and 
oil. Figures 12(a)-(c) show the coalescence which occurred among 
the drops as time elapsed. Although i n i t i a l l y ascribed to 
interface motion resulting from the positioning of the sample c e l l 
in a horizontal configuration (4), this phenomenon apparently 
results from the middle-phase type of microemulsion being a 
nonwetting phase. As such, it cannot form a uniform layer u n t i l a 
sufficient amount of it is present. In this experiment, a complete 
layer did not form u n t i l approximately ten minutes after i n i t i a l 
contact. Also apparent in Figures 12(a)-(c) are examples of the 
previously described volcano-like i n s t a b i l i t i e s which appear as 
liquid crystal cones under each microemulsion drop. 

As salinity was increased past optimum, large-scale convection 
continued to occur in the TRS system. Because brine formed rapidly 
at these s a l i n i t i e s , the brine pockets grew quickly. The end 
result was rapid equilibration (a few days) of the samples. 

The dynamic behavior of the PDM system in the salinity range 
between optimum salinity and the upper-phase microemulsion region 
was similar to that below optimum in that intermediate brine and 
microemulsion phases formed. Figure 13 shows these phases for the 
1.5 gm/dl-salinity PDM system. The middle-phase type of 
microemulsion, being high in oil content at these s a l i n i t i e s , grew 
more rapidly in the direction of the oil phase than it did at low 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



206 MACRO- AND MICROEMULSIONS 

Figure 8. Brine-microemulsion i n t e r f a c e p o s i t i o n s (bottom) and 
microemulsion-oil i n t e r f a c e p o s i t i o n s (top) for the PDM system 
at s a l i n i t i e s below optimum. 

middle phase 
microemuls ion 

Figure 9. Diagram of i n t e r m e d i a t e - s a l i n i t y d i f f u s i o n phenomer 
in the TRS system. 
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Figure 11. Volcano-like i n s t a b i l i t i e s in the 1.7 g m / d l - s a l i n i t y 
TRS/C12 system 30 minutes a f t e r contact (Bar equals O.05mm). 
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Figure 12. Formation of the microemulsion phase as d i s c r e t e 
drops in the 1.7 g m / d l - s a l i n i t y TRS/C12 system; views (a), (b), 
and (c) i l l u s t r a t e coalescence of drops with increasing time 
during the f i r s t f i v e minutes a f t e r contact (Bars equal O.2 mm) 
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Figure 13. 1.5 g m / d l - s a l i n i t y PDM system 18.5 hours a f t e r contact 
(Bar equals O.1 mm). 
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s a l i n i t i e s . The slopes of the microemulsion interface positions as 
functions of t ' are given in the last entries of Table III. 

The i n i t i a l aqueous structure of the PDM solutions at these 
sal i n i t i e s was predominantly lamellar liquid crystal. Swelling of 
the liquid crystal with brine during the contacting experiments 
produced nonequilibrium tubular structures called myelinic 
figures. This process is shown schematically in Figure 14. When 
the brine phase was sufficiently thick, the myelins would reach 
lengths of up to O.5 mm. In fact, a single myelinic figure would 
occasionally penetrate the brine to contact the microemulsion 
phase. Formation of large myelins was not observed in the TRS 
system because convection allowed insufficient time for brine 
penetration into the liquid crystal. 

At approximately optimum salinity, spontaneous emulsification 
of brine drops in the oil phase began in both systems. This 
phenomenon resulted from local supersaturation of the oil phase, as 
explained in the discussion section below. The amount of 
emulsification tended t
result, the cloud of emulsio
between the microemulsion and oil, making interface position 
measurements d i f f i c u l t . These observations of spontaneous 
emulsification confirm the results of the earlier contacting 
experiments performed in the horizontal configuration (4). 

High-Salinity Diffusion Phenomena. Just as at intermediate 
s a l i n i t i e s , the TRS system exhibited extensive convection at high 
s a l i n i t i e s . The rate of phase equilibration was extremely rapid. 
Typically, the interfaces in this system moved further in a few 
hours than those in the PDM system moved in two weeks. 

The transition from the three-phase to two-phase region in the 
PDM system was marked by a sudden increase of spontaneous 
emulsification in the oil phase. Because formation of an 
intermediate microemulsion ceased at this point, the emulsion drops 
remained near the brine interface rather than rapidly moving away 
to form a single-phase region above the brine. An example of this 
behavior is shown in Figure 15 for the 2.1 gm/dl-salinity PDM 
system. 

As indicated by Figure 16, which shows the positions of the 
brine-oil interface for two PDM experiments as functions of t , 
the oil phase grew in volume with time. This solubilization of 
brine into the oil contrasts with the behavior at lower sal i n i t i e s 
where the oil phase was consumed by the microemulsion. Based on 
equilibrium phase behavior, one can conclude that conversion of oil 
to a water-in-oil microemulsion was occurring above the brine 
interface. Also, as shown in Table IV, the position of the 
interface between brine and this oil-continuous phase varied as the 
square root of time, indicating no extensive convection in these 
samples. 

The evolution of the liquid crystalline phase in the PDM 
system at high salinities is depicted in Figure 17. I n i t i a l l y at 
t , the liquid crystal was entirely lamellar in structure. Some 
of the previously described volcano-like i n s t a b i l i t i e s occurred for 
a short period (t,) after i n i t i a l contacting while the brine phase 
was s t i l l thin. Eventually, long and thin myelinic figures formed 
which slowly began folding over and merging together (t2~t^). 
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Figure 14. Diagram of i n t e r m e d i a t e - s a l i n i t y d i f f u s i o n phenomena 
in the PDM system. 

Figure 15. 2.1 g m / d l - s a l i n i t y PDM system 45 minutes a f t e r contact 
(Bar equals O.05 mm). 
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Figure 17. Diagram of h i g h - s a l i n i t y d i f f u s i o n phenomena in the 
PDM system. 
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Round nodules of a nonbiréfringent phase then formed at the tips of 
the projections. Finally, the nodules grew together to form a 
uniform layer of the new phase at t^. 

This slowly-forming phase is believed to have been a C phase, 
the isotropic phase with streaming birefringence mentioned earlier 
as existing at high salinities in oil-free solutions (Figures 3 and 
4). This conclusion is partially based on the phase's 
nonbirefringent appearance. Also, formation of a C phase has been 
observed when small amounts of oil (less than 5%) are equilibrated 
with high-salinity samples of the same PDM solutions used in these 
experiments (15). Presumably, enough oil diffused into the liquid 
crystal for formation of the C phase to occur. 

The times required for i n i t i a l formation of the C phase are 
given in the last column of Table IV. A trend is evident showing 
faster formation at higher s a l i n i t i e s . This trend correlates with 
experimental observations which show that less oil is needed to 
form a C phase as salinity is increased (15). 

An extended experimen
salinity PDM system to
velocities of the formation of myelinic figures and the C phase. 
With reference to Figure 18, the formation of a uniform layer of C 
phase at t ' = 12 hr ' (6 days) corresponds to a decrease in 
relative velocity of the brine-microemulsion interface. The layer 
of C phase grew uniformly after i t s i n i t i a l formation. In Figure 
18, a l l positions are plotted relative to the same reference 
position. The offset of the liquid crystal interface at t • 0 
indicates brine formation due to i n i t i a l mixing. 

The aqueous solution at the highest salinity studied was 
entirely C in structure. No myelinic figures formed during the 
contacting experiment. The interface between C and brine remained 
smooth throughout. From Table IV, one can see that the interface 
motion was very much slower than that for lamellar aqueous 
structures. No contacting experiments were performed with 
solutions that were i n i t i a l l y C+L because of problems with phase 
separation. 

Discussion 

Theoretical diffusion path studies were made with a model system 
for comparison to the experimentally observed phenomena. A 
pseudoternary representation was chosen for modeling the phase 
behavior, and brine and oil were chosen as the independent 
diffusing species. For simplicity and because their exact 
positions and shapes were not known, phase boundaries in the liquid 
crystal region were represented as straight lines. Actually, 
studies indicate a rather complex transition from liquid crystal to 
microemulsions as system oil content is increased, especially near 
optimum salinity (15-16). A modified Hand scheme was used to model 
the equilibria of binodal lobes (14,17). Other assumptions are 
described in detail elsewhere (13). 

At low s a l i n i t i e s , the pseudoternary phase behavior is like 
that shown in Figure 19. Tie lines indicate a preferential 
solubility of the surfactant-alcohol mixture in brine. Also, the 
i n i t i a l aqueous structure at composition D is a dilute dispersion 
of liquid crystal in an isotropic aqueous solution. The calculated 
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Figure 19. Low-salinity paths showing the e f f e c t of varying the 
d i f f u s i o n constant r a t i o in the microemulsion; path 1 represents 
D ( b r i n e ) / D ( o i l ) = 5.0; path 2 represents D ( b r i n e ) / D ( o i l ) = 1.O. 
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diffusion paths shown in Figure 19 indicate formation of an 
intermediate microemulsion phase and of a moving dispersion front 
where liquid crystal dissolves. This predicted sequence of phases 
as well as the calculated relative velocities of the two boundaries 
agree with the experimental observations mentioned previously. 

The formation of a dispersion front can be described in terms 
of the diffusion path. As oil diffuses into the liquid crystal 
dispersion, the continuous phase gradually increases in oil content 
from an i n i t i a l composition which would ordinarily be called a 
micellar solution to compositions which would be called 
microemulsions. Therefore, no true interface forms at the 
dispersion front where dissolution of liquid crystal occurs, 
although there is a rapid change in liquid crystal content over a 
short distance. 

The ratio of the relative diffusion constants of brine and oil 
in the microemulsion phase was found to be very important. Figure 
19 shows the effect of varying this ratio. When oil diffusion is 
less than that of brine
microemulsion, the fractio
front increases over that in the bulk dispersion. This situation 
corresponds to diffusion path 1 in Figure 19. Essentially, brine 
diffuses out of the dispersion faster than oil can diffuse in, 
causing a decrease in overall brine concentration at the interface 
and hence the formation of additional liquid crystal, the phase 
having the lower brine content. As mentioned previously, this 
buildup of liquid crystal was observed experimentally. 

In the three-phase regime of equilibrium phase behavior, the 
diffusion path studies were based on a dimensionless parameter S 
which indicates the position of the system within the regime. 
Thus, S = 0 corresponds to the salinity where the three-phase 
region f i r s t appears via a c r i t i c a l t ie line (14), and S = 1 
corresponds to the salinity where it disappears into another 
c r i t i c a l tie line. The optimum salinity occurs at S « O.5. 

At very small values of S, the three-phase triangle is small, 
and the same type of path as at low salinities is predicted. 
However, calculations show that as the triangle grows rapidly with 
increasing S, such a path no longer satisfies the governing 
equations. From this point un t i l S reaches a value of about O.2, 
it appears that the diffusion path has the form shown in Figure 
20. Note that it passes through the three-phase triangle, 
indicating that an interface forms with a middle-phase 
microemulsion on one side and a dispersion of liquid crystal in a 
water-continuous phase on the other. Such a three-phase region has 
been observed in this range of concentrations for the PDM/IM/HAN 
system (15). This type of multiphase interface, which is different 
from the dispersion front found at low s a l i n i t i e s , is occasionally 
seen in metallic and ceramic systems (11) and could presumably form 
in liquid systems as well. 

At approximately S = O.2 (this value is somewhat dependent on 
other phase behavior parameters), passage of the calculated 
diffusion path through the brine phase becomes possible. This 
change corresponds closely to the point at which brine began 
forming by diffusion in the contacting experiments and, as a 
result, indicates that formation of two intermediate phases is 
preferred over the formation of a single microemulsion phase. A 
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sample of this type of diffusion path is shown in Figure 21 for S = 
O.5 (optimum s a l i n i t y ) . In this diagram, the size of the brine 
phase is exaggerated for descriptive purposes. Passage of the 
diffusion path through the brine corner allows only limited 
diffusion in the liquid crystal dispersion. As a result, no 
significant buildup of liquid crystal is predicted to occur, 
matching experimental observations. 

An explanation of why convection occurred when brine formed in 
the TRS system can be given by interface stability analysis ( 18). 
During the experiments, slight tipping of the sample cells 
indicated that the intermediate brine phases were more dense than 
the mixtures of liquid crystal and brine below them. This adverse 
density difference caused a gravitational instability for which the 
smallest unstable wavelength λ is given by ^ 

λ * 2 π [ ( v \ c ) g ] 
Here, γ is the interfacia
of the intermediate brin
gravitational constant. This analysis assumes that the liquid 
crystal forms a continuous phase, which was probably the case for 
most samples in the salinity range of interest. Assuming a low 
interfacial tension of O.01 dyne/cm between the brine and liquid 
crystal-rich mixture and a density difference of O.1 gm/cm , one 
obtains λ = O.063 cm. Since this value is the same order of 
magnitude as the sample width in the experiments (O.2 cm), the 
possibility of this type of instability occurring is confirmed. 
Generally, only one brine pocket formed in the TRS samples, as 
shown in Figure 9, indicating that the smallest unstable wavelength 
was comparable to the width of the capillary. 

In the PDM experiments, no disturbances in the form of brine 
pockets occurred. Perhaps the smallest unstable wavelength was 
sufficiently long to prevent their formation. Another possibility 
is that the high viscosity of the aqueous PDM solutions (over 100 
cp (19)) drastically slowed the growth of any disturbances that did 
form, preventing their detection during the contacting experiments. 

The i n i t i a t i o n of spontaneous emulsification in the oil phase 
was observed experimentally at optimum salinity. This phenomenon 
can be explained in terms of Figure 22, which is an expanded view 
of the oil corner of the ternary diagram. As salinity is increased 
past optimum, the surfactant concentration in the excess oil phase 
increases, causing the oil-phase triangle vertex to l i f t off the 
base. A corner of the brine-oil two-phase region under the 
triangle is then exposed to crossing by the diffusion path. 
Increasing salinity exposes more of the two-phase region, and an 
increase in spontaneous emulsification is predicted. The extent of 
penetration of the diffusion path into the two-phase region is also 
affected by the diffusion constants in the oil phase, which 
determine the shape of the diffusion path, and by the slope of the 
brine-oil phase boundary. This type of spontaneous emuIsification 
differs from that normally seen in liquid systems in that the 
emulsified brine drops are separated from the bulk brine phase. 

The transition that occurs in diffusion paths near the high-
salinity end of the three-phase regime is not as complex as that at 
the low-salinity end. As the triangle shrinks, passage through the 
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Figure 20. Proposed d i f f u s i o n path for the l o w - s a l i n i t y range 
the three-phase regime. 

S/A 

Figure 21. Calculated diffusion path at optimum salinity. 
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middle-phase microemulsion continues u n t i l a path under the 
triangle is possible. Figure 23 is an example of this type of 
diffusion path calculated for conditions of high salinity, when the 
three-phase region has disappeared. For i n i t i a l compositions D and 
0, two interfaces are predicted to form: one between liquid crystal 
and brine and another between brine and a water-in-oil 
microemulsion. In contrast to the lower salinity regimes, the oil 
phase is predicted to grow under these conditions. Also, 
spontaneous emulsification is indicated where the microemulsion 
segment of the diffusion path crosses the large two-phase region. 
This form of spontaneous emulsification is similar to that studied 
previously for toluene-water-solute systems (12). 

The morphology of liquid crystal phase transformations was an 
important aspect of the diffusion phenomena observed at high 
s a l i n i t i e s . The liquid crystal-brine interface was found not to be 
fl a t and horizontal as assumed in diffusion path theory. Instead, 
myelinic figures of liquid crystal developed, forming a two-phase 
region of f i n i t e thicknes
uniform layer of the isotropi
region. Since the changes in the liquid crystal phase were 
inconsistent with diffusion path theory, the formation of the C 
phase could not be predicted. However, theory did predict movement 
of the various interfaces away from the oil phase with velocities 
in approximately the correct ratio. 

Conclusions 

A comparison between experimental and theoretical results shows 
that diffusion path analysis can qualitatively predict what is 
observed when an anionic surfactant solution contacts oil. 
Experimentally, one or two intermediate phases formed at a l l 
s a l i n i t i e s . The growth of these phases was easily observed through 
the use of a vertical-orientation microscope. Except when 
convection occurred due to an intermediate phase being denser than 
the phase below it, interface positions varied as the square root 
of time. As a result, diffusion path theory could generally be 
used to correctly predict the direction of movement and relative 
speeds of the interfaces. 

Calculated diffusion paths also successfully predicted the 
occurrence of spontaneous emulsification in the systems. Near 
optimum salinity where this phenomenon f i r s t appeared, brine drops 
spontaneously emulsified in the oil but were isolated from the bulk 
brine phase by a microemulsion. At high s a l i n i t i e s , a more common 
type of spontaneous emuIsification was seen with brine emulsifying 
in the oil directly above a brine layer. 

Although the contacting experiments were performed with 
surfactant systems typical of those used in enhanced oil recovery, 
application of the results to detergency processes may be 
possible. For example, the growth of oil-rich intermediate phases 
is sometimes a means for removing oily soils from fabrics. 
Diffusion path theory predicts that oil is consumed fastest in the 
oil-soluble end of the three-phase regime where an oil-rich 
intermediate microemulsion phase forms. 
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SALINITY 

Figure 2 2 . Expanded view of the oil corner showing the onset 
spontaneous e m u l s i f i c a t i o n at optimum s a l i n i t y . 

S/A 

Figure 23. Calculated diffusion path at high s a l i n i t y . 
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15 
Effects of Polymers, Electrolytes, and pH 
on Microemulsion Phase Behavior 
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Polymer addition induces phase separation in 
liquid-crystalline solutions of the type injected 
underground durin
restriction effect
menon. Added polymer also causes phase separation in 
an otherwise single-phase oil-in-water microemulsion. 
Brine is transferred from the microemulsion to the 
polymer phase as salinity is increased. A thermo
dynamic treatment is presented which predicts the 
partitioning of water between the microemulsion and 
polymer phases. The sensitivity of microemulsion 
phase behavior to salinity and pH is reported 
using a mixture of synthetic sulfonate and carboxylic 
acid. Under appropriate conditions, the effect of 
salinity on phase behavior can be counterbalanced by 
pH. Adding electrolyte makes the surfactant hydropho
bic while increasing pH can make it hydrophilic due to 
ionization. Various phase transitions are observed 
depending on pH and salinity. Middle phase micro-
emulsions can exist over a wide range of salinity. 
Increasing temperature shifts the middle phase region 
to higher salinities. 

Surfactant-polymer flooding involves successive injections into 
the reservoir of an aqueous surfactant-cosurfactant solution and a 
dilute aqueous solution of a high molecular weight polymer. The 
primary purpose of the surfactant slug is to reduce the interfacial 

1 Current address: Chemical Engineering Department, Case Western Reserve University, Cleveland, 
OH 44106 

2 Current address: Rice University, Houston, TX 77251 
3 Current address: California Polytechnic State University, San Luis Obispo, CA 93407 

0097-6156/85/0272-0223$08.25/0 
© 1985 American Chemical Society 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



224 MACRO- AND MICROEMULSIONS 

tension between oil and brine. Polymer is added to increase trie 
viscosity of the drive water and thereby preserve the stability of 
various f l u i d banks in the reservoir. Surfactant-polymer incom
p a t i b i l i t y and sensitivity of interfacial tensions to salinity are 
two major problems associated with the surfactant-polymer technique 
of enhanced oil recovery (EOR). 

The efficiency and economics of oil recovery can be adversely 
affected by interactions between surfactant aggregates and polymer. 
Such interactions occur because of mixing at the boundary between 
surfactant and buffer solutions, and because residual surfactant 
adsorbed on the rock surface may later desorb into polymer solution. 
Mixing of polymer and surfactant may also occur throughout the sur
factant bank because of the "polymer inaccessible pore volume" 
effect (1). Large polymer molecules are excluded from the smaller 
pores in the reservoir rock, and travel faster than the surfactant. 
Thus, polymer molecules enter into the surfactant slug. 

The significance of phase separation or incompatibility in 
polymer-aggregate system
more than one colloid ar
cultural products such as inks, paints and milk f a l l under that 
category. Many biological units such as blood cells and rlbosomes 
can be treated as aggregates which interact with other colloidal and 
non-colloidal components of the living system. Therefore, the study 
of polymer-aggregate incompatibility is important both industrially 
and physiologically. 

Phase behavior studies of oil-brine-surfactant systems have 
shown that the ultralow interfacial tension (less than O.01 dyne/cm) 
necessary for EOR is very sensitive to salinity changes (2,3). Such 
low tensions are obtained only within a small range of salinity near 
the point of "optimum salinity" where equal amounts of oil and brine 
are solubilized. The tolerance of ultralow tensions to divalent 
ions is s t i l l less. 

The term "microemulsion" w i l l be used as defined by Healy and 
Reed (2): "a stable translucent micellar solution of oil, water that 
may contain electrolytes, and one or more amphiphilic compounds 
(surfactants, alcohols, etc.)". Microemulsions have been classified 
as lower phase (A), upper phase (u), or middle phase (m) in 
equilibrium with excess oil, excess water, or both excess oil and 
water respectively. On increasing salinity, phase transitions take 
place in the direction of lower middle upper phase micro-
emulsions. 

The effects of pH on microemulsions have been investigated by 
Qutubuddin et a l . (4,5) who have reported a model pH-dependent 
microemulsion using oleic acid and 2-pentanol. It has been shown 
that the effect of salinity on phase behavior can be counterbalanced 
by pH adjustment under appropriate conditions. Added electrolyte 
makes the surfactant system hydrophobic while an increase in pH can 
make it hydrophilic by ionizing more surfactant. Based on the phase 
behavior of pH-dependent systems, a novel concept of counter
balancing salinity effects with pH is being proposed. The proposed 
scheme for reducing the sensitivity of ultralow interfacial tension 
(IFT) to salinity is to add some carboxylate or similar surfactant 
to a sulfonate system, and adjust the pH. The pK and the con
centration of the added surfactant are variables that may be 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



15. QUTUBUDDIN ET AL. Microemulsion Phase Behavior 225 

selected according to the f i e l d conditions for efficient recovery of 
additional oil. 

The goals of this work have been to determine the effect of 
polymers on the phase behavior of aqueous surfactant solutions, 
prior to and after equilibration with oil, to understand the mecha
nism of the so-called "surfactant-polymer interactions" (SPI) in 
EOR, to develop a simple model which w i l l predict the salient 
features of the phase behavior in polymer-microemulsion systems, and 
to test the concept of using sulfonate-carboxylate mixed 
microemulsions for increased salt tolerance. 

Previous Work on Surfactant-Polymer Interactions 

The earliest investigations of SPI in EOR were done by Trushenski 
and coworkers 0>6). They reported that high mobility and phase 
separation can occur due to SPI. Szabo (7) studied several 
surfactant-polymer systems  and found that mixtures of sulfonates 
and polymer solutions separate
groups investigated aqueou
interaction was not clearly defined. 

The effect of polymers on microemulsions phase behavior has 
been reported by Hesselink and Faber (8). They have described the 
surfactant-polymer phase separation in terms of the incompatibility 
of two different polymers in a single solvent, considering the 
microemulsion as a pseudo-polymer system. The effect of polymers on 
the phase behavior of micellar fluids has been recently studied by 
Pope et a l . (9) and others (10,11). 

The volume restriction effect as discussed in this paper was 
proposed several years ago by Asakura and Oosawa (12,13). Their 
theory accounted for the instability observed in mixtures of 
colloidal particles and free polymer molecules. Such mixed systems 
have been investigated experimentally for decades (14-16). However, 
the work of Asakura and Oosawa did not receive much attention u n t i l 
recently (17,18). A few years ago, Vrij (19) treated the volume 
restriction effect independently, and also observed phase separation 
in a microemulsion with added polymer. Recently, DeHek and Vrij 
(20) have reported phase separation in non-aqueous systems con
taining hydrophilic s i l i c a particles and polymer molecules. The 
results have been treated quite well in terms of a "hard-sphere-
cavity" model. Sperry (21) has also used a hard-sphere approxima
tion in a quantitative model for the volume restriction flocculation 
of latex by water-soluble polymers. 

Materials and Methods 

Materials. Two different classes of polymers have been used: a 
biopolymer known as Xanthan gum, and a partially hydrolyzed 
polyacrylamide. These represent the main categories of water-
soluble polymers now being used in EOR. The golymers, have very high 
molecular weights, usually in the range of 10 to 10 . Xanthan gum 
was obtained from two different sources: Abbott (Xanthan Broth, 
2.91% polymer) and Pfizer (Flocon Biopolymer 1035, 2.77% polymer). 
The partially hydrolyzed polyacrylamide used was Dow Pusher 500 
(Dow). 
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The synthetic sulfonate used as surfactant was TRS 10-410 (60% 
active) obtained from Witco. It has an average molecular weight of 
420. The cosurfactant used with it is a short-chain alcohol, isobu-
t y l alcohol (IBA). The carboxylic acids used with TRS 10-410 for 
mixed surfactant microemulsions were octanoic or decanoic acid of 
at least 99% purity obtained from Sigma. Reagent grade sodium 
hydroxide (J.Τ Baker) was used to adjust the pH in the mixed surfac
tant system. The electrolyte used was reagent grade sodium 
chloride. Reagent grade n-decane and n-hexadecane (Humphrey) were 
used as the hydrocarbons. Water was t r i p l e - d i s t i l l e d , once in a 
metal container, then in glass, and f i n a l l y from a potassium per
manganate solution in glass. 

Solution Preparation and Equilibration. Solutions were mixed in 
Teflon-capped glass tubes. Stock solutions were prepared in 
glassware cleaned with chromic acid and thoroughly rinsed in double-
d i s t i l l e d water. For studies of the effects of polymer  aqueous 
solutions were made wit
made of (i) surfactant an
otherwise indicated), ( i i ) aqueous polymer, and ( i i i ) NaCl in 
d i s t i l l e d water. These were blended to give the desired surfactant, 
alcohol, polymer, and salt concentrations. The polymers were made 
at high concentrations by stirring slowly in water with a magnetic 
bar for a long time. This has been recommended for hydrolyzed 
polyacrylamides to avoid shear degradation (22). The stock polymer 
solution was passed through a glass f r i t t e d f i l t e r and then a 
Millipore f i l t e r . The aqueous syterns were gently heated to 60°C., 
agitated, f i r s t with a vortex mixer and then by ultrasonication, 
and f i n a l l y allowed to equilibrate at a constant temperature in an 
environmental room. The procedure for solution preparation was 
similar for the mixed surfactant system, except that some sodium 
hydroxide was also added. 

The aqueous solutions were contacted with an equal volume of 
the hydrocarbon. The mixtures were gently heated to 60°C and 
thoroughly agitated using a vortex mixer. The mixing was repeated 
after 24 hours, and the samples allowed to equilibrate at constant 
temperature in an environmental room. The phase behavior was 
observed using the Polarized Light Screen described below. 
Equilibrium was assumed to have been achieved when the volumes and 
the appearance of the different phases did not show any sign of 
change with time as observed under polarized light. The equilibra
tion time ranged from a few weeks for polymer-free systems to 
several months for systems containing polymer. 

Polarized Light Screen (PLS). The PLS technique (23,24) was used 
extensively to obtain immediate information about the macroscopic 
phase behavior of solutions. Diffuse light is transmitted through a 
polarizer and an analyzer. The sample is placed between the two 
polarizers, and system behavior is observed as shown in Figure 1. 
The PLS technique makes isotropy, birefringence, and scattering easy 
to identify, and shows interfacial phenomena (such as c r i t i c a l l y 
diffuse regions) at a constant temperature. 
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Figure 1. A schematic cross-section of the PLS system. 
Reproduced with permission from Ref. 29, Figure 1. Copyright 
1983, American Chemical Society. 
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Microscopy* Selected samples were prepared in sealed rectangular 
optical capillaries (25) and viewed by polarized and Hoffman 
Modulation Contrast optics. The magnification used was 100-X. 

Results and Discussion 

Phase Behavior of Aqueous Surfactant Solutions. The aqueous solu-
tions contained 5 gm/dl TRS 10-410 as surfactant, and 3 gm/dl isobu-
t y l alcohol as cosurfactant, unless otherwise indicated. The 
polymer concentration was varied from zero to 1500 ppm. The aqueous 
phase behavior in the absence of polymer is shown in Figure 2. The 
salinity is varied from O.8 to 2.2 gm/dl NaCl in increments of O.2 
gm/dl. The phase behavior at lower sali n i t i e s w i l l be discussed 
later. The general trend is similar to the changes in textures 
reported for other commercial and model sulfonate solutions (26,27). 

A dispersion of spherulitic liquid crystalline particles in 
brine exists between O.8 gm/dl NaCl (Figure 2(a), f i r s t sample on 
the left) and 1.2 gm/dl
gm/dl NaCl, the amount o
birefringence increase, and the texture observed using PLS is inter
mediate between those of the spherulite (S) and lamellar (L) struc
tures. The aqueous solution is a homogeneous lamellar phase 
between 1.6 and 1.8 gm/dl NaCl. The surfactant molecules form 
bilayers with their polar heads toward the brine. Figure 3(a) shows 
the lamellar structure as observed by polarized microscopy at 1.6 
gm/dl salt and without any polymer. The bands represent "oily 
streaks" in a planar background. 

At 2.0 gm/dl NaCl the solution separates into two phases: the 
upper is lamellar, while the lower is an isotropic phase which scat
ters light and exhibits "streaming" or "flow" birefringence when 
gently agitated. The latter phase has been designated as the "C" 
phase (28,29). Two phases exist at 2.2 gm/dl NaCl or higher 
salinity: a "C" phase (top) in equilibrium with a clear brine phase 
(bottom). There is a narrow one-phase region of the "C" phase bet
ween the two-phase regions. When no salt is present and at very low 
sal i n i t i e s [less than O.5 gm/dl NaCl] the aqueous solutions are 
isotropic. A precipitate is formed at O.5 gm/dl NaCl (Figure 4). 

Figures 2(b) and 2(c) show the effect of Xanthan gum (Abbott) 
on the phase behavior when the polymer concentrations are 750 ppm 
and 1500 ppm, respectively, and salinity is varied from O.8 to 2.2 
gm/dl NaCl. The textures are significantly different from those of 
the polymer-free system shown in Figure 2(a). Different phases and 
structures observed with the PLS are indicated in Table 1. It may 
be pointed out that the structures in the different phases were not 
investigated in detail in this study. 

The primary effect of adding polymer to the aqueous solution is 
that phase separation occurs in the salinity range of O.8 to 2.0 
gm/dl where a liquid crystalline phase exists in the polymer-free 
system. Phase separation does not occur immediately and may be very 
slow depending on the composition. Thus, a rather long time is 
required by the polymer-containing systems to come to equilibrium. 
The results of this study were obtained after more than twelve 
months of equilibration. Preliminary observations were reported 
earlier (30). 
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Figure 2. Aqueous phase behavior in polarized light of TRS 
10-410/IBA systems with a) no polymer, b) 750 ppm Xanthan, and 
c) 1500 ppm Xanthan. The composition is 5 gm/dl IBA with s a l i 
nity varied between O.8 and 2.2 gm/dl NaCl at O.2% intervals. 
T=22°C. 
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Figure 3. a) Lamellar structure f o r the TRS 10-410/IBA system 
as observed under p o l a r i z e d microscope with no polymer, b) Aqueous 
phase structure for the TRS 10-410/IBA system as observed one day 
a f t e r 750 ppm Xanthan was added. 

Figure 3. Continued on next page 
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Figure 3. c) Aqueous phase structure f o r the TRS 10-410/IBA 
system as observed one week a f t e r 750 ppm Xanthan was added. 
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The dynamics of polymer-induced phase separation have been 
observed with polarized microscopy. Figures 3(b) and 3(c) show the 
textures when 750 ppm Xanthan gum was added to the system of 3(a). 
Figure 3(b) was observed one day after addition of polymer, and 
Figure 3(c) a week later. As expected, the polymer phase repre
sented by the darker region has separated out to a greater extent 
after a week. 

Table I shows that at least one of the phases is biréfringent 
between O.8 and 2.0 gm/dl NaCl. Three phases exist for certain com
positions with a lamellar phase at the top, a streaming biréfringent 
phase in the middle and an isotropic phase at the bottom. Such is 
the case when the salinity is 1.4 or 1.8 gm/dl and the polymer con
centration is 750 ppm Xanthan (Figure 2(b)). With or without 
polymer, two phases are present at 2.2 gm/dl NaCl. The added 
polymer appears to remain mostly in the lower phase and consequently 
increases the viscosity. When no salt is present, the aqueous solu
tions containing polymer are isotropic phases up to a polymer con
centration of 1000 ppm.
higher concentrations o

The effect of two different polymers on the phase behavior at 
low salinities is shown in Figure 4. No polymer is present in Set Β 
(blank) while Sets D and X contain Dow Pusher 500 and Xanthan 
(Pfizer) polymers, respectively. The solutions are simple isotropic 
phases at O.1 and O.3 gm/dl NaCl whether or not any polymer is pre
sent. 

The above results of phase behavior as summarized in Table I 
suggest that the observed macroscopic phase separation is directly 
related to the structure of the surfactant solution. There is no 
phase separation when the solutions are isotropic. But the added 
polymer induces phase separation only when a single liquid 
crystalline phase or a stable dispersion of liquid crystal particles 
in brine is present in the absence of polymer. The effect is the 
same for two different types of polymer and is independent of the 
polymer concentration over a fai r range of composition. 

Further evidence to support the above hypothesis on the role of 
structure in phase separation of aqueous solutions is provided by 
the effect of additional alcohol. The amount of alcohol was 
increased from 3.0 to 5.0 gm/dl, the surfactant concentration kept 
constant, and the salinity varied. The addition of alcohol extended 
the range of salinity where the aqueous solutions are isotropic to 
O.8 gm/dl NaCl. According to the above hypothesis, no phase separa
tion should take place on addition of polymer to the isotropic solu
tions existing up to O.8 gm/dl NaCl. Indeed, no phase separation 
was observed when as much as 1500 ppm Xanthan was added at such com
positions. Thus, the addition of alcohol increases the c r i t i c a l 
electrolyte concentration for phase separation, an effect seen also 
by others (9). 

It is speculated that the effect of temperature on the c r i t i c a l 
electrolyte concentration is similarly related to the effect of tem
perature on the structure of aqueous solutions. An increase in tem
perature has been shown to extend the range of micellar solutions to 
a higher salinity in anionic surfactant systems (31). Hence, 
polymer-aggregate incompatibility would be less when the temperature 
is increased. However, addition of alcohol or change in temperature 
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Table I. Phase behavior of polymer/surfactant-cosurfactant aqueous 
solutions as observed in polarized light 

NaCl cone. Polymer cone ., ppm 
1500 (gm/dl) 0 250 500 750 1000 1500 

0 I I I I I SB 

O.1 I* - - I* - -
O.3 I* - - I* - -
O.5 i/ppt* - - 1/ppt* - -
O.8 S I/B I/B I/SB I/B I/B 

1.0 S I/B B/I I/B B/I B/I 
1.2 S B/I B/I B/I B/I B/I 

1.4 S+L S+L/B 
1.6 L L/B 
1.8 L L/B L/B L/SB/I L/SB/I L/B 

2.0 L/C L/B L/B/I L/SB L/SB/I C/P 

2.2 C/BR C/P C/P C/P C/P C/P 

Legend: Β, , non-lamellar biréfringent ; BR, brine; C., "C" phase 
described in text; ; I, isotropic; L, lamellar; P, polymer -rich 
brine; S, spherulite; S+L, spherulite plus lamellar; SB, streaming 
biréfringent. 
"Experiments done with two polymers, Xanthan (Pfizer and Dow 
Pusher 500) 

Figure 4. Aqueous phase behavior in polarized light of three 
different systems at low salinity. B: blank (no polymer), D: 
Dow Pusher (750 pppm), and X: Xanthan gum (750 ppm). The s a l i 
nities in each set are O.1, O.3 and O.5 gm/dl NaCl from left to 
right. T=22°C. 
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at constant salinity may shift the system away from optimum phase 
behavior in terms of ultralow interfacial tensions on equilibration 
with oil. 

Phase Behavior on Equilibration with O i l . Microemulsions are formed 
when the aqueous surfactant-cosurfactant solutions are mixed with 
oil, and allowed to equilibrate. Figure 5(a) shows the phase beha
vior when 5 ml aqueous surfactant solutions (without any polymer) 
were equilibrated with equal volumes of n-dodecane. The salinity 
was varied from O.8 to 2.2 gm/dl NaCl in O.2 gm/dl increments. At 
low salinities a lower phase microemulsion exists in equilibrium 
with excess oil. The middle phase microemulsion appears at about 
1.05 gm/dl NaCl and is in equilibrium with both excess oil and 
excess brine. At 2.2 gm/dl and higher salt concentrations the 
system becomes an upper phase microemulsion. Ultracentrifuge 
studies (27,31) have shown that the lower phase microemulsion is 
water-continuous while the upper phase is oil-continuous. 

The effect of 750 pp
behavior is shown in Figur
similar except that the extent of the three-phase region is widened. 
Thus at both O.8 and 1.0 gm/dl salt concentrations there exists a 
polymer-containing brine phase in equilibrium with the 
microemulsion phase. When no polymer is present, the microemulsion 
phase is in equilibirum with only excess oil. The volumes of the 
polymer phases are small and the interface between the polymer phase 
and microemulsion is d i f f i c u l t to detect in Figure 5(b). However, 
phase separation is clearly visible in Figure 5(c), which i l l u s t r a 
tes the oil-equilibrated phase behavior at a higher polymer con
centration of 1500 ppm. 

Figure 6 shows the volume fraction of the different phases in 
equilibrium as a function of salinity for systems containing no 
polymer and 750 ppm Xanthan. Similarly, Figure 7 shows the volume 
fraction for systems containing no polymer and 1500 ppm Xanthan. It 
is clear that the salient effect of the polymer is in the low s a l i 
nity range where a highly viscous polymer phase separates out at the 
bottom. The volume of the polymer phase at a given salinity has been 
found to decrease with decreasing polymer concentration. But phase 
separation has been observed at low salinities even with as low as 
100 ppm Xanthan (Abbott). 

The effect of changing the chain length of the hydrocarbon on 
polymer-aggregate incompatibility is shown in Figure 8. On 
increasing the carbon chain length from twelve to sixteen, the opti
mum salinity in the polymer-free system changes slightly to maintain 
the "hydrophilic-lipophilic" balance. The round-bottom samples in 
Figure 8 contain no polymer, but the hydrocarbon is now n-hexa-
decane. Lower phase microemulsions exist at O.4 and 1.0 gm/dl NaCl. 
The phase transition points are shifted to higher sali n i t i e s because 
of greater hydrophobicity of the oil. Thus, middle phases occur at 
1.6 as well as 2.2 gm/dl salt . It may be recalled that with n-
dodecane the microemulsion is upper phase at 2.2 gm/dl salt. The 
effect of polymer addition is shown on the right-hand side of Figure 
8 (flat-bottom tubes). The basic phase behavior is similar. But, 
as before, there is phase separation at low salt concentrations 
which corresponds to the lower phase region in the polymer-free 
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Figure 5. Oil-equilibrated phase behavior in polarized light 
of 5 gm/dl TRS 10-410, 3 gm/dl IBA/n-dodecane systems with a) no 
polymer, b) 750 ppm Xanthan, and c) 1500 ppm Xanthan. The s a l i 
nity is varied from O.8 to 2.2 gm/dl NaCl with O.2 gm/dl incre
ments. T=22°C. 
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Figure 6. Volume fraction versus salinity plot for 5 gm/dl 
TRS 10-410, 3 gm/dl IBA/n-dodecane systems with 750 ppm Xanthan 
(solid line) and no polymer (dotted lin e ) . T=22°C. 
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Figure 7. Volume fraction versus salinity plot for 5 gm/dl 
TRS 10-410, 3 gm/dl IBA/n-dodecane systems with 1500 ppm Xanthan 
(solid line) and no polymer (dotted l i n e ) . T=22°C. 
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system. Therefore, phase separation due to polymer-aggregate incom
pa t i b i l i t y is a general phenomena, and the mechanism is independent 
of the carbon-chain length of the oil. 

Qualitative Explanation for Polymer-Aggregate Incompatibility. The 
major reason for phase separation in aqueous systems, as well as in 
lower phase microemulsions, is postulated to be the volume restric 
tion effect. Polymer molecules lose configurâtional entropy when 
they are forced into narrow spaces between particle surfaces. The 
polymers used in EOR have very high molecular weight, so the size of 
the macroraolecule is very large. Estimates from literature values 
of the viscosity of partially hydrolyzed polyacrylamides indicate 
that the pojLymer size exceeds a micron for molecular weights on the 
order of 10 . For the Xanthan gum polymer, laser light-scattering 
results are consistent with the molecular model of a ri g i d rod 
having a length of about a micron (32,33). 

The results from aqueous solution phase behavior studies show 
that phase separation take
liquid crystalline. A schemati
Figure 9. For the lamellar structure of the systems investigated, 
the bilayer thickness is about 10 to 30 °A while the thickness of 
the brine layer does not exceed 100 to 200 °A. Hence, the size of 
the polymer molecule is too large to be accommodated into the brine 
spacing in lamellar structure. 

Using the mathematical formalism for Brownian motion of par
ticles within a bounded region, Casassa (34-36) has evaluated the 
partitioning of random-flight and rigid-rod polymer chains between a 
dilute macroscopic solution phase and liquid within cavities of di f 
ferent shapes. The conformational freedom of a polymer is decreased 
in a cavity due to the volume restriction effect. Figure 10 (36) 
illustrates the slab model with unbroken rod for simplicity. For 
the case of a slab the value of the distribution coefficient (K) 
decreases exponentially with the ratio A/a where I is the length of 
the rigid rod and a is the slab width. The value of Κ is O.1 for 
A/a of about 10 as shown in Figure 11 (36). 

An analogy may be drawn between the above slab model and the 
lamellar structure shown in Figure 9. For the polymer molecules 
studied, the ratio A/a is very large, on the order of 100, and, 
hence, the distribution coefficient as given by the slab model is 
very small, approaching zero. Similar results are found for 
flexible chains (36). This explains in a simple manner why the 
polymer molecules partition out of the lamellar liquid crystalline 
phases and form a separate phase. When there is a dispersion of 
liquid crystals, e.g. in the spherulitic region, the polymer molecu
les are again larger than the spacing between the particles. Hence, 
coexistence would be entropically unfavorable. 

A similar argument based on volume restriction also explains 
why the macromolecules do not enter the microemulsion phase and 
separate out into an excess phase. The size of the macromolecule is 
about an order of magnitude larger than the oil droplets in o/w 
microemulsion, and the spacing between the droplets is small. There 
would be a considerable loss of entropy i f the macromolecules were 
forced between the droplets. The drop size and spacing are, how
ever, dependent on parameters like salinity, alcohol concentration, 
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Figure 8. Microemulsion phase behavior in polarized light of 
5 gm/dl TRS 10-410, 3 gm/dl IBA/n-hexadecane systems with and 
without 750 ppm Xanthan (Pfizer). Flat bottom tubes with 
polymer and round bottom tubes without polymer. Salinities are 
O.4, 1.0, 1.6 and 2.2 gm/dl NaCl from l e f t to right. T=22°C. 

Figure 9. A schematic of a lamellar phase. 
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Figure 10. Unbroken rod inside a slab-shaped cavity. Left: 
K2a; Right: l>2a [36]. Reproduced with permission from Ref. 
36, Figure 1. Copyright 1972, John Wiley & Sons, Inc. 

Figure 11. Distribution coefficient Κ for the slab model. 
Rigid rod (solid line) and once-broken rod (dotted li n e ) . 
Reproduced with permission from Ref. 36, Figure 2, Copyright 
1972, John Wiley & Sons, Inc. 
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and temperature. Hence, the observed phase separation depends on 
such parameters. 

Thermodynamic Model for Phase Equilibrium between Polymer Solution 
and 0/W Microemulsions. Figures 6 and 7 show that when phase 
separation f i r s t occurs, most of the water is in the microemulsion. 
With an increase in salinity, however, much of the water shifts to 
the polymer solution. Thus, a concentrated polymer solution becomes 
dilute on increasing sali n i t y . The objective of this model is to 
determine the partitioning of water between the microemulsion and 
the polymer-containing excess brine solution which are in 
equilibrium. For the sake of simplicity, it is assumed that there 
is no polymer in the microemulsion phase, and also no microemulsion 
drops in the polymer solution. The model is illustrated in Figure 
12. The model also assumes that the value of the interaction para
meter (χ) or the volume of the polymer does not change with s a l i 
nity. 

The partitioning o
of the chemical potential
phases existing in equilibrium. The two chemical potentials may be 
obtained as follows: 

(a) In the polymer solution the simple Flory-Huggins theory 
can be applied. The chemical potential is given by: 

£ - £ ( T » P ) + R T U n Yw + *w + * φ 2 } ( 1 ) 

where 

Jin γ - Jin {ΐ-Φ0(1-1/ηι)} + Φ9(1-1/πι) (2) w 1 2 I 

with m the number of segments per polymer molecule; u° (T,P) the 
chemical potential of pure water; μ° the chemical potential of 
water in polymer phase; Φ 2 the volume fraction of polymer («1); χ 
the Flory-Huggin interaction parameter; Φ^ the volume fraction of 
water; and 

X - m Φ /{ΐ+(αι-1)Φ } (3) w w 1 w 
Since m approaches i n f i n i t y in the case of very high molecular 

weights, the value of X approaches 1, and the term RT An X^ may be 
neglected. Thus, Equation 1 reduces to: 

\P = u° (T,P) + RT {Αη(1-Φ2) + Φ 2 + χΦ^} W 

(b) In microemulsion systems, the theory presented by Miller 
et a l . (37,38) can be applied. Let G denote the free energy of 
microemulsions. Then, 

G = G (Τ,Ρ,η ,nd,nd,N) (5) m m w s ο 
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where the subscripts ο, s and w represent oil, surfactant and water 
respectively, and the superscript d denotes values for drops. The 
parameter η is the number of moles, so that η is, for example, the 
total amount of surfactant in a l l the drops. Ν denotes the total 
number of drops. 

The chemical potential in the microemulsion phase is equal to: 

u m = (6G /δη ) r p d d „ (6) w x m w Τ,Ρ,η ,n ,N ' * s* o* 
The total free energy has three contributions as shown below: 

G = Ngd + η μ° + G d (7) m ww m 
where g d is the free energy of an individual drop, and G d is the 
free energy associated with dispersion and includes entropy of drops 
and interaction among drops

•C- £<T'P> + <<'VT.P.nd.»d." <8> 
d Now G may be evaluated as follows: m 

G d - (U - TS) (N v d + Ν ν ) (9) m w w 
In Equation 9, S denotes the configurâtional entropy, U the poten
t i a l energy per unit volume, and ν the volume per drop. The f i r s t 
term, (U-TS) is the free energy per unit volume, F, while the second 
term is the total volume of microemulsion. 

For small volume fractions the configurational entropy can be 
obtained using the procedure of Ruckenstein and Chi (39). It is 
based on dividing the solution into close-packed spherical cells of 
diameter D equal to 2a (O.75/φ) where a is the drop radius and 
φ is the volume fraction. The drops are separated by a distance of 
h equal to (D - 2a^). The entropy S is given by: 

S = 3kφ/4πa^ {An {(4ïïa3)/(3vQ) } + 3An[ {O.74/φ} 1 / 3-1] } (10) 

where ν is the volume of a solvent molecule. 
Foîlowing Miller et a l . (34), the potential energy is given by: 

U = 1/2 X 12 Χ (3φ / 4*a^) X u(D-2aQ) (11) 

The potential energy function, u(h), where h is the distance of 
separation, consists of London-van der Waals attractive forces, 
u and double-layer repulsion forces, u , as given below: vw e l 

u w - - Α/12{ΐ/(ζ2+2ζ)+1/(ζ2+2ζ+1)+2)ίη[(ζ2+2ζ)/(ζ2+2ζ+1)]1 (12) 

where A is the Hamaker constant, and ζ s h/2aQ; and 
u . - 8 ea (kT/ze) 2 tanh2(ze<|> /4kT) exp(-Kh) (13) 
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where κ x is the double-layer thickness dependent on the salinity, 
ψ the surface potential of the drop, ζ the valence of the ions, ε 
tfie dielectric constant of the solution, and e the charge per 
electron. 

Therefore, for a given volume fraction of drops, φ, one can 
compute F, the free energy per unit volume of the microemulsion: 

F U ) - ϋ(φ) - T S U ) (14) 

A plot of F as a function of φ can then be constructed. The con
ditions for which phase separation occurs, i.e. when the second 
derivative of F is negative for some range of φ, can be determined 
along with the composition of the phases in equilibrium. 

The above treatment, however, requires knowledge of the Hamaker 
constant, and a, the area per surfactant ion. To obtain these quan
t i t i e s the experimental data of the polymer-free microemulsion 
system containing 5 gm/dl TRS 10-410 and 3 gm/dl IBA have been u t i 
lized. From the solubilizatio
at different salinitie
dotted line in Figure 13. The radius of the droplets has been 
reported as a function of salinity by Mukherjee (26). For the s a l i 
nity range of interest, the radius a in °A is empirically related 
as follows: ° 

a = 2083 M - 187.5 (15) ο 
where M is the salinity in moles/liter. Using the methgd of Hwan et 
a l . (37), the area per ion was calculated to be 62.4 °A per ion. 

Phase separation for the Witco system takes place at about 
O.19M salinity corresponding to a volume fraction of O.17. Using 
this^information, the Hamaker constant A was estimated to be 2.3 χ 
10 ergs. Knowing A, it is possible to predict the phase separa
tion curve which is shown by the solid line in Figure 13. Point M 
corresponds to a c r i t i c a l point. 

The above values of A, a and a were used in calculating the 
partitioning of water between microemulsion and polymer solution. 
Using Equation 9, G can be computed. Also, (μ m - μ °) can be 
evaluated according ¥o Equation 8 at a given salinity for different 
values of Z, the fraction of total water in the microemulsion phase. 
Similarly, ( MW

P - μ °) can be computed as a function of Z. Equating 
the two chemical potentials, the value of Ζ at a given salinity was 
found. 

The results are shown in Figure 14 for χ equal to zero (no 
enthalpic interaction) and an arbitrary value of O.3. Comparison 
with the experimental curve shows that the agreement is better when 
interaction is considered. The simple model is able to predict the 
sharp decrease in the amount of water in the microemulsion phase as 
salinity is increased. 

The shift of brine from microemulsion to the polymer solution 
is the primary effect observed experimentally. Qualitatively, with 
increasing salinity the el e c t r i c a l repulsion between microemulsion 
drops decreases and the drop size increases. A concentrated phase 
is favored, and the brine is driven out of the microemulsion into 
the polymer solution. Considering the many simplifying assumptions 
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H- OÏL 
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ο (Miller et al) 
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(Flory-Huggins) 

Figure 12. A schematic of the model 0/W microemulsion in 
equilibrium with an excess oil phase and a polymer phase. 

ô H 1 1 1 1 ι 
O.15 O.17 O.19 O.21 O.23 O.25 

SALINITY (mole/liter) 

Figure 13. Volume fraction versus salinity: Calculated phase 
boundary (solid line) and experimental data for total volume 
fraction of drops (dashed li n e ) . 
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in the model, the agreement between theoretical and experimental 
curves is satisfactory. It may be possible to improve the agreement 
by removing some of the assumptions in the model. Also, one may use 
a hard-sphere approximation to compute the free energy of disper
sion. But the overall behavior predicted would roughly be the same. 

Mixed Carboxylate-Sulfonate Systems* Decanoic and octanoic acids 
were selected as carboxylic acids in view of their intermediate 
chain lengths. Some i n i t i a l experiments using a short-chain car
boxylic acid (isobutyric acid) were not very promising, apparently 
because only a fraction of the acid would partition to the drop sur
face. 

The molar ratio of cosurfactant to active sulfonate is 5.8 for 
5 gm/dl TRS 10-410 - 3 gm/dl IBA mixture. The molar ratio of deca
noic acid to active sulfonate was chosen to be 1.67. A sufficient 
amount of IBA was added to the aqueous solution to keep the molar 
ratio of IBA to total surfactant (carboxylate plus sulfonate) the 
same as in the carboxylate-fre
factant resulted in unfavorabl
phase, the fi n a l composition was 5 gm/dl TRS 10-410, 8 gm/dl IBA and 
2 gm/dl decanoic acid. The salinity was varied between O.8 and 8 
gm/dl NaCl for this surfactant composition. 

When the NaOH-free aqueous solutions were equilibrated with 
equal amounts of dodecane, the resulting systems contained two pha
ses, an upper phase microemulsion and an excess brine phase, at 
sali n i t i e s exceeding O.8 gm/dl NaCl. Three phases were observed at 
O.8 gm/dl NaCl, an excess-oil phase, a middle-phase microemulsion 
and an excess-brine phase. Small aliquots of concentrated NaOH were 
added to the other systems to observe the upper> middle lower 
phase transitions where possible. 

The effect of pH on phase behavior of microemulsions has been 
discussed in a different paper (4). In general, an increase in pH 
by addition of NaOH at constant salinity makes surfactant more 
hydrophilic by ionizing the carboxylic acid. Therefore, under 
appropriate conditions, the effect of salinity which is to make the 
surfactant hydrophobic, can be counterbalanced by an appropriate 
change in pH. The amount of NaOH, or equivalently, the pH needed 
for an upper phase microemulsion to shift to a middle phase 
increases with increasing salinity. Thus, the concentrations are 
O.03M and O.1M NaOH for 2 and 7 gm/dl NaCl, respectively. The 
upper + middle + lower phase transitions were observed with pH 
adjustment for sa l i n i t i e s less than 5 gm/dl NaCl. For higher s a l i 
n i t i e s , the microemulsion remained as a middle phase even with an 
excess of NaOH. A l l the surfactant molecules are ionized in such a 
situation, and the salinity is too high to be counterbalanced by pH 
adjustment only. 

The amount of cosurfactant necessary for optimum microemulsion 
formation can be reduced by changing the chain length of the car
boxylic acid to slightly lower values. Thus, middle phases were 
obtained with 5 gm/dl TRS 10-410, 5 gm/dl IBA and 1 gm/dl octanoic 
acid by adjusting the pH and salinity. Figure 15 illustrates the 
phase behavior at 1.5 gm/dl NaCl with varying concentrations of 
NaOH. The upper ->. middle ->. lower phase transitions were observed as 
expected. Middle phases were obtained, but not lower phases, for 
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experimental 
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SALINITY (mole/liter) 

Figure 14. Experimental and theoretical curves of the fraction 
of water in microemulsion versus salinity. Polymer con
centration is 750 ppm. T=22°C. 

ε ο 
ο > 

Molar Cone, of NaOH 
Figure 15. A plot of volume fraction versus NaOH added for 
microemulsions containing 5 gm/dl TRS 10-410, 1 gm/dl octanoic 
acid, 5 gm/dl IBA and 1.5 gm/dl NaCl. T=22°C. 
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s a l i n i t i e s of 3 and 6 gm/dl NaCl. The is illustrated in Figure 16 
for 6 gm/dl NaCl. The salin i t i e s are too high to be counterbalanced 
by changes in pH for the given surfactant composition. 

It is possible to extend the middle phase region by increasing 
the concentration of carboxylic acid, coupled with an increase in 
alcohol concentration. The phase behavior of a mixed microemulsion 
system containing 5 gm/dl TRS 10-410, 1.5 gm/dl octanoic acid and 8 
gm/dl IBA at 22°C is shown in Figure 17. Between 1.5 and 4 gm/dl 
NaCl, i f only NaOH concentration is varied then upper + middle > 
lower phase transitions occur, apparently due to an increase in the 
ionization of the surfactant. Extension of salinity and NaOH con
centrations in Figure 17 is expected to show upper middle *. lower 

middle, and other phase transitions as observed in the oleic acid 
system (4). 

The effectiveness of the proposed concept of u t i l i z i n g pH 
dependence to counterbalance salinity is best illustrated by citing 
a salt scan for the mixed surfactant system [5 gm/dl TRS 10-410  1.5 
gm/dl octanoic acid an
Middle phase microemulsion
(2 to 13 gm/dl NaCl^. IFT measurements show that the tensions are 
on the order of 10 dyne/cm near the optimum salinity. By com
parison, the TRS 10-410 system without any added carboxylic acid has 
a middle phaŝ e range of only 1.2 gm/dl NaCl and IFT values on the 
order of 10 dyne/cm near the optimum. Hence, the pH manipulation 
has extended the middle phase region by about an order of magnitude, 
and yet maintained reasonably low IFT values. It may be noted that 
the systems investigated were not optimized. It is possible that pH 
manipulation in systems using other surfactants and cosurfactants, 
and having optimum composition may lead to better tolerance of phase 
behavior and ultralow IFT to salinity changes. The implications of 
the results presented in this paper are great in terms of increasing 
the salt tolerance, and hence the efficiency of oil recovery by sur
factant or caustic flooding. 

The effect of temperature on the mixed surfactant system can be 
evaluated by comparing Figure 17 with Figure 18 which shows the 
phase behavior for the above system at 30°C. Upper > middle + lower 
* middle phase transitions are observed on increasing the molar con
centration of NaOH at a fixed salinity such as 5 gm/d NaCl. On 
increasing salinity, the lowermiddle * upper phase transitions are 
observed as usual. Figure 18 shows that at a constant NaOH con
centration, e.g. O.2M, the lower phase region extends to a higher 
salinity at 30°C as compared to 22°C. 

An increase in temperature also reduces the middle phase 
region. For example, at O.09M NaOH middle phase microemulsions are 
observed between 3.5 and 7.5 gm/dl NaCl. This salinity range of 4 
gm/dl is lower than the 11 gm/dl range observed at 22°C., but is 
s t i l l higher than the middle phase range of about 1 gm/dl observed 
at 22°C using only TRS 10-410 surfactant. An increase in tem
perature would also reduce the middle phase range in conventional 
sulfonate systems. 

Conclusions 

Polymer addition induces phase separation in liquid crystalline 
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Figure 16. A plot of volume fraction versus NaOH added for 
microemulsions containing 5 gm/dl IBA and 6.0 gm/dl NaCl. 
T>22°C. 
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Figure 17. Effect of NaCl and NaOH concentrations on 
microemulsions containing 5 gm/dl TRS 10-410, 1 gm/dl octanoic 
acid, and 5 gm/dl IBA. T=22°C. 
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Figure 18. Effect of NaCl and NaOH concentrations on 
microemulsions containing 5 gm/dl TRS 10-410, 1 gm/dl octanoic 
acid, and 5 gm/dl IBA. T=30°C. 
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aqueous solutions. No phase separation is observed when the aqueous 
phase is isotropic containing no liquid crystalline aggregates. The 
lower phase microemulsion are affected by the polymer which sepa
rates into a highly concentrated phase. The effects in both aqueous 
surfactant systems and microemulsion can be attributed to volume 
restriction arising from the large size of the macromolecules. 
Based on simplifying assumptions, a simple thermodynamic treatment 
can predict the partitioning of water between the microemulsion and 
the separated polymer solution. 

The phase behavior of microemulsions containing a mixture of 
synthetic sulfonate and a carboxylic acid has been investigated. At 
a constant sodium chloride concentration, one may observe upper > 
middle lower + middle phase transitions by increasing sodium 
hydroxide concentration. Increasing the temperature shifts the 
middle phase region to higher s a l i n i t i e s . Under appropriate con
ditions, middle phase microemulsions can be obtained over a wide 
range of salinity. The salinity range where middle phases exist can 
be extended by about a
microemulsions containin
t i c sulfonate. This is particularly relevant to enhanced oil reco
very. 
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16 
Influence of Temperature on the Structures of Inverse 
Nonionic Micelles and Microemulsions 

J. C. RAVEY and M. BUZIER 
Laboratoire de Physico-Chimie des Colloïdes, Université de Nancy I, Faculté des Sciences-1er 
cycle, B.P. No. 239, 54506 Vandoeuvre les Nancy, France 

Just above the P.I.T., the oil-rich phase diagram of 
the nonionic systems (C  EO  + decane + water) is 
constituted by tw
the structures have been proved to be very different. 
If the temperature is slightly raised, the intermedia
te two phase domain tends to disappear : then we get a 
single one phase area whose delineation (the maximum 
surfactant/water ratio) is also temperature dependent. 
The morphological determinations have been performed 
by the small angle neutron scattering. It has been 
found that the structures mainly depend on the overall 
composition of the sample (the geometrical cons
traints). They may or may not exist, according to the 
temperature, but we always get lamellas for lowest 
water contents which turn into water-in oil globules. 

One of the most typical characteristics of microemulsions and micel
les with nonionic surfactants is their high sensitivity towards the 
temperature : usually a ternary mixture with a given composition of 
oil, water and nonionic amphiphile remains monophasic and isotropic 
only for a narrow temperature range. This well known fact finds ex
pression in a great apparent changeability of the ternary phase dia
grams. A pioneering attempt of systematization of the evolution of 
these phase diagrams was proposed some years ago (1,2). Since then a 
few more detailed phase behavior investigations have been performed. 
But they remained purely descriptive (3-5). 

The phase diagrams reflect the mutual oil-water solubilization 
properties of the nonionic surfactants, which can be understood, and 
then also predicted, only i f the structures of the microemulsions (or 
the micellar aggregates) are known with some degree of certainty. Mo
reover the thermodynamical explanation of these properties in terms 
of the hydrophile-hydrophobe forces has to be founded on clear struc
tural evidence and this is far from being the case at the present 
time (6). 

Therefore most interesting would be the knowledge of the corre
lation between the phase diagrams and the structures according to the 
temperature but also in relation to the chemical nature of the oil 
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and or surfactant molecules : for a given composition does the struc
ture change with any change of the temperature ? And what comes from 
the difference in the stability of the molecular aggregates specific 
to two different compositions ? 

The present report makes our contribution to the solution of 
that problem, although it concerns only one particular nonionic sys
tem studied in a small but c r i t i c a l range of temperature. Here we are 
interested in the correlations (structure-phase behavior) of the te-
traethylene glycol dodecyl ether (Cj 2(EO)^), the oil being the decane 
and thus for temperatures just above the so-called Phase Inversion 
Temperature (P.I.T.), i.e. when the surfactant becomes preferentially 
soluble in the oil. Indeed, as far as i t s phase diagram is concerned, 
that system exhibits very attractive features between 18°C and 25°C : 
there is a progressive coalescence of two distinct one phase domains 
into only one realm. So we get series of "water in o i l 1 1 systems for 
which the structural determinations from small angle neutron scatte
ring measurements appear to be less d i f f i c u l t than for the "surfac
tant phase". 

Now let us emphasiz
drawn exclusively from the experimental results (i.e. the neutron 
scattering spectra), without making use of any theory on microemul
sions. In particular, at a given temperature and for a certain ove
r a l l composition, the structures must be determined independently of 
any hypothesis about the (oil) dilution. Quite the contrary, these 
structural results should be actually used to support the eventual 
validity of that theory or other, which can be proposed to explain 
the evolution of the phase diagrams. 

Materials and Methods 

Chemical and Phase Diagram. The nonionic surfactant was tetraethy-
lene glycol dodecylether C.2(EO)^. It was purchased from Nikko Che
micals (Japan). It was used without further purification (99 % ) , a l 
though it has been recognized that the solubilization properties of 
the pure surfactant may be somewhat influenced by the presence of 
small quantity of impurities. As a matter of fact, the presence of 
some traces of a polar contaminant only results in a slight tempera
ture shift of the whole phase diagram, whose exact delineation is a l l 
the more sensitive that the oil content is very large (more than 
95 % ) . At any rate, in the present work, we are not dealing with sam
ples whose decane concentration exceeds 93 %. Besides a l l the measure
ments have been performed on the same batch of surfactant. The corres
ponding phase diagram at 20°C may not be quite identical to the one 
published by Friberg, it w i l l not at a l l change the conclusions of 
the present paper, since here we are interested in the evolution of 
the system, and not in some absolute value of the free energy of the 
surfactant molecule. Anyway that "equivalence" temperature-contami
nant could be explained in terms of an equivalent (but slight) modi
fication of the packing constraints inside the micellar aggregates. 
Indeed, as it w i l l be shown below, the evolution of the phase diagram 
corresponds to the progressive introduction of some "disorder" into 
the amphiphile packing. 

Both water and oil were mixtures of isotopes. As a matter of 
fact, the "aqueous component" always contained 80 % D?0 and 20%H 20. 
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And as far as the oil was concerned, we used partially deuterated de
cane molecules of various grades of deuteration. The isotopic compo
sitions of such solvents was chosen so that the variation contrast 
method was the most il l u s t r a t i v e and powerful. On the other hand, we 
have noted that the exact delineation of the one phase domains was 
almost insensitive to any D/H substitution. Let us recall that the 
H 2 ^ D 2 ^ r a t*-° w a s kept constant throughout the present investiga
tions : we only made isotopic substitutions on the decane component. 
And since the phase diagrams is not noticeably modified, we can guess 
that the small change in Van der Waals forces must influence only 
slightly the structures of these micellar aggregates. This w i l l be 
confirmed by the results of the present report. 

The phase diagrams of the system decane-water-C1^(EO)^ are 
shown in figure 1 for six temperatures in the range * 17°- 25°C., and 
for oil concentration above 40 % w/w. Among the samples studied by 
neutron scattering only a few ones w i l l be considered here. They have 
overall compositions which are represented by points Al to A3. They 
concern samples with surfactant/oi
weight). Most of the result
points A2 and A3 : they correspond to the water/surfactant ratios of 
O.50 and 1.17, and occupy very peculiar position in the phase dia
gram. At low temperatures (17°C) two distinct one phase domains exist. 
At about 20°C., they coalesce in the region very rich in oil : the two 
"wings" of this new realm remain separated by a long "finger-like" 
two phase area, which progressively disappears when temperature in
creases to 25°C; correlatively the l e f t most limit moves toward the 
oil-surfactant basis. As a result, at low temperature (i.e. 20°C) on
ly A2 is in the two phase realm. At intermediate temperature (21°5-
23°C) each sample is a one isotropic phase system (although at 21°.5C, 
A2 and A3 belong to different "wings" of the domain). At higher tem
peratures samples like A3 undergo a demixing and form emulsions. It 
must be emphasized that in that temperature range, a lamellar liquid 
crystal always exists for the lower contents of oil (less than about 
35 % ) , as shown in figure 2 which represents a part of the phase 
diagram at 20°C. 

Neutron Scattering Method. The measurements were carried out at the 
Institute Laue Langevin in Grenoble (France), using the small angle 
scattering instruments Dll and D17. The sample-detector distances and 
the wavelengths (λ) were chosen so that the scattered intensities 
could be measured inside the (q) scattering vector range 0δ005 A~* to 
O.2 Â~l. In fact, the most useful q range was O.02 to O.2 A~* 
[q = (4 π/λ) sin (θ/2), θ means the scattering angle]. A presentation 
and a discussion of the method we use to analyze the experimental da
ta have been presented elsewhere (7,8). That method can be summarized 
as follows : we have to find the best theoretical spectra correspon
ding to "water in oil" micellar aggregates which could f i t the expe
rimental spectra in the whole range q . <q <O.15-O.2 A , for which 
the interparticle effects are scarcely appreciable. These f i t s ne
cessitate to calculate the intensities on the absolute scale, both 
theoretically and experimentally. Moreover for a given overall compo
sition, oil molecules of various deuteration grades are used. Then 
the goal is to obtain the good absolute level of the intensities 
scattered in this whole q range for each isotopic mixture of the 
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decane TCC) 

Figure 1. Part of the three phase diagrams of [Cj2(EO)^-decane-
water] for 6 temperatures. 

decane 

Figure 2. Part of the three-phase diagram of the CJ2(EO)^-decane-
water system. L 2 : isotropic inverse micelle phase; Ν : liquid 
crystal phase (lamellar phase). 
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decane component. A discussion of the limitations of that method due 
to the interparticle effects, the H/D substitution, the polydispersi-
ty, the determination of the type of particles ( o i l in water, water 
in oil or bicontinuous) can be found elsewhere (7,8) 

Now, the theoretical spectra have to be calculated according to 
various models, after physically relevant values have been ascribed 
to the various morphological parameters. Several particle shapes have 
been considered; the most pertinent ones in the present study are : 

- The discoid, with or without a water core (figure 3a), 
- The lamella, which is a plane bilayer made of two separate 

surfactant layers. A water film may also be intercalated. 
- The "closed" lamella : it is a lamella surrounded by a cy l i n 

drical shell made of pure (i.e. without water) surfactant molecules, 
which isolates an eventual aqueous central film from the hydrocarbon 
solvent (figure 3b). 

- What we c a l l the "hank" is a small bilayer whose each of the 
layers interpenetrate the other. 

Then we have to decid
into account the geometrica
r a l l composition is given. The f i r s t one is N, the number of surfac
tant molecules per aggregate. Next are the lengths of both the hydro
phile and hydrophobe moieties of the amphiphile, since the configura
tion of these chains can be more or less extended. Correlatively, we 
set the penetration rate of the water a, which is the number of water 
molecules per surfactant inside the part of the hydrophile layer 
which is effectively hydrated (see the case of the "closed" lamella, 
(figure 3b). A l l the above parameters allow the detailed geometry of 
the particle to be known, from which we can infer the rate of pene
tration of the oil into the hydrophobe layer and the area per polar 
head σ (calculated at the hydrophobe-hydrophile interface in the 
surfactant layer). Then we compute the intensity scattered by such a 
particle and averaged over a l l the orientations of that scatterer. 
The best set of the parameter values are deduced from the best f i t s 
between theoretical and experimental values. 

X-Ray Scattering. A small angle X-ray scattering camera with a 
point collimation has been used for the determination of Bragg spa-
cings of many liquid crystal samples. Temperature wa monitored bet
ween 20° and 30°C., and the samples were contained into a capillary 
tube. The measurements were made by the photographic method on the 
f i r s t two reflections. 

Results 

Low Temperature and Low Water Content. Some results have already 
been published which concerned the system at 20°C (8). It was found 
that, at this low temperature, there are very small "hank-like" 
aggregates in the binary decane-surfactant mixture (N is about 10) 
for concentration above 5 %. Progressive addition of water promotes 
the formation of larger and larger aggregates. A l l the water molecu
les are bound to the oxyethylene sites, and the "swollen micelles" 
change from hank-like to lamellar particles. Further addition of 
water induces a demixing, one of the phase being a liquid crystal, 
as shown in figure 2. This occurs when 10 water molecules are bound 
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to one polyoxyethylene chain (this corresponds to a weight concentra
tion of 6.8 % along the line of investigation A1-A3). As a matter of 
fact, the structure corresponding to Al at 20°C (5 % water) has been 
shown to be a lamella where the polyoxyethylene chain is in the exten
ded conformation. The aggregation number is about 600, there are 7.8 
water molecules per surfactant, and the area per polar head is 
σ = 37 A 2. On the demixing line (6.8 % water), the same model would 
lead to σ = 42 A 2. 

At this point, we have to mention a result of the X-ray investi
gation of the liquid crystal phase, which exists for oil contents 
less than 35 %. Although a detailed presentation of these X-ray mea
surements w i l l not be shown here, we can point out that this liquid 
crystal is a lamellar phase, which may be characterized by an almost 
constant value of the area per polar head,owhatever i t s composition 
(9). And that value of σ is in fact 40-42 A 2. This important result 
strongly suggests that, at low temperature (20°C), the water solubi
lization induces the formation of bilayers the size of which increa
ses t i l l the arga per pola
which is 40-42 A 2 at 20°C
les do not contain a central film of water, unlike the lamellar phase 
i f α is greater than 10. Then the demixing phenomena at low tempera
tures may be understood as follows. A l l along both the isotropic and 
lamellar phase domains, the structures are characterized by a cons
tant value of σ. For a given oil/surfactant ratio, any attempt of 
further water solubilization into the lamellar micelles would lead to 
the creation of a central water film. But low temperature or/and high 
oil content cannot allow the formation of such a film. So we get the 
demixing phenomenon. Of course, one of the phase w i l l be constituted 
by the f i n i t e lamellar aggregates which refuse to accomodate more 
water. The other one is the lamellar phase, where the presence of an 
inf i n i t e water layer is favoured. Then each of the systems in e q u i l i 
brium corresponds to different water/surfactant ratios, since the 
obtention cof a lamellar phase with a minimum water layer thickness 
(about 5 A) necessitates the transport of some water from the isotro
pic phase to the crystalline one. That structural explanation is qui
te consistent with the delineation of such phase diagrams, and also 
with the tie-lines shown in figure 3, or concerning other analogous 
systems (10,11). 

Yet a water core can exist in swollen micelles or microemulsions 
i f we make the conditions changed as proved below. 

Low Temperature and Higher Water Content. A few neutron scattering 
spectra are shown in figure 4. Experimental (absolute) intensities 
are represented by open circles, and concern the sample A3 at 20°C. 
Four deuteration rates (0 %, 40 %, 50 % and 80 % in w/w) of the de
cane component have been used, which give rise to rather different 
spectra, both in level of intensity and in shape. The f i r s t maximum 
is due to interparticle effects which can be roughly taken into ac
count by the hard equivalent sphere model (7,8). Here the scattering 
curves become practically independent of the interparticle interac
tions for q>q . -O.03 À~^. Two theoretical results are shown : while 
for some "contrasts" (i.e. oil deuteration rate) the curves only de
pend on the aggregation number (0 % of deuterated decane), for others, 
they may be very dependent of the exact morphology of the micellar 
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W6 - < 6 0 À 2 S » 3 5 Â 2 

Figure 3. Two particle models used to calculate the theoreti
cal scattered intensity. ( A ) = the d i s c o i d ; ( B ) = the closed 
lamella; (o) : water molecule; ( £ ) : oxyethylene chain; 
( d ) : hydrocarbon chain. 
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Figure 4. Comparison of the experimental results with the theo
ret i c a l curves for four contrast values (100, 60, 20 and 50 % of 
C 1 QH 2 2).[% surfactant/% oil = O.176, % water = 15]. (©) : expe
rimental points. Theoretical curves of the intensity scattered 
by : ( ) a closed lamella (N = 1500, α = 6, e l l i p t i c i t y = O . 
;( ) a spheroid (N = 1500, α = 6, e l l i p t i c i t y = O.5). 
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aggregate (which in the present case can be called a microemulsion, 
given the amount of water solubilized). As apparent on a l l the four 
curves of figure 4, the best f i t between theoretical and experimental 
results is obtained for a globular particle (like the discoid of 
fiqure 3a). The surface at the hydrophile-hydrophobe interface is an 
oblate spheroid whose mean e l l i p t i c i t y is about O.5. On this surface, 
σ has a value of 44 12 : 6.5 water molecules are bound to one oxy-
ethylene chain which is in the extended configuration, unlike the 
hydrophobic chain. This last result is deduced from I(q) for the l a r 
gest q values : the effective length of the chain is probably 
between L (the zig-zag length) and L/2; some incertitude remains due 
to the uncertainty on these very low I(q) values. Such results are 
quite in agreement with those previously published (7). As a matter 
of fact, a further addition of water leads to some increase of Ν 
(Ν ̂  2000), of σ (σ^45 to 60 Â2) and of α (^W^ 12-13), t i l l the 
demixing occurs (in fact, we get emulsions). A l l other morphological 
parameters remain nearly constant, in particular the main non sphe
r i c a l shape. 

Although the aggregatio
high degree of precision because of the interparticle effects, there 
is no doubt about the type of shape, the rate of hydratation and the 
conformation of the (EO)̂ , chain. This is quite apparent in figure 4, 
where are also drawn the theoretical curves corresponding to the l a 
mellar micelles. We acknowledge that a certain small polydispersity 
may exist, but it cannot change our main conclusions : indeed the 
almost perfect f i t t i n g of a l l the four rather different curves by the 
same model of particle is far from being t r i v i a l and prompts us to 
have confidence in our results. 

Higher Temperature and Lower Water Content. For temperatures above 
21. 5C, the sample A2 (7 % water) becomes a one isotropic phase sys
tem. Most important is the determination of the corresponding struc
ture, since it reflects the direct influence of the hydrophile-hydro
phobe forces on the formation of the microemulsions from the swollen 
lamellar micelles. Here too are shown I(q) spectra for four oil scat
tering lengths in figure 5. They constitute a very impressive set of 
f i t s . Although the use of purely hydrogenated decane allows only the 
aggregation number to be known whatever the exact morphology of the 
particles (Ν ̂  1000), a clear distinction between the possible shapes 
can be made i f the deuteration rate of the oil is 30 % or 40 %. The 
best f i t s can be obtained only i f we use the model of the "closed" 
lamella containing a relatively thick central water layer. Indeed 
the neutron results prove that the E0 hydration rate can be only 
α = 6, instead of α ̂  10.2 i f there were no water film. Correlative-
ly, the area per polar head reduces to σ ̂  35 A 2, which is very like 
the value of σ corresponding to the sample Al. 

On the other hand, the amount of water inside the film is not 
sufficiently large to induce the formation of globules with a water 
core : this is best seen from the curve which corresponds to the 40% 
deuteration rate. Thus when the temperature is raised of about only 
2°C., combined hydrophobe-hydrophile forces tend to favour the exis
tence of a water layer, but the amphiphiles keep a dense packing : 
the temperature change is too small to induce in the surfactant film 
the disorder necessary for a globular shape. Moreover that water 
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10 

O.1 O.1 O.1 O.1 q (Â"') 
Figure 5. Comparison of the experimental results with the theo
retical curves for four contrast values (100, 60, 0 and 70 % of 
C } 2H 2 2). [% surfactant/% oil = O.176, % water - 7 ] . (O) : expe
rimental points. Theoretical curves of the intensity scattered 
by : ( ) a discoid (N = 1000, α = 6, e l l i p t i c i t y » O.24); 
( ) a lamella (N = 1000, α = 10, e l l i p t i c i t y : O.17). 
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layer must be protected from any contact with hydrocarbon. So this 
lamellar aggregate has to be surrounded by a cylindrical shell made 
of non hydrated surfactant molecules. A value of 4 A has been ascri
bed to the thickness of that shell, this particular choice being not 
a l l c r i t i c a l . And here also the (EO)^ chain is in the extended con
formation. 

Conclusion 

The previous direct analysis of neutron scattering data has allowed 
several structures to be determined according to the temperature and 
the composition of the system. No major hypothesis was necessary. 
On the contrary, this set of experimental results would provide some 
ground for a theoretical and thermodynamical explanation of the evo
lution swollen micelle-microemulsion. Indeed each type of structure 
seems to reflect a domination of one or other component of the free 
energy of these nonionics at room temperature. Although a calcula
tion and a discussion o
scope of the present paper
forces specific to the hydrocarbon chain and to the oil beside the 
pure hydration forces. Van der Waals forces would favour the forma
tion of a water layer, while entropie effects seem very important 
as far as the transitions hank-lamella and lamella-globule are con
cerned. These effects due to the solvent concentration (but also to 
the nature of the oil (2,5) are quite evident from the fine evolu
tion of the phase diagrams, especially for water/surfactant ratios 
in the range O.5-1.2. 

As a summary, the change of the structure due to a small in
crease of temperature is the formation of a water core resulting 
from a partial dehydration of the oxyethylene sites. Coorelative-
ly the addition of water promotes the transition between lamellar 
aggregate and globular microemulsion, t i l l the area per polar head 
reaches a maximum value which is temperature dependent. 
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17 
Sulfones as Unconventional Cosurfactants 
in Microemulsions 

REGINALD P. SEIDERS 
Chemical Research and Development Center, Aberdeen Proving Ground, MD 21010 

We report here on the use of alkyl sulfones as novel 
unconventional cosurfactants in CTAB-stabilized micro
emulsions. Sulfones
have good stability t
The sulfones, sulfolane and 3-methylsulfolane, are 
shown to function quite well, as cosurfactants with 
CTAB, in the solubilization of both organophosphorus 
esters and betahalosulfides. For the organophosphate 
used, tributylphosphate, it is shown through pseudo-
three-component phase diagrams that the sulfone 
functions as effectively as the alcohol in its role 
of cosurfactant. Solubilization of chloroethyl 
ethyl sulfide is less effective when the sulfone 
cosurfactant is used, but is still a dramatic enhance
ment over its solubility in water alone. The effect 
of added salt on the solubilization is reported, as 
well as the effect of changes in the surfactant-
cosurfactant ratio. Preliminary quasielastic light-
scattering measurements are also reported for these 
unconventional systems. 

Surfactant aggregates (microemulsions, micelles, monolayers, vesicles, 
and liquid crystals) are recently the subject of extensive basic 
and applied research, because of their inherently interesting 
chemistry, as well as their diverse technical applications in 
such fields as petroleum, agriculture, pharmaceuticals, and 
detergents. Some of the important systems which these aggregates 
may model are enzyme catalysis, membrane transport, and drug 
delivery. More practical uses for them are enhanced tertiary 
oil recovery, emulsion polymerization, and solubilization and 
detoxification of pesticides and other toxic organic chemicals. 

Both micellar and microemulsion media have been investigated 
as candidates for solubilization and detoxification of nerve 
agents. Normal micelles, however, do not appear to bind Sarin 
well (1) and oximate functionalized surfactants are severely 
limited by their low water solubility (2). These oximate 
functionalized surfactants have been shown to be excellent 
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catalysts for decontamination, but the low solubility would 
require the use of lo g i s t i c a l l y burdensome volumes of water 
in the f i e l d of accomplish dissolution. Microemulsions on the 
other hand appear considerably more promising because of their 
greatly enhanced solubilizing power. As much as forty to f i f t y 
percent oil can be solubilized by microemulsions in contrast 
to the generally less than fifteen percent achievable in micelles. 
Much of the pioneering work related to decontamination reactions 
in oil-in-water (o/w) microemulsions has been carried out by 
Mackay. Ke has studied, for example, the hydrolysis of phosphate 
esters (3, 4), metallation of tetraphenylporphine 05) and 
alkylation of substituted pyridines 06). 

The research summarized herein has also been directed primarily 
at o/w microemulsions because of their potential as improved 
aqueous-based decontamination formulations. One of the most 
important properties of microemulsions, from a decontamination 
viewpoint, is their a b i l i t y to solubilize large quantities of 
hydrophobic materials, i.e
reactions of these solute
be facilitated. In order to be useful as an oxidative formulation 
for certain types of agents a modification of the conventional 
types of microemulsion components was deemed necessary. Specifically, 
it was decided that the cosurfactant (a low molecular weight 
normal alcohol) would have to be eliminated or modified in the 
formulation. This decision was based on the susceptibility 
of linear alcohols to attack by typical oxidants such as hypohalite. 
Dialkyl sulfones were chosen for investigation as possible sub
stitutes for the alcohol. This report describes our early 
research effects which have focused on the enhanced solubilization 
effectiveness of microemulsions with the ultimate goal of develop
ing such or system as a possible universal aqueous based decon
tamination formulation for military use. Pseudo-ternary phase 
diagrams for three alcohol-free systems are presented, and the 
solubilization of the agent simulants is discussed. 

Methods and Materials 

A l l chemicals were obtained reagent grade from Aldrich Chemical 
Company. The liquids were passed through a column of Woelm 
Act. I alumina for purification, and were subsequently dried 
and storaged over 4Â molecular sieves. The cetyltrimethyl-
ammonium bromide (CTAB) was twice recrystallized from acetone. 

The phase diagrams were prepared at room temperature by 
the usual method, where a weighed aliquot of the surfactant/ 
cosurfactant mixture (E) was diluted with known amounts of water 
(W) and then titrated with oil (0) to turbid and clear endpoints. 
Alternatively, the dilution of Ε could be made with oil and 
titration with the water. Generally, fifteen to thirty t i t r a 
tions were sufficient to roughly outline the phase maps. Solubility 
limits were also determined by titration of the solvent with 
the solute (or solute solution) to a cloudy endpoint. 

Quasielastic light-scattering (QLS) measurements were carried 
out on a fixed angle (90°) laser light-scattering photometer 
(Model LSA-1) from Langley-Ford Instruments. The LSA-1 was 
modified with a Spectra-Physics 15 mW, 632.8 nm HeNe laser source, 
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and contained a scattered light collection aperture which defined 
approximately one coherence area. The autocorrelation functions 
were collected with a Langley-Ford Model 1096 computing correlator. 
The analysis program employs the method of cumulants (]) to 
f i t the correlation function to a single exponential decay directly 
in the correlator i t s e l f , without the use of a separate external 
computer. Calculations are then performed using the results 
of the cumulants analysis to yield the average translational 
diffusion coefficient and subsequently, from the Stokes-Einstein 
equation, the effective diameter of the scattering particles. 
The continuous phase was assumed to have the viscosity and refractive 
index of pure water at 25°C unless otherwise indicated. Samples 
were filtered through a O.45 um f i l t e r directly into the cuvet 
to minimize dust incorporation. The samples were then maintained 
at 25°+O.1°C unless otherwise stated by means of water circulation 
in the cuvet c e l l block from a constant-temperature bath. 

Results and Discussion 

Conventional Microemulsions. The pseudo-ternary phase map for 
a conventional microemulsion system consisting of CTAB, pentanol, 
hexadecane, and water is shown in Figure 1. A conventional 
system is defined here as one containing a typical protic cosur
factant. The dramatic enhancement of hexadecane solubilization 
is graphically demonstrated by the very large clear region labelled 
" I " in this Figure. This single-phase region may be classified 
as the bicontinuous type since it stretches from near the W 
apex, where aggregates ( i f they exist) must be in a water-continuous 
environment, to the vi c i n i t y of the 0 apex where the system 
must be oil continuous. If aggregation exists in the intermediate 
regions then at some point inversion between o/w and w/o micro
emulsions must occur. It is expected that this change in micro-
structure may have an effect on reactions which may be conducted 
in these media (8). However, whatever the structure may be, 
it is clear that high solubilization of hexadecane can be achieved 
in this system and in other related systems 03). It should 
of course be pointed out that the high solubilization of hexadecane 
does not necessarily imply similar solubilization of other organic 
chemicals, since it is well known that the phase diagram is 
often strongly influenced by the type of oil that is solubilized, 
as w i l l be shown later in this report. 

Another region of the diagram in Figure 1 that should be 
mentioned is labelled "L" near the 60-70% E-W axis. This region 
has been observed by others, and is a clear, highly viscous 
gel which has liquid crystalline characteristics under crossed 
polarized light. In this L region the viscosity decreased drama
t i c a l l y on addition to just two to four drops of the oil component. 
The highest viscosity is on the E-W line and near the 70% water 
area. 

Alcohol-Free Microemulsions. Three alcohol-free systems were 
prepared in order to determine their solubilization characteristics. 
Friberg (9) has suggested that a protic solvent (alcohol, amine, 
acid, etc.) is necessary for microemulsion formation, while 
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Graetzel (10) has suggested that almost any polar solvent could be 
used. It was decided that sulfones would be studied i n i t i a l l y 
because of their ready availability, s t a b i l i t y to oxidants, and 
a b i l i t y to form hydrogen bonds to water as evidenced by their 
notorious hygroscopic nature. 

The Sulfolane/CTAB/Water/TBP System. Sulfolane, or tetramethylene 
sulfone is a high-boiling (l30°C/6.5 mm), non-toxic, inexpensive 
industrial solvent (II) which was used with an equal weight of CTAB 
to make the emulsifier E. It was necessary to add water to this 
composition to prevent the CTAB from precipitating. The percent 
composition due to this water is indicated by the dashed line of 
Figure 2. Tributylphosphate (TBP) was chosen as the oil phase 
because it had already (6) been utilized as a nerve agent simulant 
in a conventional microemulsion system. This prior work indicated 
that TBP was solubilized very effectively by a CTAB/Butanol/water 
system to give a spacious clear region very similar to that shown 
in our system (Figure 2)

As the pseudo-ternar
taining system used in this work solubilizes the organophosphate 
TBP very effectively. From the 50% point on the E-W axis, over 60% 
oil can be added while a clear fluid solution is maintained! Even 
at 80% water it is possible to add nearly 20% oil before turbidity 
and subsequent phase separation occurs. It is not known whether 
a true microemulsion exists in this clear region. However this 
enhanced solubilization of TBP is not simply a co-solvent effect 
of the sulfolane and water. This was confirmed by determining the 
maximum s o l u l b i l i t y (6.7%) of TBP in a 2:1 (w/w) mixture of sulfolane 
and water, respectively. 

The Sulfolane/CTAB/Water/CEES System. In contrast to the extremely 
large clear region with TBP as the oil in Figure 2, the solubi
lization of the mustard simulant 2-chloroethyl ethyl sulfide (CEES) 
was less impressive, though s t i l l rather dramatic at low water 
compositions in the clear area of Figure 3. The isotropic clear 
area here is considerably smaller than it was in the two cases just 
discussed. This smaller area, however, is not atypical of 
conventional microemulsions and indeed is larger than, for instance, 
The Tween 40/pentanol/mineral oil/water system described by Mackay 
(12). From Figure 3 it can be seen that from the 50% water point 
on the E-0 axis, ca 15% CEES can be solubilized into a homogeneous 
solution. As the water content increases, solubilization steadily 
decreases to roughly 2% at 80% water. Although this solubility seems 
rather low, it is s t i l l a twenty-fold increase over the CEES 
solubility in water only, assuming CEES solubility in water is 
similar to that of bis(2-chloroethyl) sulfide (O.92 mg/ml) (13). 
Again, the enhanced solubilization in the sulfolane microemulsion 
was shown to be far above the co-solvent effect of sulfolane and 
water. It was found that CEES solubility in sulfolane/water 
solutions was 2.1% at 40% water and only 1% at 50% water. 

Because CEES hydrolyzes at a relatively rapid rate, the 
microemulsions containing this simulant are very dynamic systems. 
If the flasks containing turbid solutions, after endpoint 
determination, were allowed to stand for 20 to 30 min, they would 
slowly c l a r i f y and could then be titrated with more CEES. It is 
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Figure 1. Phase map of the Pentanol/CTAB/Water/Hexadecane System. 
The emulsifier (E) [40% CTAB, 60% Pentanol, w/w] plus water (W) 
plus Hexadecane oil (0) = 100% by weight. The clear single phase 
region is denoted by (I). 

(E) 

WEIGHT % OIL -

Figure 2. Phase map of the Sulfolane/CTAB/Water/Tributyl-
phosphate (TBP) System. The emulsifier (E) [50% CTAB, 50% 
Sulfolane, w/w] plus water (W) plus TBP as the oil (0) - 100% 
by weight. The clear single phase region is denoted by (I). 
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proposed that hydrolysis of CEES is occurring to produce 3-thia-
pentanol which is then acting as a conventional cosurfactant, thereby 
enhancing the solubilization effectiveness of the microemulsion. 
The time frame is reasonable since the h a l f - l i f e of CEES hydrolysis 
is 1 min at 25°C in water ( 14). This alcohol-formation process 
should also be seen with mustard which has a h a l f - l i f e of 4 min at 
room temperature (15). 

The 3-Methylsulfolane/CTAB/Water/CEES System. A serious problem 
with any sulfolane containing microemulsion is the high freezing 
point (28°C) of sulfolane which would severely limit use of such 
formulations at winter temperatures. A derivative which has 
similar aprotic solvent properties as sulfolane, but a much lower 
melting point is 3-methylsulfolane. Figure 4 shows the pseudo-
ternary phase diagram that was obtained with 3-methylsulfolane in 
place of sulfolane in the emulsifier. It is readily apparent that 
the solubilization effectiveness is quite similar for the two 
sulfolane systems with CEES
water point on the E-W axi
CEES, while, at 80% water the amount is down to 2% again. 

QLS measurements were attempted in the two sulfolane/CEES 
systems at high water compositions of the single phase regions in 
Figures 3 and 4. Preliminary experiments give flat autocorrelation 
functions that are observed in true molecular solutions. This 
implies that there are no aggregates in these systems. QLS data 
are sometimes d i f f i c u l t to interpret however, and it is possible 
that addition of a salt to screen the charged droplets w i l l c l a r i f y 
the situation. QLS investigations are continuing in these systems 
and w i l l be reported later. 

Finally, in two other brief experiments, the effect of seawater 
and emulsifier composition on the solubilization of CEES was studied. 

Table I summarizes the solubility of CEES in solutions of 
emulsifier Ε (50% CTAB, 50% 3-methylsulfolane) and a r t i f i c a l sea-
water. Over the compositions investigated (29.4% W, 70.6% Ε to 52% 
W, 48% E) it can be seen, by comparison of the data in Table I with 
Figure 4, that the seawater appears to decrease the CEES solubility 
1-2%, but this is within the experimental error associated with the 
titrations. 

Table I. Effect of Seawater on CEES Solubilization 

Wt% Seawater Wt% CEES 

29.4 21 
33.3 19 
40.0 15 
52.0 1 1 

Table II tabulates the variation in CEES solubility with 
variation in cosurfactant/surfactant ratio from O.67:1 to 2.33:1. 
It is clear from the data that in this system the ratio of cosur-
factant to surfactant is not c r i t i c a l for solubilization 
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Figure 3. Phase map of the Sulfolane/CTAB/Water/CEES System. 
The emulsifier (E) [50% CTAB, 50% Sulfolane, w/w] plus water (W) 
plus CEES as the oil (0) = 100% by weight. The clear single 
phase region is denoted by (I). 
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Figure 4. Phase map of the 3-Methylsulfolane/CTAB/Water/CEES 
System. The emulsifier (E) [50% CTAB, 50% 3-Methylsulfolane, 
w/w] plus water (W) plus chloroethyl ethyl sulfide (CEES) as the 
oil (0) = 100% by weight. The clear single phase region is 
denoted by (I). 
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effectiveness. However, it is expected that this ratio w i l l 
strongly affect viscosity, thermal s t a b i l i t y , and other physical 
properites of the formulation (16, 17). Furthermore, this lack of 
dependence on the emulsifier composition ratio contrasts with what 
is often found in conventional systems such as those studied so 
carefully by Friberg et a l . (18). 

Table II. Effect of Emulsifier Composition on CEES Solubilization 

COS COS/S Wt% CEES 

Methylsulfolane 2/3 20 
1/1 18 

O.9/1 17 
3/2 18 

Pentanol 
Butanol 3/2 52 

Conclusions. 

It has been shown that the organophosphate ester tributylphosphate 
is very effectively solubilized by a microemulsion system incor
porating CTAB and sulfolane as the emulsifier. The single-phase 
region in this system is similar to that obtained with CTAB and 
butanol as the emulsifier reported by Mackay (6). Thus it is 
expected that sulfone-containing microemulsions w i l l solubilize 
other organophosphates and phosphonates such as pesticides and 
nerve agents. 

Two sulfone containing microemulsion systems were shown to 
solubilize CEES f a i r l y effectively, thereby implying that these 
systems might also be useful for solubilization of mustard-type 
compound. This good solubilization of sulfides, coupled with the 
expected s t a b i l i t y of the sulfone cosurfactant toward oxidants, 
suggests that these microemulsions should be suitable media for 
investigation of oxidative decontamination reactions. Further 
characterization of these microemulsions by QLS is in progress. 
Small-angle neutron-scattering investigations of these systems is 
also planned in an attempt to confirm that the sulfolane is located 
in the microemulsion droplet, and is not simply dispersed throughout 
the continuous plase. 

In the methylsulfolane-containing system, it was found that 
neither incorporation of salts (as seawater) nor alteration of the 
cosurfactant/surfactant ratio seriously altered the solubilization 
of chlorethyl ethyl sulfide. Thus, it seems plausible that low 
concentrations of inorganic buffers and/or oxidants should not 
seriously degrade the solubilization effectiveness of microemulsions 
containing sulfones as cosurfactants. 
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Transport Properties of Oil-in-Water Microemulsions 

KENNETH R. FOSTER1, ERIK CHEEVER1, JONATHAN B. LEONARD1, 
FRANK D. BLUM2, and RAYMOND A. MACKAY2,3 

1Department of Bioengineering, University of Pennsylvania, Philadelphia, PA 19104 
2Department of Chemistry, Drexel University, Philadelphia, PA 19104 

We have studied a variety of transport properties of 
several series of O/W microemulsions containing the 
nonionic surfactant Tween 60 (ATLAS tradename) and n-
pentanol as cosurfactant
tric relaxation (fro
conductivity in the presence of added electrolyte, 
thermal conductivity, and water self-diffusion co
efficient (using pulsed NMR techniques). In addition, 
similar transport measurements have been performed on 
concentrated aqueous solutions of poly(ethylene oxide) 
(PEO), which has the same hydrophilic group as that on 
the surfactant and is responsible for stabilizing the 
microemulsions. Some, but not all, of these transport 
properties are significantly lower than expected from 
the Maxwell or Hanai mixture theories. The dielectric 
relaxation at microwave frequencies (which reflects 
dipolar relaxation of the water) shows a relaxation 
time that is significantly longer than that of pure 
liquid water, with evidently a broad distribution of 
relaxation times present. It appears that these 
changes in large part arise from hydration phenomena, 
and therefore can be used to study hydration effects 
in these systems. 

The transport properties of microemulsions are of great interest 
both for the information they provide about the physical properties 
of the systems, and in industrial applications of these materials. 
The transport of matter or energy through oil in water (0/W) micro
emulsions is determined both by the volume fraction and geometry of 
the oil and emulsifier microdroplets (the "structure effect") and by 
possible modifications in the transport properties of the continuous 
water phase by its interaction with the hydrophilic groups in the 
surfactant and cosurfactant that stabilize the microemulsion (the 
"hydration effect"). Through the use of appropriate mixture the
ories, these two effects can in part be separated. 

3 Current address: Chemical Research and Development Center, Aberdeen Proving Grounds, 
MD 21005 

0097-6156/85/0272-0275$06.00/0 
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In previous studies, we examined the dielectric properties 
of several ionic and nonionic 0/W microemulsions at radio through 
microwave frequencies. The dielectric relaxation at microwave 
frequencies is due to dipolar relaxation of the water which ex
hibits, in the pure liquid, a center relaxation frequency of 20 GHz 
corresponding to a dipolar relaxation time of 8 ps. In the micro
emulsions the average dielectric relaxation time of the water is 
increased by a factor of 2-10, depending on the total water content 
of the system. Moreover, these systems display a distribution of 
relaxation times, that suggests the presence of a fraction of water 
with dielectric relaxation time 5-10 times that of bulk water, with 
the remaining water having the same dielectric relaxation properties 
as the pure li q u i d . These changes parallel those observed in the 
conductivity at audio frequencies in a variety of microemulsions 
with nonionic surfactant and cosurfactants containing dilute elec
trolyte as the continuous phase (3). We suggested that other trans
port properties should show similar changes (2). 

In the present study
ties of 0/W microemulsion
60 whose dielectric and conductivity properties have been previous
ly characterized. We have chosen properties (water self-diffusion, 
ionic conductivity at low frequencies, and thermal conductivity) 
that can be analyzed using the same mixture theory, and which there
fore can be compared in a consistent way. Limited transport data 
are presented from other microemulsions as well. 

Materials and Methods 

The transport properties were measured at 25°C using a variety of 
techniques. An extensive analysis of the dielectric relaxation 
measurements is provided by Epstein (4). The other methods are 
conventional and w i l l only be summarized briefly: 

Ionic Conductivity. The elec t r i c a l conductivity measurements were 
performed using a Hewlett Packard model 4192 impedance analyzer 
under computer control, using a conductance c e l l similar to that 
described by Pauly and Schwan (5). The conductivity measurements 
were essentially constant between 1-100 kHz, ruling out electrode 
polarization or other artifacts. In 0/W microemulsions, no appre
ciable dielectric relaxation effects are expected or observed below 
1 GHz (1). 

Water Self-Diffusion. The self-diffusion coefficient of the water 
was measured using a JE0L FX900 Fourier transform NMR spectrometer 
operating at 90 MHz for protons. The pulsed f i e l d gradient tech
nique was employed using the homospoil coils to establish the f i e l d 
gradient, similar to that described by Stubs (6). The s e l f - d i f f u 
sion coefficients of the water protons were corrected for exchange 
with the hydroxyl protons of the alcohols, but this correction was 
insignificant except when the fraction of water was very low. 

Thermal Conductivity. The thermal conductivity of the samples was 
measured using a thermistor probe technique similar to that de
scribed by Balasubramaniam and Bowman (]) . A small thermistor head 
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was immersed in the sample and subjected to a step temperature in
crease of 2°C within a few milliseconds; the voltage across the 
thermistor was subsequently sampled at 25 Hz with 12 b i t resolution 
by computer. A linear regression of the power dissipated in the 
thermistor vs. the inverse square root of time yields the steady 
state power dissipation whose inverse is a linear function of the 
inverse of the thermal conductivity of the sample. 

The microemulsions were identical to those examined in our 
previous dielectric studies (1>2). emulsifier (Tween and n-
pentanol) was mixed with the oil (hexadecane) in the proportion (by 
weight) O.594 Tween:O.306 l-pentanol:O.100 hexadecane. Water or 
electrolyte (O.1 Ν NaCl for the conductivity measurements) was then 
added to give the f i n a l composition. The physical characterization 
of this system is given in References 5,11,13, and 14 of our pre
vious paper (JO. In the discussion to follow, the compositional 
phase volume ρ is the volume fraction of oil and emulsifier, and 
is equal to (1 - wg), where w and g are the weight fractions of 
water and the specific gravit
We w i l l also consider th
lated from the mixture theories as the total volume fraction of the 
microemulsion that is excluded from the transport. Assuming that 
the transport property of the hydration water is negligible compared 
to that of the bulk liquid, p' would include the hydration water as 
well as the oil and emulsifier. 

Theoretical 

The basis for interpreting the transport data is mixture theory, 
which relates the transport properties of the bulk suspension to 
those of the continuous and dispersed phases. Of the many mixture 
relations that have been proposed, we employ those of Maxwell and 
Hanai (Equations 1 and 2, respectively): 

Am 2*w + Λ ο - 2 ρ ( ^ - A 0) 
= (Maxwell) (1) 

A w 2AW + Λ 0 + p(A w - Λ 0) 

Aw " Ao I Am 
In these relations, Λ is the conductivity of the suspension, and 
the subscripts m, o, and w refer to the microemulsion, oil and 
emulsifier combined, and water. The Hanai expression can be con
sidered to be an extension of the Maxwell theory that more con
sistently accounts for the presence of neighboring particles (8); 
for the 0/W microemulsions considered here, the predictions of the 
Maxwell and Hanai formulas (as well as various other mixture the
ories) are not greatly different. Moreover, while these theories 
were developed for suspensions of spherical particles, the predic
tions of the mixture theories are not expected to vary greatly with 
the geometry of the dispersed particles, provided that the droplets 
are prolate or oblate ellipsoids whose axial ratios are not greatly 

1/3 
= 1 - ρ (Hanai) (2) 
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different from 1 09). Consequently, our choice of these particular 
mixture theories, while somewhat arbitrary, is not crucial in the 
interpretation of the present results. 

The mixture theories were originally developed for dielec
t r i c properties, but can be applied to other properties that are 
governed on a macroscopic level by Laplace's equation (10). Con
sequently, the generalized conductivity in the above equations can 
be the ionic conductivity σ, thermal conductivity K, or complex 
electr i c a l conductivity σ* defined by: 

σ* = σ + ju)eer 

where ε is the dielectric permittivity, ω is the frequency in 
radians/sec, and ε Γ is the permittivity of free space (a constant, 
8.85 χ 10"Ί4 F/cm). For the self-diffusion measurements, the 
generalized conductivity would be the quantity (l-p)D, where D is 
the self-diffusion coefficient that is measured by the pulsed NMR 
technique, and ρ is the
need for the additiona
NMR technique measures the mean-square displacement of the water 
molecules in the aqueous phase, while the true self-diffusion co
efficient is defined (by Fick's law) as the total flux through the 
entire volume of the solution (11). 

Results 

Figure 1 shows the dielectric relaxation properties of the Tween 
microemulsions plotted on the complex permittivity plane (from 
Foster et al (1). The mean relaxation frequency (corresponding to 
the peak of each semicircle) decreases gradually from 20 GHz for 
pure water at 25°C to ca. 2 GHz for a concentrated microemulsion 
containing 20% water. Since the permittivity of the suspended oil/ 
emulsifier is 6 or less at frequencies above 1 GHz, this relaxation 
principally arises from the dipolar relaxation of the water in the 
system. Therefore, the data shown in Figure 1 clearly show that the 
dielectric relaxation times of the water in the microemulsions are 
slower on the average than those of the pure li q u i d . The depressed 
semicircles indicate a distribution of relaxation times (9), and 
were analyzed assuming the presence of two water components (free 
and hydration) in our previous studies. 

Figures 2-4 show the thermal and ionic conductivity, and water 
self-diffusion coefficient measured in these same systems. Also 
shown are the transport properties of PEO solutions of molecular 
weights ranging from 200 to 14,000 (12). The predictions of the 
Hanai and Maxwell relations are indicated, which were calculated on 
the assumption that the ionic conductivity or self-diffusion co
efficient of the water or suspending electrolyte is equal to that of 
the pure liquid and that of the oil and emulsifier combined is zero. 
Also shown are similar results from the PEO solutions of various 
molecular weights. The thermal conductivity of the microemulsions 
and PEO solutions are shown in separate figures because the limiting 
thermal conductivity at zero water content is slightly different 
(O.27 times that of water for the microemulsion, vs. O.31 for the 
PEO). 
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τ 1 1 1 1 1 1 1 1 1 1 Γ 

0/W (Tween 60) 
25°C 

Figure 1. Plots of the complex p e r m i t t i v i t y of the 0/W micro
emulsions prepared with Tween 60 on the complex d i e l e c t r i c 
plane ("Cole-Cole" p l o t s ) , showing the depressed s e m i c i r c l e s 
that i n d i c a t e a d i s t r i b u t i o n of r e l a x a t i o n times. Figure lb 
is an expanded p o r t i o n of Figure l a . A few frequencies are 
i n d i c a t e d f o r reference. Reproduced with permission from 
Reference 1. Copyright 1982 Academic Press. 
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b 

ni . • 
0 1.0 

V O L U M E F R A C T I O N ( p ) 

Figure 2. Thermal conductivity of the Tween microemulsions 
(Figure 2a) and of a series of PEO solutions of different 
molecular weights (2b). The predictions of Equations 1 and 2 
are shown for reference. The thermal conductivity has been 
normalized to that of water. 
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V O L U M E F R A C T I O N (ρ) 

Figure 3, Ionic conductivity of the Tween microemulsions and 
PEO solutions, compared with Equations 1 and 2. For these 
experiments, the aqueous phase was O.1 Ν NaCl or O.1 N KC1, 
and the measured conductivity values were normalized to that 
of the suspending electrolyte. 

V O L U M E F R A C T I O N (p) 

Figure 4. Water self-diffusion coefficient D of the micro
emulsions and PEO solutions, normalized to that of the pure 
liquid water. The need for the additional factor (1-p) is 
described in the text. Also shown are predictions of the 
Maxwell and Hanai equations. 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



282 MACRO- AND MICROEMULSIONS 

The striking observation is that the ionic conductivity and 
water self-diffusion coefficient, but not the thermal conductivity, 
deviate significantly from the predictions of the mixture theories. 
This could arise from structural effects, such as a gradual transi
tion from 0/W to W/0 structure with decreasing water content. We 
argue instead that these deviations principally result from hydra
tion effects, and not from structural properties of the microemul
sions. This would be expected because of the similarity of the 
data from the microemulsions and PEO, in which structure effects 
would be quite different. 

Discussion 

A simple analysis, based on the mixture theory, supports this in
terpretation. In the following discussion we w i l l assume that the 
hydration water can be included with a volume fraction p f which is 
excluded from transport  The difference between the apparent ex
cluded volume fraction hydratio
that are in the range expecte
surfactant and cosurfactant. Finally, we w i l l suggest a physical 
interpretation for the observations. 

Apparent Hydration of the Suspended Microdroplets. The ionic con
ductivity and water self-diffusion data, divided by the respective 
values for the bulk liquid, are summarized in Table I, together 
with the apparent volume fractions p f that are calculated from 
the Maxwell and Hanai mixture theories. The similarity in the 
ionic conductivity and water self-diffusion data is surprising, in 
view of the greatly different underlying mechanisms for these 
phenomena. 

By hypothesis, the difference between the compositional phase 
volume ρ and the total excluded volume p f represents the volume 
fraction of hydration water. The calculated hydration, expressed 
as a ratio of (moles hydration water) : (moles EO plus moles OH) 
is presented in Table II. From thermodynamic studies, the expected 
hydration of the EO and OH groups are 2 and 3 water molecules, 
respectively (13,14). While the "hydration" as obtained from the 
present transport measurements does not reflect stoichiometric 
binding but rather kinetic effects, the hydration values obtained 
are quite reasonable. 

Table I. Summary of Transport Properties of the Tween 60 0/W 
Microemulsions 

Compositional o/ow P' (l-p)D/D w Ρ 
phase volume ρ 

o/ow 

(Eq. 1) (Eq. 2) (Eq. 1) (Eq. 2) 

O.80 O.002 O.99 O.96 O.016 O.98 O.94 
O.60 O.070 O.90 O.84 O.097 O.86 O.79 
O.40 O.230 O.69 O.63 O.255 O.66 O.60 
O.25 - - - O.413 O.49 O.44 
O.20 O.540 O.36 O.34 — — — 
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Table II. Apparent Hydration of the Microemulsions 

283 

compositional (conductivity) (diffusion) 
phase volume ρ (Eq. 1) (Eq. 2) (Eq. 1) (Eq. 2) 

O.80 1.06 O.89 1.00 O.70 
O.60 2.23 1.78 1.93 1.41 
O.40 3.24 2.57 2.91 2.24 
O.25 - - 4.31 3.41 
O.20 3.58 3.13 

(Note: Hydration numbers expressed as moles water per moles EO 
plus moles OH.) 

It was earlier shown (12) that the hydration values of the PEO 
solutions that are calculated in the same manner also agree with 
expected values. Since the EO group is the moiety in the surfactant 
that is responsible for
of the transport data o
solutions is of interest. The slightly higher ionic conductivity 
and water self-diffusion coefficients of the microemulsions can be 
attributed to the fraction of oil that is not hydrated and conse
quently can only contribute to the obstruction effect. While 
structural changes might be expected in the microemulsions at high 
phase volumes, they evidently produce no large changes in the trans
port properties presently reported. 

Physical Mechanisms. The simplest interpretation of these results 
is that the transport coefficients, other than the thermal conductiv
i t y , of the water are decreased by the hydration interaction. The 
changes in these transport properties are correlated: the micro
emulsion with compositional phase volume O.4 ( i . e . 60% water) 
exhibits a mean dielectric relaxation frequency one-half that of 
the pure liquid water, and ionic conductivity and water se l f -
diffusion coefficient one half that of the bulk liquid. In bulk 
solutions, the dielectric relaxation frequency, ionic conductivity, 
and self-diffusion coefficient are a l l inversely proportional to 
the viscosity; there is no such relation for the thermal conduc
t i v i t y . The transport properties of the microemulsions thus vary 
as expected from simple changes in "viscosity" of the aqueous 
phase. (This is quite different from the bulk viscosity of the 
microemulsion.) 

This is, however, a macroscopic explanation of changes that 
occur on a molecular level, and is rather superficial. There is 
clearly a distribution of dielectric relaxation times in the micro
emulsion. The timescale of the dielectric relaxation measurement 
(tens of picoseconds) is too short for the phenomenon of fast ex
change. It would appear, therefore, that the motional restriction 
of the water must vary throughout the microemulsion. 

Perhaps a more defensible hypothesis is that the rotational and 
translational correlation times are both increased, by similar 
factors of ten or less, when a water molecule is sufficiently 
close or hydrogen bonded to an EO or OH group in the surfactant. 
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Nevertheless, the concept of "average viscosity", has predictive 
value. A more extensive discussion of this problem is presented 
elsewhere (12). 

Effect of Microemulsion Structure on the Transport Properties. It 
appears from the discussion above that the reduction in the ionic 
conductivity and water self-diffusion coefficient is primarily 
attributable to hydration effects, not principally to changes in 
the structure of the microemulsion with higher phase volume. 
Either no pronounced changes in structure occur with increased 
phase volume (which seems unlikely) or they are of such a nature as 
not to greatly affect the transport properties. Since the mixture 
theories are not extremely sensitive to the exact shape of the 
suspended particles the second possibility seems more l i k e l y . 

Water self-diffusion data from other microemulsions suggest an 
effect of structural changes on the transport properties. Figure 5 
shows the water self-diffusion coefficient in several ionic and non
ionic systems (15). Th
more variation than woul
In particular, the water self diffusion coefficient in the micro
emulsion prepared with the ionic surfactant SCS appears to be 
anomalously low at one composition (p = O.42). However, that com
position corresponded to a point in the phase diagram close to a 
region of phase separation (16). The sample exhibited unusually 
high bulk viscosity which presumably arose from long range struc
ture. Further NMR studies of the self-diffusion properties of each 
species in these systems w i l l be reported (15). Lindman and co
workers (17) in similar studies have shown how self-diffusion 
properties of each species in a microemulsion can yield information 
about changes in structure with composition that is d i f f i c u l t to 
obtain from measurements of the sort reported here. 

Conclusions 

To our knowledge, this is the f i r s t report of such a wide variety 
of transport measurements in a single series of microemulsions. 
Some of the properties (water self-diffusion, ionic conductivity, 
dielectric relaxtion) are substantially different from predictions 
of mixture theories; another property (thermal conductivity) is in 
much better agreement. The discrepancies between the ionic con
ductivity and water self-diffusion coefficient and predictions of 
the mixture theories yield hydration values for the microemulsion 
that agree with anticipated values. It appears that a l l of these 
changes can be correlated with variation in one property - the v i s 
cosity of the suspending water. While it appears that structural 
changes with varying composition are also reflected in the trans
port properties in some cases, hydration effects appear to play a 
significant and perhaps dominant role in determining the overall 
transport properties. Our results suggest that the usefulness of 
dielectric measurements at microwave frequencies, together with the 
other transport measurements described here, in studying hydration 
phenomena in these complex systems. 
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Figure 5. Water s e l f - d i f f u s i o n c o e f f i c i e n t s in a v a r i e t y 
of i o n i c and nonionic microemulsions. The compositions of 
these microemulsions are given in Reference 2. 
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Micellar Structure and Equilibria in Aqueous 
Microemulsions of Methyl Methacrylate 

J. O. CARNALI and F. M. FOWKES 

Department of Chemistry, Lehigh University, Bethlehem, PA 18015 

Oil-in-water microemulsions have been formulated using 
sodium lauryl sulfate (SLS) as the surfactant, n-pentanol 
or n-hexanol as the
(MMA) as the oil component. Phase behavior studies were 
performed in order to locate the oil-in-water microemul
sion region. An extensive L1 phase was also discovered 
for the three component system consisting of water, SLS 
and MMA. The vapor pressure of MMA over these systems, 
measured by a headspace technique, indicated preferen
tial partitioning of MMA into the micellar phase with a 
free energy of transfer of -14 kJ/mole. The molecular 
environments of hexanol and MMA within both the micro
emulsions and the L1 phase were followed by a 1 3 C NMR 
shielding study. The experimental evidence indicated a 
substantial water interaction on the part of both hexanol 
and MMA. Using a two-site model for the location of 
these molecules in the microemulsion, we found that our 
data were consistent with the swollen micelle model for 
an oil-in-water microemulsion. An appreciable amount of 
the hexanol was found to be located within the micelle 
core while some of the MMA was found at the micelle sur
face. The partitioning of the alcohol between interface 
and core is probably a general result for microemulsions 
and is linked to their thermodynamic stability. The 
presence of MMA at the micelle surface is probably 
responsible for the large L1 phase region observed but 
is a phenomenon restricted to oils possessing hydro
philic sites. 

The current structural model for microemulsions was advanced by Hoar 
and Schulman CO . These authors pictured the transparent dispersions 
of oil in water or of water in oil as consisting of small spherical 
droplets of the dispersed phase within the continuous phase. Later, 
this model was refined to include an interfacial film of surfactant 
and cosurfactant coating the droplets (2). It has also been pointed 
out that the compositions leading to microemulsions could be related 
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to the isotropic aqueous (Li) and non-aqueous (L2) phases found in 
ternary mixtures of surfactant, cosurfactant and water (3). In this 
context, oil-in-water microemulsions are pictured as oil-swollen mi
celles while water-in-oil microemulsions are water-swollen inverse 
micelles. Both views are consistent with a microemulsion model 
possessing very distinct continuous and dispersed phases. Further, 
the dispersed phase exists with a very well-defined structure con
sisting of spherical particles. This structural viewpoint has been 
supported by a variety of experimental results. For example, the 
particle nature of microemulsions has been studied with light scat
tering (4,5,6). Evidence for distinct droplets of dispersed phase 
has also been observed through neutron scattering Ç7). Further evi
dence comes from ultracentrifugation work (2) and from electron 
microscopy (8,9). 

Recently, however, the discrete, particle-like nature of micro
emulsions has been re-examined in the light of new experimental 
findings. The apparent molal volume of toluene within a microemul
sion phase has been studie
quantity was found to var
changes were occurring within the homogeneous microemulsion phase. 
Also, self-diffusion coefficients of the components of several micro
emulsion systems have been measured with NMR techniques (11). For 
many systems, no evidence was found for a well-defined structure and 
oil/water interfaces were argued to be very flexible and dynamic. 
Similar findings were the result of fluorescence work (12), and in
terfacial f l e x i b i l i t y combined with a random structure has been dis
cussed from a theoretical standpoint (13). 

The goal of the present work is to obtain a consistent struc
tural model for a microemulsion system. In particular, we are 
interested in carrying this model down to the molecular level so that 
the intermolecular effects which are responsible for the sta b i l i t y 
of these systems can be elucidated. We have studied the system 
consisting of water, SLS and MMA with and without n-hexanol or n-
pentanol. We have determined the phase boundaries of the isotropic 
microemulsion and Lj phases and determined how these are affected by 
surfactant concentration and alcohol chain length. Measurements 
were also made of the vapor pressure of MMA over these systems to 
determine the concentration of MMA in the water surrounding the 
microemulsion droplets. From these data, the energetics of transfer 
of the MMA from aqueous to micellar solution were determined. F i 
nally, a 1 3C NMR chemical shielding study was performed to find how 
the MMA and the alcohol were distributed within the microemulsion. 
The combination of the latter two studies allowed a quantitative 
structural model for the microemulsions to be presented. 

Materials and Methods 

Materials. Sodium lauryl sulfate was purchased from Aldrich Chemi
cal Company, Inc. and i t s constitution has been reported in detail 
(14). The material is a blend of C-12, C-14 and C-16 sodium sul
fates. It was purified by extraction with diethyl ether and then by 
recrystallization from absolute ethanol. The surface tension of 
aqueous solutions of this material was measured as a function of con
centration. A curve with a single break resulted indicating a CMC 
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of 2.2 x 10 3M. The methyl methacrylate and n-pentanol were reagent 
grade materials from Fisher Scientific Company. The n-hexanol was 
reagent grade from Aldrich and the water was once d i s t i l l e d . 

Phase Diagram Determination. Phase diagrams were determined from 
equilibrated mixtures of MMA, alcohol and aqueous SLS solutions. 
Stock solutions of SLS were delivered by a micrometer syringe into 
glass ampules. This was followed by various amounts of MMA and a l 
cohol delivered in the same way. The ampules were then sealed, 
thoroughly agitated and stored at 23°C. The turbidity of these 
samples at a wavelength of 520 nm was measured on a daily basis un t i l 
no further change was noted. The boundaries of the isotropic trans
parent phases were determined from the compositions at which the 
turbidity began to increase. The location of phase boundaries was 
checked by long term storage of systems on either side of the line 
or by centrifugation at 30,000 χ g of systems just within the trans
parent region. 

Headspace Analysis. A vapo
the fraction of the MMA which is bound in the micelles (15). In 
this method it is assumed that the micelle is a distinct phase with 
respect to the continuous solution so that the measured vapor pres
sure of MMA over micellar solutions can be directly related to i t s 
concentration in the continuous solution. By mass balance, the 
fraction of MMA bound to the micelles can then be determined. The 
procedure was to load serum bottles with water or SLS solution con
taining various amounts of MMA. The quantities of MMA were such 
that i t s concentration never exceeded i t s solubility in the aqueous 
solution or i t s saturation limit in the microemulsion, respectively. 
The bottles were then closed off with teflon-coated septa and gently 
agitated in a thermostat for at least three days at 23°C. A few 
hours before sampling, the thermostat was cooled to two degrees be
low room temperature to ensure that no condensate would collect on 
the inner surface of the septum. After this, O.5 ml vapor samples 
were removed from the headspace of the bottles with a 1.0 ml gas-
tight syringe. The vapor sample was then injected into a Perkin 
Elmer Sigma 3 gas chromatograph with a flame ionization detector. 
The glass column used for the separation was packed with 10% Carbo-
wax 20M and 2% Κ0Η coated on a Chromosorb W support. The attenua
tion was adjusted such that a l l of the samples could be run on the 
same scale and the corresponding peak areas were determined by an 
electronic integrator. 

Chemical Shielding Measurements. A JEOL FX-90Q and a Varian XL-200 
NMR spectrometer were used to obtain 1 3C NMR spectra at 22.49 and 
50.31 MHz,respectively. Chemical shifts were referenced to TMS 
contained in a capillary mounted coaxially within the 10mm NMR tube. 
Gated proton-noise decoupling was used to avoid heating the sample 
which was thermostated at 27°C. A spectral width of 5000 Hz, acqui
sition time of 1.6 sec, pulse delay of 6 sec, acquired total of 100 
to 3000 transients and f l i p angle of 45 degrees were typical para
meters at 22.5 MHz. The resolution at 22.5 MHz was O.7 Hz while that 
at 50.3 MHz was O.75 Hz. The measured chemical shifts are accurate 
to within O.05 ppm at both f i e l d strengths. 
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Advantage was taken of the different f i e l d geometries in the 
22.5 and 50.3 MHz instruments to correct for magnetic susceptibility 
differences between samples. The 50.3 MHz instrument used a super
conducting magnet with the magnetic f i e l d parallel to the sample 
axis. The 22.5 MHz instrument used an electromagnet whose f i e l d was 
perpendicular to the sample axis. When the same sample was run on 
both instruments, true chemical shifts, unaffected by susceptibility 
differences, could be obtained (16). The relationship is 

where the subscripts refer to superconducting and iron core magnets, 
respectively. 

Experimental Results 

The water-rich corner o
system consisting of water
tropic region. We have  regio  phas
have determined i t s extent at 23°C as is shown in Figure 1. The 
phase diagram is in terms of weight percent. The phase boundary was 
studied along lines of constant weight ratio of SLS to water and 
these paths are also depicted in Figure 1. These origins, on the 
water/SLS axis, are located at 2.5, 5.0, 9.9, 14.7 and 19.4 wt% SLS, 
respectively. 

The effects of adding n-pentanol or n-hexanol to the L ι phase 
were studied in the following manner. To systems containing 9.9, 
14.7, or 19.4 wt% aqueous SLS was added MMA in 25, 50, or 67% excess 
of that which would saturate the system (Lj phase boundary). Alco
hol was then added to the resulting two-phase system and the minimum 
alcohol content necessary to produce a microemulsion determined. 
The results for these systems are shown in Figure 2. In these phase 
diagrams, the aqueous SLS solution is considered as a pseudo-compo
nent. 

The Lj phase for the ternary system, water, SLS and MMA has 
been reported to extend up to equal mole ratios of MMA to SLS (17). 
Our results indicate that the limiting mole ratio is more like three 
to one in favor of the MMA. The L2 and water-in-oil microemulsion 
regions of the system consisting of water, SLS, MMA and pentanol 
has recently been investigated (18). Combined with the present work 
in the Lj and oil-in-water microemulsion regions, this shows the 
applicability of the phase diagram approach to microemulsions. 

Additional information can be obtained from the phase diagrams 
i f one considers the molar ratios of the structure-forming compo
nents (19). An example of this is Figure 3 in which the MMA/SLS 
mole ratio for systems on the microemulsion phase boundary is plotted 
versus the corresponding alcohol/SLS ratio. One notes that the 
plots form a straight line for a given alcohol type at a fixed sur
factant content. Extrapolated to zero alcohol content, these lines 
a l l intercept satisfactorily at a MMA/SLS ratio of 3.0 ±O.2. Along 
any given line, the number of moles of SLS is held fixed so that the 
observed slope is a measure of the increased capacity for the solu
bi l i z a t i o n resulting from the addition of the alcohol. The slopes 
of the lines are positive and are seen to increase with surfactant 

δ true = 1/3 [δ + 2δ. ] 
S C 1 C 

(1) 
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MMA 

Figure 1. P a r t i a l diagram of the system water, MMA and SLS 
at 23 °C expressed in weight percent. S o l i d l i n e is the L^ 
phase boundary, dashed l i n e s are the composition pathways studied. 

MMA 

Figure 2. Phase boundaries of the system aqueous X% SLS s o l u t i o n , 
MMA and pentanol or hexanol at 23 °C expressed in weight percent. 
At each surfactant concentration, the region above the phase 
boundary (higher MMA content) c o n s i s t s of two phases while the 
region just below is a one phase microemulsion. 
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concentration or with a change from pentanol to hexanol. Hexanol 
is thus somewhat more efficient at microemulsifying MMA than is 
pentanol. 

Head Space Analysis. A plot of peak area as a function of concentra
tion for aqueous solutions of MMA was found to be a straight line as 
shown in Figure 4. This plot provides a Henry's Law relationship 
between the concentration of MMA in solution and i t s corresponding 
vapor pressure. In addition to these standard systems, the vapor 
pressure over samples from the Lj and microemulsion phases was also 
determined for the 14.7 wt% SLS aqueous solution. At low concentra
tions, the peak area is again linearly related to MMA concentration. 
As the saturation point is approached, however, the peak area in
creases more slowly. For any of the surfactant systems, the con
centration of MMA in the continuous aqueous phase can be determined 
by constructing a horizontal line from the surfactant curve to the 
standard curve and then dropping a vertical line down to the con
centration axis. The intercep
tinuous phase and the amoun
lows from mass balance. Figure 4 shows that the concentration of 
MMA in the aqueous phase at the Lj phase boundary and in the micro
emulsions is approximately O.15 M. This is also the solubility 
limit of MMA in water. 

For low concentrations of MMA, where the surfactant system 
areas can be fit t e d to a straight line, the mole fraction of MMA in 
the aqueous phase, X , and in the micellar phase, X ,can be calcu
lated from a m 

Χ Λ = C / [C + C I (2) a a a w 
X = [C - C φ] / [C - C φ + C ] (3) m s a Y s a T m 

where C and C are the MMA concentrations in the surfactant and 
standard aqueous solutions, respectively, while C is the concentra
tion of surfactant. Also, the aqueous phase of surfactant sys
tems is described by i t s volume fraction φ and water concentration 
C . 
w 

Knowing these mole fractions, the distribution constant Κ , for 
the partitioning of MMA between the micellar and aqueous environ
ments can be determined from the ratio of X to X , assuming that 
a l l activity coefficients are unity. Then,mthe standard free energy 
of transfer of MMA from the aqueous to micellar phase can be calcu
lated from 

AG° = -R Τ In Κ χ (4) 

Table I displays the mole fraction of the MMA which is in the aqueous 
phase for the Lj phase and microemulsion systems studied. These 
fractions were found to be reproducible to within ±O.04. As can be 
seen, MMA favors the micellar phase by at least a four-to-one ratio. 
The free energy of transfer, calculated for systems less than O.53 M 
in MMA was found to be -14.0 kJ/mole with an uncertainty of 10%. 
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Figure 3. MMA/SLS mole r a t i o p l o t t e d versus the alcohol/SLS mole 
r a t i o for systems at the phase boundaries shown in Figure 2. 
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Figure 4. MMA peak area as determined by chromatographic a n a l y s i 
of the head space over aqueous and m i c e l l a r s o l u t i o n s of MMA. 
The m i c e l l a r systems correspond to the L^ phase at 14.7 wt% SLS. 
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Table I. Summary of Data for L χ Phase and Microemulsions Systems 

w% MMA3 

Fraction 3 

MMA in water x c 

a 
x d 

1 

SLS e 

MMA 
Alcohol^ 
MMA 

r(A ) S 

O.9 O.17 O.66 O.49 11.4 • . . 24.4 
1.8 O.17 O.62 O.45 6.2 . . . 24.7 
3.5 O.17 O.56 O.39 3.6 25.4 
6.8 O.17 
9.9 O.13 

12.7 O.09 O.28 O.19 1.9 36.7 

+25% O.07 O.18 O.11 2.5 O.6 47.2 
+50% O.06 O.16 O.10 2.3 1.1 52.1 
+67% O.05 O.14 O.09 2.3 1.7 53.7 

a - refers to Lx phase at 14.7% SLS or microemulsion with an X% 
excess of MMA over that which saturates the l>i phase. 

b - refers to fraction of the MMA which is in the aqueous continuous 
phase. 

c - fraction of MMA in aqueous environment, calc. with eq. (6) 
d - fraction of MMA in micelle interface, calculated from X.^= X -

(fraction in water). 
e,f - mole ratio at the interface. 
g - radius calculated from r = 3 (volume/surface area). 
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Chemical Shielding Study. 1 3C NMR spectra were recorded for samples 
lying within the Lx phase and which originated from the 14.7 wt% 
aqueous SLS solution. The MMA content was varied up to a composi
tion lying at the phase boundary. Spectra were also recorded for 
the microemulsions containing hexanol and the 14.7 wt% SLS solution. 
In addition, systems were studied which were models for the distinct 
aqueous, interfacial and oily environments found Ln microemulsions. 
These were aqueous solutions of MMA, aqueous micellar solutions of 
hexanol and SLS, and MMA solutions of hexanol, respectively. 

A typical spectrum, recorded at 22.5 MHz for a microemulsion 
containing a 67% excess of MMA, is shown in Figure 5. Except for 
the carbons in the middle of the SLS chain, each type of carbon 
gave rise to a single, distinct resonance signal. The assignments 
shown for the carbons of MMA and hexanol were determined by running 
each of the components of the microemulsion separately. 

The chemical shifts of two carbon atoms in particular were found 
to be particularly sensitive to the composition of the system  These 
were the α-carbon of hexano
carbon of MMA. 

Figure 6 shows the chemical shift of the α-carbon of hexanol 
as a function of composition in three different kinds of solutions. 
The f i r s t represents hexanol in a 14.7 wt% SLS aqueous solution as 
a function of hexanol concentration. The concentration range covered 
runs from very dilute in hexanol up to systems in which a f a i r l y 
viscous phase results. Next are the microemulsions containing a 
25, 50, and 67% excess of MMA over that which saturates the corres
ponding Lj phase system. Lastly are water-saturated MMA solutions 
of hexanol in which the hexanol/MMA volume ratios bracket those 
found in the microemulsion. The α-carbon shifts of hexanol measured 
in the micellar solutions are about O.6 ppm downfield from those 
measured in MMA solution. There is only a slight variation in shift 
for either the micellar or the MMA solutions with various hexanol 
concentrations. The hexanol in the microemulsion systems appears 
approximately halfway between that in the other two solutions. 

The shift of the carbonyl carbon of MMA was determined in 
aqueous solution at a concentration of O.15 M, as well as in L^ phase 
systems where the wt% of MMA was varied up to 12.7%, which l i e s 
at the phase boundary as shown in Figure 7. In addition, the same 
microemulsions and MMA solutions of hexanol were examined as were 
used above for the hexanol shift studies. The signal from MMA dis
solved in water is downfield by 3.8 ppm from those of MMA/hexanol 
mixtures. The latter systems show a small downfield shift with in
creasing hexanol concentration. Once again, the L\ phase and micro
emulsion systems show an intermediate behavior but now there is a 
continuous upfield shift with increasing MMA content in the Lj phase 
which is continued in the microemulsions. 

Discussion 

Our quantitative findings concern the phase behavior of the Li and 
microemulsion systems are summarized in Figure 3. In the absence of 
alcohol, the maximum MMA content of the Lj phase is fixed by a 
limiting MMA/SLS mole ratio of approximately three. Higher mole 
ratios w i l l invariably lead to a two-phase system. With alcohol 
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£H3CH2CH2CH2CH2CH2OH 
u ν w χ y 
CH^CCCHgKO^Cttj 

200 160 120 80 40 0 ppm 
1 3 , Figure 5. C-NMR spectrum at 22.5 MHz recorded for a micro

emulsion containing a 6 7 % excess of MMA over that which saturates 
the L-L phase at 1 4 . 7 wt% SLS. The reference peak is external 
tetramethylsilane (TMS) and the peak assignments were made by 
running hexanol and MMA separately. 
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Figure 6 . Chemical s h i f t of the CY-carbon of hexanol measured 
with respect to external TMS as a function of environment. The 
environments studied are: hexanol in aqueous 1 4 . 7 wt% SLS 
so l u t i o n as a function of hexanol concentration, hexanol in 
microemulsions and hexanol in MMA s o l u t i o n as a function of 
hexanol concentration. 
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present and at any given SLS concentration, the moles of micro-
emulsified MMA are a linearly increasing function of the moles of 
alcohol. As Figure 3 demonstrates, there is an increase in slope 
on going from pentanol to hexanol at a fixed SLS content, indicating 
that the efficiency of the alcohol for microemulsifying MMA increases 
with i t s chain length. From an examination of the slopes of pairs 
of lines having the same SLS content but using different alcohols, 
we find that 1.6 ±O.2 moles of pentanol are needed to microemulsify 
the same amount of MMA as obtained with one mole of hexanol. The 
effect of increasing the SLS concentration is shown in Figure 8 
where the slopes of the lines from Figure 3 (the increase in the 
number of moles of MMA solubilized per mole of added alcohol) are 
plotted versus the original concentration of SLS. One observes an 
approximately linear increase in the slope with increasing SLS con
tent. These results indicate a substantial increase in the effect
iveness of these alcohols with surfactant content. 

The results of the head space analysis are evidence for the ap
p l i c a b i l i t y of the swolle
systems. Despite the solubilit
measurements of Li phase systems find that the concentration in the 
aqueous phase is small. Thus the majority of the MMA must be bound 
in micelles which behave as a distinct phase. Near the saturation 
limit in the L x phase and in the microemulsions, the measured vapor 
pressure is about what one would expect from an aqueous solution 
saturated with MMA. This also is consistent with our picture of 
distinct aqueous and micellar phases. In fact, the composition of 
the continuous phase in water-in-oil microemulsions has been deter
mined in just this way (20). 

An additional indication comes from the measured free energy 
of transfer of MMA from the aqueous to the micellar phase. Wishnia 
measured the free energy for the transfer of alkanes from aqueous 
solution to SLS micelles (22) . He studied the homologous series, 
ethane through pentane, at low concentrations. His result for ethane 
was -14.5 kJ/mole. 

It has been established that the behavior of a hydrocarbon in 
microemulsion formulations can be characterized by i t s Equivalent 
Alkane Carbon Number (EACN) (22). This is the number of methylene 
and methyl carbons making up the molecule. The EACN for MMA should 
be two and has been determined as such in this laboratory. It is 
interesting that this correlation seems to apply also to the measured 
free energies of transfer. This suggests that this previously em
p i r i c a l correlation has a theoretical basis in thermodynamics. Fur
ther, in the Li phase, up to a MMA concentration of at least O.5 M, 
the free energy of transfer is constant, indicating that the micelle 
structure is probably not too much different from that at very low 
MMA concentrations. 

The 1 3C chemical shielding study, together with the headspace 
results, allowed a somewhat more detailed picture of these systems 
to be drawn. The chemical shielding experienced by a nucleus can be 
directly related to i t s surrounding electronic environment. In the 
absence of susceptibility or anisotropy effects, the measured chemi
cal shift is an accurate expression of this chemical shielding. The 
dependence of the chemical shift on intermolecular effects can be 
used to sense how a molecule's environment changes when it is placed 
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Figure 7. Chemical s h i f t of the carbonyl carbon of MMA measured 
with respect to external TMS as a function of environment. The 
environments studied are: MMA at O.15 M in water, MMA in the L^ 
phase as a function of MMA content, MMA in microemulsions as a 
function of MMA content and MMA solutions as a function of hexanol 
concentration. 

Figure 8. Slopes of the l i n e s from Figure 3 p l o t t e d as a function 
of the o r i g i n a l concentration of SLS in the microemulsions. 
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in a different solvent. With this knowledge, the kind of environ
ment which a certain nucleus is experiencing can be determined from 
i t s chemical shift. This technique has been used to study micelles 
(23) and microemulsions (24). 

For 1 3C NMR studies, the intermolecular effects which can 
affect chemical shifts have been documented (25) . These are of two 
types: hydrogen-bonding effects and conformational or γ effects. 
The γ effect is related to the ratio of trans to gauche formations 
in a hydrocarbon chain. For the particular carbon atoms of this 
study, hydrogen bonding effects are the most important. 

We consider f i r s t the hexanol shifts of Figure 6. In the ab
sence of MMA, the downfield position of micellar bound hexanol can 
be attributed to hydrogen bonding of the hydroxyl group of hexanol 
with water. Assuming that the core of the micelle is largely water-
free, this requires that the hydroxyl group be at the micelle sur
face with the hydrocarbon chain most probably packed along those of 
SLS in the micelle. Evidence for the incorporation of pentanol into 
the core of SLS micelle
been presented (26). Th
α-carbon shift as a function of hexanol concentration is probably 
due to this incorporation. Thus the shift measured at the lowest 
hexanol concentration is considered to be characteristic of micellar 
bound hexanol. 

The hydrogen bonding of hexanol which is found in the micellar 
phase is largely lacking in the water saturated MMA solutions. Hy
drogen-bonding of hexanol with MMA can be detected by observing the 
MMA carbonyl shif t , as w i l l be shown later. However, the extent 
of this hydrogen bonding is small with respect to that which occurs 
when hexanol encounters water. In the swollen micelle model of 
microemulsions, hexanol can be at the micelle interface or in the 
hydrocarbon core where it should experience chemical shielding quite 
like that measured for micellar or for MMA solutions, respectively. 

The microemulsions studied show a single resonance for the 
alpha-carbon appearing midway between those of i t s expected model 
environments. The diffusion of cosurfactant within microemulsions 
is very rapid on an NMR time scale as has been confirmed in a series 
of studies (27,28^,29). In this case, the observed chemical shift is 
a weighted average of those of the different environments in which 
the cosurfactant is located. For our system, the observed shift 
could be represented as 

δ , = X δ + (1-X ) δ. (5) obs c e c i 

where X is the mole fraction of hexanol which finds i t s e l f (on the 
average^ inside the hydrocarbon core, δ and δ. are the character
i s t i c shifts of the core and interface, respectively. Applied to our 
data, the mole fraction of hexanol located in the core for micro
emulsions containing a 25, 50, and 67% excess of MMA is O.5, O.5, 
and O.6 ± O.1, respectively. This result compares favorably with the 
work on hexadecane in water microemulsions (27). In those systems, 
between 20 and 35% of the cosurfactant pentanol was found to be 
located within the micelle interior. Even better agreement is found 
with the data for paraffin-in-water microemulsions stabilized with 
sodium oleate and pentanol (5). The fraction of the pentanol located 
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in the core was O.5 - O.7 in the microemulsion region studied. It 
should be recalled that the microemulsions in the present study con
tain the minimum amount of alcohol necessary to give a transparent 
system. This alcohol is then required to s p l i t f a i r l y evenly be
tween the micelle core and interface, suggesting that this sort of 
partitioning is an important factor in the formation of micro
emulsions . 

In the case of the carbonyl carbon of MMA shown in Figure 7, 
the shift measured in a saturated aqueous solution is well downfield, 
evidence of the expected strong hydrogen bonding of MMA with water. 
The signal from water-saturated MMA solutions is predictably well 
upfield. Upon addition of hexanol, a slight downfield shift is ob
served, increasing in proportion to the amount of hexanol added. 
This is due to hydrogen-bonding of hexanol to MMA. The shifts 
measured in the L i phase and microemulsions are once again inter
mediate between those of the model systems indicating that the car
bonyl* s environment is neither a l l aqueous nor a l l o i l y . To inter
pret these results we hav
sions to MMA. We imagin
where i t s chemical shift should be like that in MMA solution, as 
well as at the micelle surface where i t s shift is like aqueous MMA. 
Assuming rapid diffusion of the MMA, the observed shift can again 
be written as 

where now X is the fraction of the MMA in an aqueous environment 
in which i t s chemical shift is 6a. The choice of a value for 6 C is 
not c r i t i c a l , since the variation in δ 0 with hexanol content is small 
compared with the difference between 6a and 6C. A value consistent 
with the calculated hexanol to MMA ratio in the core was used. The 
values of X a calculated for the Lj and microemulsion systems are 
given in Table I. These X a values include a contribution from MMA 
dissolved in the aqueous phase surrounding the micelles. The amount 
of MMA dissolved in this way was determined in the headspace studies 
and is also shown in Table I. Subtracting this value from the re
spective X a value gives Xi, the fraction of the MMA which is at 
the micelle surface. We observe that X^ is f a i r l y large but de
creases uniformly with increasing MMA content. With X^ known for 
both MMA and hexanol in the microemulsions, the relative ratios of 
the moles of interfacial SLS, MMA and hexanol can be calculated. Two 
such ratios are given in Table I. The SLS/MMA interfacial molar 
ratio (column 5) is particularly interesting, decreasing steadily 
with MMA content while in the Lj phase and becoming f a i r l y constant 
in the microemulsions. The data indicate that the amount of inter-
f a c i a l MMA increases as the L^ phase boundary is approached, even 
though the relative fraction of interfacial MMA decreases. The 
interfacial alcohol/MMA molar ratio (Column 6) increases steadily 
with the MMA content of the microemulsion, as would the corresponding 
alcohol/SLS ratio (not shown). These data show that there is no 
unique alcohol/MMA or alcohol/SLS molar ratio for the interface of 
these systems. 

The particular behavior of the SLS/MMA interfacial molar ratio 
with increased MMA content suggests an expanding microemulsion 

obs = X 6 + (1-X ) δ a a a c (6) 
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droplet in which the droplet volume grows progressively faster than 
i t s surface area. To test this idea, we have assumed a model for a 
microemulsion consisting of monodisperse spheres of radius r. We 
have also assumed that a l l of the surfactant in our system (in ex
cess of the CMC) is involved in forming interface, while the alcohol 
and MMA are distributed between droplet interface and core according 
to the ratios determined in the chemical shielding studies. The 
total interfacial area S in the system can then be written as 

S = Μ σ +X. Ν σ +X, Ρ σ (7) m in η ip ρ v ' 

where Μ, Ν and Ρ are the number of moles of SLS, MMA and hexanol in 
the microemulsion and the ct's are the corresponding surface areas 
per mole. Further, X and X.̂  are the fractions of the MMA and 
hexanol found at the interface? An analogous expression can be 
written for the total disperse phase volume V in terms of the appro
priate partial molar volume

V = M v + ( l -  )  (8) m an m η ρ 

Values for the σ and ν were taken from the literature as follows: 
o m = 3.01 χ 105 m2/mole and σ ρ = 1.26 χ 10 5 m2/mole (29), v m = 
2.46 χ 10"1* m3/mole (26) and v p = 1.23 χ KTSnVmole (30). v n was 
estimated as 1.07 χ 10"1* m3/mole from the molar volume of the pure 
liquid and σ η was calculated to be 2.3 χ 10 5 m2/mole assuming that 
MMA is a spherical molecule. 

The total interfacial surface area can be simply related to the 
dispersed phase volume in terms of the microemulsion droplet radius. 
Calculated r a d i i for the systems studied are shown in Table I. As 
expected, the droplets increasingly grow in size as the volume of 
dispersed phase increases. Thus, the observed decrease in X^ is 
merely a consequence of the decreasing surface-to-volume ratio need
ing a correspondingly smaller fraction of the MMA to create new 
interface. The droplet sizes predicted are consistent with the ob
served transparency of our systems which requires droplet sizes of 
under 100 Â in radius. Thus, the simple swollen micelle serves as 
an adequate structural model for this microemulsion system. 

From these results, it is obvious that the extensive L i phase 
in the water, SLS and MMA phase diagram is a result of MMA possess
ing a rather favorable water interaction. It is just this inter
action that enables MMA to come to the interface and plug the gaps 
in the expanding surface film. This phenomenon is probably not as 
important in systems containing less hydrophilic o i l s . 
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Photochemical Reactions in Microemulsions 
and Allied Systems 

S. ATIK, J. KUCZYNSKI, B. H. MILOSAVLJEVIC, K. CHANDRASEKARAN, 
and J. K. THOMAS 

Department of Chemistry, University of Notre Dame, Notre Dame, IN 46556 

Photophysical and photochemical studies of 
polymerized microemulsions and colloidal 
semiconductors ar
studies of pyrene incorporated into polymerized 
microemulsions indicate that electron or energy 
transfer occurs via a tunneling or Förster 
mechanism, respectively. Steady state and pulsed 
laser excitation techniques have been used to 
investigate photo-induced processes at the surface 
of CdS and TiO2 colloids. The luminescence of CdS 
and TiO2 is strongly dependent on either the 
excitation intensity and the nature of the adsorbed 
species, or the colloid crystallinity. CdS 
luminescence is quenched rapidly (τ << 10-9 sec) via 
e- or hole capture. Photochemical reduction of 
carbontate to formaldehyde occurs on TiO2 whereas 
photoreduction of methyl viologen, MV2 +, occurs on 
both semiconductors, the kinetic decay of MV+ being 
sample dependent. 

The past twenty years have shown an increased interest in 
photoreactions in surfactant systems (1,4), and in particular, 
micelles have played a significant role in catalyzing charge 
transfer processes in photochemical reactions. At first sight, 
microemulsions and micelles provide hydrophobic domains in an 
essentially polar background, so that reactants may be concentrated 
into these domains, thereby producing locally high concentrations, 
which lead to increased rates of reaction over those observed for 
similar concentrations in homogeneous solution. Such effects can be 
useful. However, a more intriguing situation arises when dealing 
with photoinduced charge transfer on the surfaces of these 
assemblies, which lie between the hydrophobic and hydrophillic 
domains of the system, and provide an intriguing environment to 
influence significant movement of charge from one species to 
another. From the point of view of surfaces, one would expect that 
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micelles would have a greater effect than microemulsions in this 
type of photochemical reaction (4) . In most instances this is 
indeed found to be true. However, microemulsions themselves, 
especially when they are used as polymerized microemulsions, can 
have additional features which are also useful to the photochemist 
(5-8). This brief survey deals with photoinduced charge separation 
as an example of a photochemical reaction. Examples of this 
reaction are discussed in microemulsion systems with comparison to 
micelles and homogeneous solution, A later part of the work is 
connected with systems which may be considered to be alli e d systems 
to microemulsions, such as colloidal cadmium sulfide, and titanium 
dioxide, Ti0 2. In these latter systems reactions can only occur on 
the surface of these particles following excitation of the particle 
bulk. 

Experimental 

Preparation and Polymerizatio
Bromide Microemulsion (CTAB-μΕ
of 1.0 g of CTAB, O.5 g of hexanol, and 1.0 g of 50% styrene-
divinylbenzene in 50 mL of water was carefully prepared by slowly 
adding the water to a stirred mixture of the other components to 
yield a slightly bluish clear solution. A O.1% solution (w/w) of 
i n i t i a t o r AIBN (based on monomer) was then solubilized in the system 
followed by removal of 0 2 (by gentle N 2 bubbling for 5 min), and 
f i n a l l y the system was heated in an oil bath (50°C) until complete 
polymerization was achieved as determined spectrophotometrically. 
Proper dilution with water was then made to give a O.01 M CTAB-Ρ-μΕ 
solution; Ρ-μΕ indicates polymerized microemulsion. 

Preparation of Colloidal CdS. Colloidal CdS samples were prepared 
by precipitation from an aqueous surfactant solution. Aqueous 
sodium sulfide was slowly added to a stirred solution of cadmium 
chloride plus surfactant, which produced a clear, yellow-orange 
colloidal sample of cadmium sulfide. The particle sizes of the 
colloids were on the order of 250-300 Â in radius. There was no 

2 + 

observable change in the particle radius upon addition of MV to 
the CdS colloids. Furthermore, in the absence of surfactant CdS 
rapidly precipitates from solution. 
Preparation of TiO^ Colloid Solution. Titanium tetraisopropoxide 
(Aldrich Chemical Company) at a concentration of 5 ml in 25 ml of 
isopropanol, was added dropwise to O.1 M aqueous HC1 solution while 
st i r r i n g . After the addition was complete, the solution was stirred 
for another 10 minutes and then heated slowly to remove the solvent; 
the residue was dried under vacuum at 118°C. The T i 0 2 powder 
readily peptized in water. Aqueous colloidal solutions tended to 
precipitate in basic solutions; addition of large amounts of inert 
salts also precipitated the colloids. Photoplatinization was done 
as reported earlier (9). 

Amorphous Ti0 2 was prepared as reported earlier (10). 
Commerical T i 0 2 powder (Alfa Chemical Co.) was crushed in a mortar 
prior to use. 
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Instrumentation. Pulsed irradiation studies were carried out with 
either a 337 nm beam (8 mj energy, 6 nsec FWHM) from a Lambda Physik 
EMG-100 laser, or with 490 nm light (O.1 J energy, 120 nsec FWHM) 
from a Candela SLL-66A dye laser. The short-lived transients 
produced were monitored by fast spectrophotometry (response < 1 
nsec) and the data was captured by a Tektronix 7912 A digitizer with 
subsequent processing by a 4051 minicomputer (8) . Steady state 
irradiation studies were performed using a 300 W quartz iodine lamp 
with cut off f i l t e r s interposed between the sample and lamp so that 
only light of wavelength greater than 400 nm reached the sample. 
Absorption and emission spectra were measured on a Perkin Elmer 552 
spectrophotometer and a Perkin Elmer MPF 44B spectrofluorimeter, 
respectively. 

Colloid particle sizes were measured on a Nicomp HN5-90 dynamic 
light scatter spectrometer. The Nicomp particle analyzer is a light 
(single mode 6328 Â He-Ne laser) scattering computerized instrument 
which ut i l i z e s the theory of Rayleigh scattering of translational 
Brownian particles to comput
the Stokes-Einstein relationshi
D = kT/6inTR. 

A b u i l t - i n microcomputer system performs rapid quadratic least 
squares f i t to the data, yielding 5, R, σ (normalized standard 
deviation of the intensity weighted distribution of diffusion 
constants) and χ squares goodness of f i t . The greater the value of 
σ the larger the degree of polydispersity present in the particle 
sizes -σ values less than O.2 are generally considered to correspond 
to pure monodisperse systems. A typical result obtained for 4 x 
10~3M CdS-SDS is: 5= 7.25 x 10"*8 cm2/s, R = 300 Α, σ = O.60 and χ 2 

» 1.35. 

Results and Discussion 

Figure 1 shows the photoinduced charge transfer reaction between 
pyrene and dimethylaniline, DMA. Excitation of the system is 
usually achieved through the arene leading to a long-lived excited 
state of pyrene with a lifetime which is several hundred 
nanoseconds. During this time period, the excited state may 
interact with dimethylaniline giving rise, in non-polar media to an 
exciplex, which is an excited complex with established absorbance 
and emission spectra, and a lifetime in the region of 50 
nanoseconds. However, in more polar media, for example in alcohols 
or acetonitrile, l i t t l e fluorescence of the exciplex is observed but 
effici e n t charge separation is achieved, and ions, such as pyrene 
anion and dimethylaniline cation, are identified in pulsed laser 
experiments. The rate of reaction of excited pyrene and 
dimethylaniline is diffusion controlled in a l l homogeneous 
solvents. The lifetime of the ions produced on excitation is short, 
existing for several microseconds, and depends on the conditions of 
the systems. The effect of micelles on such systems has been 
studied; for example, pyrene is located in a micelle such as cetyl 
trimethyl ammonium bromide, CTAB, close to the surface of the 
micelle, where it may be excited in the presence of dimethylaniline, 
which is also contained on the micelle surface. The reactants are 
separated by a short distance, and in effect a high local reactant 
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concentration is achieved, which leads to rapid reaction. This is 
the concept of the experiment, and the experimental techniques used 
to study the photo-events are to observe the quenching of the pyrene 
fluorescence, and the development of the ions following pulsed laser 
excitation. 

It is shown that pyrene fluorescence is rapidly quenched when 
dimethylaniline is added to a CTAB solution of these two reactants, 
and that ions are very rapidly developed in the pulsed laser 
experiments. Figure 2 shows typical spectra observed for the flash 
photolysis of pyrene and dimethylaniline in a hydrophobic 
homogeneous solvent, such as cyclohexane, in a polar homogeneous 
medium such as methanol, and in a CTAB micellar system. It can be 
seen that only excited states are developed in the hydrophobic 
medium as exemplified by the excited t r i p l e t absorption spectrum and 
exciplex emission, while in polar media such as methanol, 
significant yields of ions develop which replace the excited 
states. In CTAB this effect is even further amplified by large 
yields of dimethylanilin
identified by their characteristi
in the figure. The ions are developed rapidly during the laser 
pulse, and for a short time period following the pulse, depending on 
the concentration of dimethylaniline. As shown by the inserts in 
Figure 2, the pyrene anion when formed in CTAB has an extremely long 
lifetime and analysis of such data shows that it can live for 
several milliseconds, in contrast to a lifetime of microseconds in 
homogeneous polar media such as acetonitrile and methanol. An 
interesting feature also shown as an insert in Figure 2 is that i f 
an anionic surfactant is used, such as sodium lauryl sulfate, NaLS, 
that the ions again develop rapidly on excitation but that there is 
a sharp i n i t i a l ion decay, followed by a much slower one. This 
kinetic feature arises from the fact that the dimethylaniline cation 
cannot escape from the anionic micelle where the pyrene anion is 
located, and rapid recombination is observed that is even faster 
than that in homogeneous polar solutions. 

However, our concern is with the cationic surface which 
promotes a rapid exchange of an electron from dimethylaniline to 
pyrene, and thereafter maintains a long-lived ion which can react 
with further solutes added to the system. Ihe concept of the 
experiment is, that dimethylaniline transfers the electron rapidly 
to pyrene via a diffusion controlled reaction, which occurs by 
movement of the reactants on the surface of the micelle until they 
encounter each other. Electron transfer then occurs, and the back 
reaction of the two ions is prevented by the surface of the micelle, 
which holds the reactants in an unsuitable configuration for back 
reaction to occur. However, the repulsive positive force of the 
micelle on the dimethylaniline cation rapidly drives it away from 
the micelle, and effective and efficient charge separation is 
achieved, with a quantum yield Q of unity for the process of charge 
separation. 

There is some question as to whether such a system actually 
transfers electrons via an encounter, or whether the electron is 
actually ejected from DMA to pyrene over a distance, and before 
encounter occurs. This latter statement is shown not to be correct 
(5) as the kinetics follow that of a diffusion controlled reaction 
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Ρ + DMA+ P O L A R 

Figure 1. Electron transfer processes of pyrene (P) with 
dimethylaniline (DMA). 

PYRENE IN C.H I S 

- PYRENE IN CH3OH 
— PYRENE IN CTAB 

400 500 
λ ( n m ) - * 

Figure 2. Spectra of short-lived species in the laser 
photolysis of pyrene and dimethylaniline in C^H^, CĤ OH and 
CTAB micelles. Insert: oscilloscope time traces of pyrene 
anion p" in CTAB and NaLS micelles. (P T is the pyrene tr i p l e t , 
P~ the pyrene anion and DMA+ the dimethylaniline cation). 
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at the surface of the micelle, and compare favorably with several 
other reactions which have been previously determined to occur via 
encounters, for example pyrene excimer formation. Also, i f such a 
system is frozen to 77 Κ so that diffusion cannot occur, then it is 
impossible to promote a reaction even when the DMA and the pyrene 
are in close proximity. To sum up, no reaction occurs unless the 
reactants encounter each other. 

Table I shows the effect of various systems such as micelles, 
swollen micelles (achieved by adding hexanol to CTAB), microemulsion 
systems, vesicles formed from a double-chain CTAB surfactant, and 
reversed micelles with water cores formed with benzyl 
dimethylcetylammonium bromide in benzene. The active chromophore 
exists either as pyrene, pyrene sulfonic acid or pyrene 
tetrasulfonic acid. Essentially the concept here is that the polar 
derivatives of pyrene w i l l always locate pyrene at the surface of 
the micelle as these anionic species of pyrene complex with the 
positively charged surface. Dimethylaniline is used as an electron 
donor in each case, it
decrease in the yield o
micelle) is observed on going from micelle to swollen micelle, to 
microemulsion, and no yield of ions is observed in a reversed 
micelle system. With pyrene tetrasulfonic acid the yield of ions 
over the different systems is f a i r l y constant, even across to the 
reverse micellar system. However, the lifetime of the ions is 
extremely short in the reversed micellar system. An explanation for 
such behavior can be given as follows: as we transverse across the 
various assemblies, from micelle to microemulsion through swollen 
micelles, it is found that pyrene is gradually located in a more 
hydrophobic environment and further away from the particle 
surface. Thus, reaction of DMA and pyrene occurs under various 
geometric arrangements, f i r s t of a l l via a randomly organised 
encounter on the surface. Back electron transfer of the products is 
restricted due to their random geometry and rearrangement into a 
more suitable complex is inhibited by the micelle surface. A 
geometric arrangement which gives rise to rapid back reaction is 
readily seen in the reversed micelle system, where pyrene and DMA 
originally reside in the benzene phase, and form an exciplex after 
excitation. The exciplex is quenched at a diffusion controlled rate 
at the reversed micellar water pools, and no ions are formed. 
Hence, the exiplex has a sandwich structure which promotes efficient 
back e~ transfer at the water pool, and the ion yield is very 
small. However, a sandwich reactant pair of this sort is not formed 
on a micelle surface and back reaction is slower than the escape of 
the cation from the surface. The swollen micelle and microemulsion 
systems lead to both randomly organised ionic products and sandwich 
pairs, to varying extents, which are reflected in the observed yield 
of ions. With polar derivatives of pyrene, e.g. pyrene sulfonic 
acid, etc., the reactants are kept on the assembly surface where 
reaction occurs, giving rise to ions from a non-sandwiched type of 
configuration. In the reverse micellar system, these ions although 
they are formed, nevertheless have a short lifetime, as they cannot 
escape to any great distance in the small water pool. Thus, 
micelles are far superior to microemulsions in various aspects of 
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promoting and extending yields of ions in photoinduced electron 
transfer reactions. 

Table 11 shows various reactions, where electrons are 
transferred from pyrene anion to various entities such as carbon 
dioxide and methyl viologen. The reactions with some of these 
solutes, in particular C02/ are very slow in homogeneous solution in 
micelles. Nevertheless, the long lifetime of the pyrene anion in 
micellar systems allows sufficient time for complete electron 
transfer to the added solute to produce reduced methyl viologen, 
MV+, or C02". 

Polymerized Microemulsion Systems. A microemulsion of styrene and 
divinylbenzene with CTAB + hexanol may readily be made, and 
subsequently polymerized to form a polymerized microemulsion 
(5,6,7). This system exhibits two sites of solubilisation for 
photosysterns such as pyrene, one in the surfactant skin layer, and 
the other in the polymerized styrene-divinylbenzene core. 
Photochemical reaction
similar to those observe
concern to us at this stage. However, photochemical reactions 
induced in the rigid polymerized core are of interest, as they 
essentially confine reactants to a small region of space where 
movement is restricted as compared to a flu i d non-polymerised 
microemulsion or a micelle. Thus, diffusion is minimised, and it 
may be possible to investigate reactions which occur over a distance 
rather than reactions which occur by diffusion. In order to 
eliminate reactions in the surfactant skin a microemulsion can be 
constructed which contains cetyl pyridinium chloride in place of 
CTAB. The pyrene that resides in the surfactant skin layer is 
immediately quenched by the pyridinium group following excitation. 
In the systems discussed here, 20% of the pyrene is located in the 
skin region and is immediately quenched, while about 80% of the 
pyrene is in the polymerised core where it carries out reactions, 
fluoresces, forms t r i p l e t states, etc. Reactions such as energy 
transfer from excited pyrene to perylene occur quite readily in this 
system, and it has been shown that the mechanism is via transfer 
over distances of 20-50 Â in the polymerized core of the 
microemulsion. However, it is not possible to carry out quenching 
of excited pyrene by dimethylaniline in the polymerized core of the 
microemulsion. This again f i t s in with the concept that this 
reaction requires diffusion to form encounter complexes. However, 
an electron transfer reaction has been observed between excited 
pyrene and nitrobenzene to give the pyrene cation and the 
nitrobenzene anion. This also occurs eff i c i e n t l y in homogeneous 
polar media, in micelles, and in non-polymerised microemulsions. In 
polymerized microemulsions, nitrobenzene quenching of the pyrene 
fluorescence is quite inefficient compared to that observed in 
microemulsions or in micellar media. However, reaction does occur 
at high nitrobenzene concentrations (10"2M), and typical data are 
shown in Figure 3 for the quenching of pyrene fluorescence. The 
ragged line is that due to the experimental data, while the smooth 
curve is the data calculated from a tunnelling type process of 
electron transfer from pyrene to nitrobenzene. The agreement of 
theoretical and experimental data is excellent and indicates that in 
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Table I. Relative Yield of P~ (493 nm)a 

CTAB 

Ρ 1.0(O.40) O.50(O.32) O.24(O.12) O.85(O.67) no ions 

PBA 1.0 O.90 O.77 O.80 short lived ions 

PSA 1.0 O.87 O.66 O.96 short lived ions 

PTS 1.0 O.95 O.90 short lived ions 

5.0 χ 10~5M P(PBA, PSA, PTS)/(5-10) x 10~3 M DMA. Better than 
95% of the fluorescenc
hexanol; B, O.05 M
(1.83% (w/w) cTAB, 2.5% hexanol, 5.0% dodecane); C., O.01 M 
DDAB; D, reversed micelle system. Values in parentheses are 
obtained for DBA (O.005 Μ), dibutylaniline. 

Table II. Reaction Rate Constants for 
Pyrene Anions, P~, with Acceptors 

Solute 

Homogeneous Soin. Cationic Micelle, 

M-V 1 

Eu 3+ 

MV' 2+ 

2.0 x 10 

2.7 χ 103 

10 

2.6 x 10 10 

5.0 χ 10 9 

1 .3 χ 10' 

(10~2M CTAB) 

3.3 x 10' 

(6 x 10 M CTAB) 

1.8 x 10' 

(10"ZM CTAB) 

Cetylpyridinium 

Chloride 

2.6 χ 10 10 10 7 (s""1) 

[ I J UL order decay] 

C0 n »10' >10' 
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this system, due to the rigid nature of the assembly that holds the 
pyrene and the nitrobenzene, where it is not possible to achieve 
effi c i e n t diffusion, that electron transfer occurs over distances of 
the order of 10-20 Â. Polymerized microemulsions provide assemblies 
where it is possible to investigate whether reactions can occur 
while the reactants are separated—the reaction may be either energy 
transfer or electron transfer reactions. This experimental 
arrangement is not possible with micelles, as it is not possible to 
polymerize small entities such as micelles in order to give r i g i d 
assemblies. 

Photochemistry in Colloidal Cadmium Sulfide. Figure 4 shows an 
ill u s t r a t i o n of a typical cadmium sulfide particle prepared by a 
precipitation technique (11-13). A small, roughly spherical cadmium 
sulfide particle is pictured, coated with adsorbed surfactant, such 
as SDS or CTAB, in order to stabilize the system and keep it 
suspended for long periods of time. Excitation of this particle 
leads to electron-hole
migrate to the CdS surface
surface defects. Recombination of electrons with trapped holes on 
the surface leads to emission which is observed in the red part of 
the spectrum. However, recombination of electron-hole pairs in the 
bulk of the semiconductor leads to an emission which is in the green 
and at higher energy, as observed on excitation of single crystals 
of cadmium sulfide. The electrons may be transferred from the 
particle to suitable acceptors, such as methyl viologen, which are 
adsorbed on the particle surface. This may be encouraged by the use 
of a negatively charged surfactant such as sodium lauryl sulfate. 
The net result is that shining light on the system gives rise to 
electron hole pairs, and the electron is transferred out to a 
suitable acceptor, where it is stored for extended periods of time 
(hours). 

Figure 5 shows typical emission and absorption spectra for a 
dispersion of cadmium sulfide in water, and for two colloids, one 
stabilized with sodium lauryl sulfate, and one stabilized with the 
surfactant cetyldimethylbenzylammoniumchloride, CDBAC. At low 
excitation intensities the emission spectra of dispersions and 
colloids are red shifted from that observed for single crystals, 
which normally exhibit a maximum emission peak at 520 nanometers. 
However, excitation at high intensity, e.g. with a laser, produces a 
blue shift in the emission spectra and in the case of a dispersion, 
an emission spectrum is observed which is very similar to that of a 
single crystal. In the colloidal systems a progressive blue shift 
of the emission spectra is observed at higher excitation 
intensities. Tftiis is associated with a saturation of the surface 
trapping sites such that the majority of electron hole-pairs are 
produced in the bulk of the colloidal semiconductor, where they emit 
light characteristic of bulk cadmium sulfide. Surface adsorption of 
ions such as cupric ions modify the surface, and at low excitation 
intensities these systems exhibit a red-shifted emission spectra. 
Copper forms cupric sulfide on the surface of the particle by 
exchanging with surface cadmium. The copper site traps holes which 
upon recombination with surface electrons gives rise to a red-
shifted emission. 
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I 1 1 I I I I l I ι I I I I ι I ι I l I I 1 

ϋ 0 2 0 0 4 0 0 0 2 0 0 4 0 0 

I 1 1 1 1 1 1 I I I I I I I I I I I I 1 1 1 

0 2 0 0 4 0

Figure 3 . Rate of decay of pyrene fluorescence in CPC-Ρ-μΕ in 
the presence of nitrobenzene; [pyrene] = 1 0 M; 
[nitrobenzene]: ( 1 ) 1 0 ~ 3 M; ( 2 ) 2 . 5 χ 1θ" 3Μ; ( 3 ) 5 χ 1 θ" 3 M; 
and ( 4 ) 1 0 M. Coarse curve, experimental data; smooth curve, 
calculated curve according to Eq. 2 from Reference 7 . 

Figure 4 . Illustration of a colloidal CdS particle stabilized 
via adsorbed surfactant, s" represents the polar head group of 
the surfactant; A , the oxidized form of an acceptor; A, the 
reduced form of the electron acceptor; e", H + represents the 
electron/hole pairs formed upon excitation of the CdS particle 
which may either recombine in the bulk and emit green light or 
migrate to the surface and emit red light upon recombination. 
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Figure 6 shows the effect of methyl viologen on the emission 
intensity of cadmium sulfide, as well as the appearance of reduced 
methyl viologen, which results from transfer of electrons from the 
excited particle to adsorbed methyl viologen. These data indicate 
that the emission quenching occurs via electron transfer from the 
CdS surface to adsorbed acceptors. Figure 7 shows Stern-Volmer and 
Perrin plots for the quenching of CdS emission in a sodium lauryl 
sulfate colloid and a CDBAC colloid. With the sodium lauryl sulfate 
colloid, the quenching is quite marked at low concentrations of 
cupric ions, methyl viologen, and propyl viologen sulfonate, while a 
negatively charged quencher, such as iodide ion, has no effect on 
the system. In the case of the positively charged CDBAC colloid, 
methyl viologen quenches inefficiently, propyl viologen s t i l l 
quenches to some extent, but copper is s t i l l very efficient. The 
Stern-Volmer plots of the data are not linear: in the case of 
methyl viologen there is a downwards curvature in the plot while 
with cupric chloride there is an upwards curvature with increasing 
concentration. If the
log °'I, verses the concentratio
of the particle, then a linear plot is obtained indicating static 
quenching of the CdS luminescence by copper. In the case of methyl 
viologen the downwards curvature is mainly the result of saturation 
of the CdS surface by methyl viologen. If the actual concentration 
of methyl viologen adsorbed on the CdS surface is plotted, rather 
than bulk MV2+ concentration, then a linear Stern-Volmer plot is 
obtained. These data are explained as follows: the hole and 
electron migrate to the CdS surface where the hole is captured by 
copper in the form of CuS. However, the hole on reaching the 
surface is no longer mobile, and i f it meets up with the cooper 
sulfide on the surface then it is captured leading to a reduction in 
CdS emission intensity. This gives rise to static quenching. 
However, i f it is not immediately captured by copper then no 
quenching occurs as it combines with electrons in the normal 
fashion. The kinetic processes occur in a very short period of 
time, much shorter than the emission lifetime which in these 
colloids is less than 10 sec. 

In the case of methyl viologen it is the electron that is 
captured at the CdS surface. The electron is s t i l l very mobile at 
the CdS surface where it may be captured by adsorbed MV during i t s 
diffusive motion over the surface. This gives rise to a Stern-
Volmer type of quenching even though it is over a very short period 
of time in much less than 10"^ sec. These data also show that it is 
essential for the reactive entities to be on the surface of the CdS 
particle in order for reaction to occur. 

Figure 8 shows typical pulsed laser data for the production of 
methyl viologen on the surface of a CdS particle stabilized with 
sodium lauryl sulfate. The reduced methyl viologen is formed 
immediately in the laser pulse but shows a subsequent decay due to 
back reaction at the particle surface. This figure also shows the 
effect of oxygen on the quenching of reduced methyl viologen, MV+. 
The rate constant for this quenching is extremely low in the case of 
methyl viologen on cadmium sulfide. It is known that the reaction 
of reduced methyl viologen with oxygen is environment-dependent 
(14,15) and the present data indicate that reduced methyl viologen 
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Figure 5. a) Absorption(-.-) spectrum of a CdS dispersion and 
a surfactant stabilized CdS colloid; emission spectra of a CdS 
dispersion upon low (-) and high (—) excitation intensity, 
b) Emission spectra of SDS stabilized CdS colloids at low (—) 
and high (-)^excitation intensity; emission spectrum of CdS/SDS 
+ 10" M Cu 2 + (-.-). c) Emission spectrum of CDBAC stabilized 
CdS colloid (-); effect of 1 .5 χ 10~5M Cu 2 + ( — ). 
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Figure 6 . Yield of MV+* and relative intensity of CdS emission 
in the photolysis of a CdS/SDS colloid upon addition of MV 
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Figure 7a. Effect of quenchers on the CdS emission intensity. 
CdS/SDS colloid: Stern-Volmer plots for quenching by MV2+ 

(•h Cu^+ (*), PVS (•), and Γ (•); top: Perrin plot of 
CiT + data. 
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Figure 8. Pulsed laser studies of MV+e formation and decay in 
CdS/SDS colloids: Effect of 0« (1) and pH on M7+e decay (2 = 
pH 8.2, 3 = pH 11.2). 
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remains on the particle surface for several hundred microseconds. 
This explains the rapid back reaction of reduced methyl viologen 
with the hole on the surface of the particle. It can be shown that 
reduced methyl viologen migrates around the surface of the particle, 
as adsorbed copper causes an increased rate of decay of reduced 
methyl viologen on the surface. Tune net result of the above 
processes is that the efficiency of electron transfer from excited 
cadmium sulfide to acceptors is low, and the quantum yield is less 
than 10~3. This is mainly due to the short lived nature of the 
electron-hole pair which does not give ample opportunity for 
transfer to acceptors, and also due to the fact that the reaction 
product or reduced methyl viologen does not escape from the surface, 
and hence back reaction leads to low yields. 

Two features have been utilized to correct this problem and to 
increase the yield of photoreduced products. In the f i r s t instance 
a positively charged colloid was employed using either CTAB or 
CDBAC. This colloid does not adsorb methyl viologen. However, i f 
EDTA is placed in the system
with a resultant negativ
the positive surface of the colloid. The methyl viologen EDTA 
complex is adsorbed at the surface of the colloid and participates 
in electron transfer from excited CdS and forms reduced methyl 
viologen. The resulting MV+-EDTA complex breaks up and the 
positively charged MV+ is repelled from the surface of the 
colloid. The photo yield now increases up to about O.01, at least a 
factor of a hundred increase in quantum yield. 

A further feature may be obtained by producing a less 
structured red form of cadmium sulfide. The red CdS colloid 
exhibits a red shifted emission spectrum compared to that of normal 
cadmium sulfide, and it also has a much longer lifetime. This gives 
a much longer lifetime for the electron-hole pair and larger yields 
of reduced product are expected from such systems. 

Photochemistry of Titanium Dioxide Colloids. Another 
semiconductor colloid used in our studies is titanium dioxide which 
has a band gap of 3.2 ev. As in the case of cadmium sulfide, 
excitation of aqueous suspensions of this particle leads to 
electron-hole pair separation which can be intercepted with suitable 
redox reagents. In the absence of externally added solutes, the 
photogenerated electron-hole pair recombines to give the starting 
material and the light energy is dissipated to the medium as heat. 
Two types of T1O2 samples are used in this study. T1O2 prepared at 
high temperature (80°C) which behaves very similarly to commercial 
samples, and T1O2 prepared at low temperature (35°C) which has a 
particle size of 300 ± 100 Â radius and shows different properties. 

Figure 9 shows the emission spectrum of crystalline T i 0 2 , 
( T i 0 2 ) c , when excited at 320 nm. The emission intensity increases 
sharply after 340 nm and reaches a maximuma at 375 nm then t a i l s up 
to 700 nm. The emission maximum corresponds to the band gap of the 
semiconductor. Single crystal semiconductors show a sharp emission 
maximum corresponding to the band gap energy. The broad emission is 
typical of semiconductor particle suspensions in water. The low 
energy t a i l may by due to the electron exchange leading to T i ^ + . 
The emission quantum yield was calculated to be ~10~*3 when compared 
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to emission from quinine sulfate in O.5 M aqueous sulfuric acid. 
Addition of small amounts of MV++ or i " (10~ 3 M) do not quench the 
emission. However, quenching behavior was observed at high 
concentrations (>10 mM) of these quenchers. 

Amorphous Ti0 2, ( T i 0 2 ) A , prepared at 35°C does not show any 
emission at room temperature. 

Photoreduction of Μν +* on TiQ~ Colloids. Pulse photolysis of 
solutions containing ( T i 0 2 ) c and MV2"*" leads to instantaneous 
formation of MV+, (Fig. 10), which is characterized by i t s 
absorption spectrum with maxima at 395 nm and 605 nm. These data 
can be explained by direct electron transfer from excited ( T i 0 2 ) c to 
adsorbed MV2+. Benzylviologen, a derivative of MV2+ is not adsorbed 
on the surface, and hence is not reduced on photoexcitation. 

The charge separated energy-rich products do not live long 
enough so that any stored energy can be utilized subsequently. Itie 
photoreduced MV2+ is s t i l l adsorbed on the ( T i 0 2 )  surface and 
readily reacts with th
MV+ adsorbed on ( T i 0 2 )
followed by a slower decay with a lifetime of 1 ys. The fraction of 
the i n i t i a l decay depends on the pH of the medium. In acidic medium 
(pH 1) the i n i t i a l fast decay accounts for a l l of the process, 
whereas in basic medium only about 60% of the signal decays by the 
fast process, while the remaining MV+ is stable. It should be noted 
that more MV is adsorbed on ( T i 0 2 ) c in basic media than in acidic 
media. 

Amorphous Ti02/MV systems behave quite differently upon 
photo-excitation. MV2+ is not adsorbed on amorphous Ti0 2 and so 
instantaneous formation of MV+ is not observed. However, in the 
presence of electron donors such as polyvinyl alcohol (PYA), or 
halide ions, a slow growth of MV+ formation is observed over a 
period of several \JS (Fig. 10). In the case of PVA, a permanent 
reduction of MV2+ is observed as reported by Grâ'tzel et a l . (16), 
but in the case of Cl~ no permanent reduction is observed. Pulse 
photolysis studies show large yields of i n i t i a l l y formed MV+, but 
rapid back reaction of MV+ and C l 2 " yield the starting materials. 
In O.1 M HC104 the reduction of MV2+ is not efficient, as electron 
transfer from Cl0 4" to the Ti 0 2 hole is not e f f i c i e n t . 

The results can be explained as follows: 

(TiO) h V > TiO (e~, h +) 2 a 2 

e" + MV++ > MV+ 

h + RCH2-0H > RCH-OH + H 

0 
2+ + 1 1 + 

MV + RCH-OH > MV + RCH + H 
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Figure 10. a) Decay of MV+ upon laser excitation of 
crystalline T i 0 2 suspensions in water monitored at 395 nm. 
b) Growth of MV+ upon laser excitation of an Amorphous TiO. 
colloid in 2 mM NaOH containing O.1% w/w polyvinylalcohol 
monitored at 605 nm. [MV2+] =1 mM. 
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The slower growth of MV+ on excitation of (Ti0 2) a/MV^ + suggests that 
the photoproduced electrons have a longer lifetime in these systems 
than on the ( T i 0 2 ) c . 

Photooxidation of Halide Ions. Ihe photogenerated hole can be 
intercepted by various inorganic and organic ions, such as S 20g 2", 
acetate, and I", some of which have been used in this study (17). 
In the case of photolysis of S 20g 2" on ( T i 0 2 ) c , a transient spectrum 
with a maximum at 455 nm is observed which is attributed to the SO^" 
radical. Similar studies with iodide give a transient with a 
maximum at 390 nm, which has been assigned to the l 2 " radical 
(18). These transitory species appear within the pulse duration (6 
χ 10"^s) even at 10"^ M anion concentrations. It is reasonable to 
assume that only the ions adsorbed on the surface are reactive, in 
homogeneous solution the halide anion radicals disporportionate to 
give neutral molecules and halide ions, and the decay kinetics 
follow a second-order process (18). However, the transients 
generated on the particl
by an apparent first-orde
transients are formed on the surface. Before the radical escapes 
from the surface of the particle to the solution bulk, they react 
with the photogenerated electrons on the surface, and the decay 
appears to be first-order. 

Iodide ions are adsorbed on amorphous Ti0 2 particles. Flash 
photolysis of amorphous T i 0 2 and iodide results in the instantaneous 
formation of l 2 " as the adsorbed iodide transfers an electron to the 
photogenerated hole and the iodine atom combines with the excess 
iodide to give I 2 " ion. Similar to crystalline Ti0 2, the conduction 
band electron and i 2 " back react to give the starting materials. 
Since the electron lives longer on the amorphous Ti 0 2 as seen from 
the reaction with MV2+, I 2 " is expected to live longer. Indeed the 
h a l f - l i f e of the I 2 " decay is 3̂5 ys compared to 14 ys for the 
crystalline T i 0 2 particle suspensions. 

Photochemical Reduction of Carbonate to Formaldehyde. 
Carbonate is adsorbed on colloidal Ti0 2, and flash photolysis of 
these solutions exhibits an instantaneous formation of carbonate 
anion radical (19). As with other systems, carbonate anion radicals 
back react with conduction band electrons giving the starting 
materials. Carbonate anion radicals decay faster in aereated 
solution (T1/ = O.9 ± O.1 ys) than in deaereated solution (τ1/2= 2.9 
± O.2 ys) indicating that oxygen reacts with one of the 
photoproducts (19). 

Illumination of aerated or deaerated solutions containing 
Ti0 2/Pt and carbonate (1 Μ), results in the formation of 
formaldehyde (Figure 11). Decreasing the concentration of carbonate 
by 100 fold does not appreciably affect the formation of the f i n a l 
product, as the surface is saturated with CO2" under these 
conditions. However, the formaldehyde yield decreases at 
concentrations less than 1 mM carbonate. Illumination of the 
solution for longer periods does not result in an increased yield of 
formaldehyde. In fact, the yield decreases at longer irradiation 
times. Since larger amounts of formaldehyde are formed in the 
i n i t i a l stages, it is reasonable to assume that formaldehyde 
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undergoes secondary reactions. Since methanol was not observed as 
one of the products at longer irradiation times, oxidation of 
formaldehyde to formate is proposed to be the secondary reaction. 

Ti0 2 > Ti0 2 (e , h ) 

C0 3
2" + h + > C0 3" ; 0 2 + e" > 

co 3- + o 2 - > co 3

2 - + o 2 

C0 3" + e" > C0 3
2" 

co3" + o 2 > co 3 + o2" 

co 3 > CO + o 2 

C

Net reaction CO 2~ β ' h > HCHO + 0 
H + 

The important aspect of the reaction is that both hole and electron 
are used to drive the net chemical reaction. The free energy stored 
in this reaction is 138 kcals/mole. 

Conclusions 

The foregoing studies show the unique features introduced into 
photochemical systems by the use of microemulsions which assemble 
reactants and promote reaction features of interest. The use of 
large surface areas, as with semiconductor colloids, also leads to 
unique photochemical reactions which are quite different to bulk 
reactions. Finally, colloidal systems provide excellent vehicles 
for studies in interfacial photochemistry. 
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Reaction Kinetics as a Probe for the Dynamic Structure 
of Microemulsions 

R. LEUNG, M. J. HOU, C. MANOHAR1, D. O. SHAH2, and P. W. CHUN3 

Departments of Chemical Engineering and Anesthesiology, University of Florida, Gainesville, 
FL 32611 

The coagulation of the hydrophobic AgCl sols has been 
investigated by stopped-flow method employing micro
emulsions composed of SDS, IPA, water and benzene 
as reaction media. Two enhancement peaks of the 
coagulation rate
correlate the enhancements with the dynamic struc
tures of reaction media, the physico-chemical pro
perties of the microemulsions have been measured 
using various techniques including conductance, 
viscosity, light scattering, ultracentrifuge, ultra
sonic absorption and pressure-jump relaxation. 
Subregions consisting of different microstructures 
within a clear single microemulsion phase have thus 
been delineated. Accordingly, the broad enhancement 
peak of the coagulation of 0 .56 water mass fraction 
is associated with surfactant aggregates in the 
alcohol-rich solvent. The sharp enhancement peak 
at 0.855 water mass fraction has been attributed 
to the fast coagulation of normal micelles leading 
to micellar growth. It has been found by the titra
tion method that a minimum of eight water molecules 
per surfactant molecule are required to hydrate the 
sulfate group for the dissolution of SDS into IPA. 

A microemulsion is a thermodynamically stable isotropic dispersion of 
two relatively immiscible liquids, consisting of microdomains of 
one or both liquids stabilized by a interfacial film of surface-
active molecules. In practice, one often identifies the micro
emulsion by the formation of a clear isotropic mixture of the two 
immiscible liquids in the presence of appropriate emulsifiers. In 
a phase diagram, such region is referred as the microemulsion phase. 
It has been shown that microemulsion regions consist of different 
microstructures (1,2), e.g., water-in-oil (W/O), oil-in-water (O/W), 
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etc. A number of different techniques such as light scattering, 
neutron-scattering, ultrasonic absorption, ultracentrifugation, as 
well as relaxation measurements have been used to characterize d i f f e 
rent microstructures within a single phase microemulsion region 
(1-12). The presence of different microstructures in reaction 
media can affect the mechanism and rate of a chemical reaction. 
Therefore, kinetics of a chemical reaction can be used as a probe 
for investigating the transition of the microstructure within a 
single phase microemulsion region. As a matter of fact, the micro
emulsions, being transparent, are very suitable systems for monitor
ing the chemical reactions spectrophotometrically. 

Silver chloride precipitation is one of the most extensively 
investigated reactions due to i t s importance in photographic in
dustry (13-22). Aqueous suspension of silver halide in the presence 
of protectice colloid such as gelatin, surfactants, is usually 
called emulsions in photography. The turbidity measurement is con
ventionally used to monitor the precipitation process  It is well-
known that the turbidit
upon mixing silver nitrat
tective colloids. Matijevic and Ottewill (13,14) have attributed 
such turbidity enhancement to the fast coagulation and precipi
tation of silver halide sols. They investigated the effect of cat-
ionic detergents on the s t a b i l i t y of negatively-charged silver 
halide sols. Periodic "sensitized" coagulation and stabilization 
regions of the sols were observed upon increasing the detergent 
concentration. When the detergent concentration approached i t s 
c r i t i c a l micelle concentration, the detergents acted as protective 
colloids and the coagulation rate of silver halide sols was drasti
cally reduced. In another set of studies on the s t a b i l i t y of positive
ly charged silver halide sols in the presence of anionic surface 
active agents, Ottewill and Watanabe (15) have shown that the 
st a b i l i t y of the sols decreased i n i t i a l l y (coagulated faster) and 
then increased again up to a limiting value due to the adsorption 
of surface active molecules on the sols. A theory has also been 
proposed to account for these experimental findings (14,15). 

In this preliminary study, we have investigated the coagulation 
rate of silver chloride sols in microemulsion media. The results 
are intimately related to structural properties of the microemulsions. 

Experimental 

Materials and Methods. The sodium dodecyl sulfate (SDS) was of purity 
higher than 99% from BDH. AgNÛ3, NaCl were ACS certified grade 
from Fisher Scientific Company. Isopropyl alcohol (IPA) and benzene 
were of 99% purity from Fisher Scientific Company. A l l chemicals 
were used as received without further purification. 

The viscosity was measured by Cannon-Fenske viscometer (#100). 
Light scattering was monitored by Duophotometer Model 5200 (Wood 
Mfg. Co.). The ultrasonic absorption was measured using Matec 
Pulse Modulator and Receiver model 6600. Pressure-jump studies 
were performed using DIA-LOG system with conductivity detection. The 
stopped-flow experiments were carried out using Durrum Model D-115 
systems. The ultracentrifuge studies were carried using a Beckman 
Model Ε analytical ultracentrufuge with Schlieren optics. A l l the 
measurements were carried out at 25°C. 
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Preparation of AgCl Sols. Two stock aqueous solutions of 5 mM AgNC^ 
and of 5 mM NaCl were f i r s t prepared separately. Microemulsions 
were then prepared by mixing specific amount of SDS, IPA, benzene 
and either one of the two aqueous stock solutions so that two iden
t i c a l microemulsion samples at a desired composition were formed 
except one contained AgNÛ3 and the other contained NaCl. Using 
stopped-flow apparatus, the AgCl sols were formed upon a rapid in
jection of these two identical microemulsion samples into a mixing 
chamber. The turbidity development through the coagulation of the 
AgCl sols was then followed by transmittance measurement. 

Coagulation Rate Measurements. As shown by Matijevic and Ottewill 
(13), the turbidity τ resulting from the formation of the solid 
phase in a solution can be defined by the relation: 

ι = ι 0β" τ 1 (1) 
where I Q and I are the intensitie
radiation respectively,
employed. For small particle  (  λ/20)  consump
tive light absorption, τ is related to the number of particles 
per m i l l i l i t e r Ν , and their individual volume V by Rayleigh equation, 
viz., p p 

τ = Α Ν V 2 (2) Ρ Ρ 
here A is an optical constant given by: 

2 4 ^ 
3 4 2 2 m - n Q 

2 L . ο 2 

η + 2n, 
(3) 

0 
where n^ is the refractive index of the solvent while η is the re
fractive index of the particles, λ is the wavelength of the light 
used (in vacuo). 

For a coagulation process, the change of turbidity with time is 
given by the equation, 

τ = A Ν V 2(l+kt) (4) Ρ Ρ 
where k is a rate constant. When the particles are small enough to 
obey Rayleigh*s equation (2), a linear relationship between turbidity 
and time is obtained (13). 

For a l l samples studied, the use of i n i t i a l coagulation rate (the 
f i r s t 2 seconds in a overall process longer than 100 seconds) does 
provide a linear (or pseudo-linear) rate constant k for comparative 
purpose. Moreover, the use of i n i t i a l coagulation rate for comparison 
is j u s t i f i e d in view of the fact that the concentration product of 
AgCl in our samples is considerably greater than the solubility pro
duct (1.765 χ 10~ 1 0 at 25°C) and hence, upon mixing, the nuclei of 
AgCl are formed spontaneously without significant induction-time de
lay. However, due to the possible complication involved in the multi-
component systems, we report a l l our i n i t i a l coagulation rates in 
terms of a relative rate constant k r e i using pure water as a reference, 
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k = r e l 
k in microemulsion media 

k in pure water (5) 

Assuming the changes of A and V on various microemulsion media are 
negligible, and Ν is proportioRal to the volume fraction of water 
in a microemulsioR sample, the following equation is then used to 
obtain a relative rate constant for a microemulsion sample, 

~ d l n ( l / l Q ) 
,N 
k 2 -

dt microemulsion 
*rel ρχ d l n ( l / l 0 ) l 

dt 

(6) 

water 

Results and Discussions 

Coagulation of Hydrophobi
which a l l the measurement
shown in Figure 1. The phase diagram for IPA + SDS + benzene + water 
system was obtained by Clausse (23). The mass ratio of SDS/IPA is 
O.5 throughout the phase diagram, and the mass ratio of benzene/SDS 
is O.33 for a l l the samples studied. The structure of the microemul
sions employed as reaction media may differ markedly from alcohol-
rich (point A) to water-rich (point B) region in the phase diagram. 
Figure 1 shows the variation of relative rate constant as a function 
of mass fraction of water in microemulsions. The enhancements in the 
coagulation rate at specific water mass fractions of O.56 and O.855 
are quite striking. Of the two enhancement peaks observed, the 
highest peak at O.855 mass fraction of water is very narrow and in
tense, while the other peak at O.56 is broad but less intense. The 
former does not seem to be related to the formation of micelles be
cause the surfactant concentration is about 15 times higher than the 
c r i t i c a l micelle concentration. The broadness of the latter peak is 
indicative of a certain structural property that may persist in a wide 
range of alcohol-rich region of the microemulsion phase. 

It is of interest to note the resemblance of our data to that 
reported by Friberg et a l . (24). They have investigated the rate of 
hydrolysis of p-nitrophenol laurate in the microemulsion system con
sisting of ceryltrimethyl ammonium bromide, butanol and water. Two 
pronounced and broad peaks of the reaction rate were observed. The 
enhancements have been ascribed to the conventional micellar catalysis 
effect in which the micellar surface charge density plays a dominant 
role. However, this seems unlikely to be the reasons for the en
hancements observed in our studies in view of the sharpness of the 
peak at O.855 as compared to that reported by Friberg et a l . (24). 

We w i l l discuss f i r s t the reaction kinetics by which the tur
bidity increases. As shown by Ottewill and Watanabe (15) in the case 
of sol formation, a complex series of consecutive and simultaneous 
reactions occur. These can be schematically presented as follows 
(15): 
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A 
ions —> nuclei 

small crystals (primary particles) 

D 

coagula * large crystals 
It involves nucleus formation (step A), crystal growth (step B) 
and coagulation (step C and D) of primary particles. The turbidity 
development observed in our experiments can not be related to the 
reaction A because the nucleus formation is usually very fast at 
reasonably high supersaturation and therefore w i l l terminate before 
experimental observations are recorded. Another supporting evidence 
is that the nuclei of AgCl sols may only consist of about five ions 
as reported by Klein et a l . (25). The change in opalescence resulted 
from such small nuclei is probably not perceivable. Thus, the 
reactions mostly observed in the experiments would appear to be 
B, C and D. 

In many classical coagulatio
15) with the addition of
molecules), a simplified analysis is feasible in which the growth of 
nuclei to primary particles is very rapid, and hence the reaction ob
served is predominantly the coagulation of the primary particles, 
i.e. the reaction D. This reaction has been found to depend strongly 
on the surface potential of the sol particles. The adsorption of 
surface active agents on sols may modify the surface potential and 
consequently alter the coagulation rate. In our studies, we have 
chosen a different approach, namely by monitoring the formation of 
hydrophobic sols in statu nascendi (13) using microemulsions as 
reaction media. The analysis thus appears complicated due to the 
possible influences of the microemulsions on the nucleation and crystal 
growth. Some of these influences are even not clear at present. 
It is our opinion, however, that the surface potential of the sols and 
the nature of the media are principally the controlling factors in the 
crystal growth and coagulation process. 

Physico-Chemical Properties of the Microemulsions. In order to d e l i 
neate the correlation between the coagulation rate and the dynamic 
structure of microemulsions, we have performed a number of measurements 
to determine various physico-chemical properties of the microemulsion 
phase along the experimental line. Figure 2 shows the conductance of 
the microemulsions. The maximum conductance around O.56 water mass 
fraction corresponds to the peak of the coagulation rate in Figure 1. 
The increasing conductance with the addition of water in the alcohol-
rich region may be attributed to the increased ionization of SDS 
molecules. The decreasing conductance beyond the maximum is presuma
bly due to the dilution effect on the conductance by additional 
quantity of water. 

Figure 3 represents the plot of viscosity vs. water content. It 
shows that as the amount of water decreases, the viscosity increases 
up to a water mass fraction of O.56, and with further reduction in 
water content there is no significant change in viscosity. The de
crease in viscosity in the region of water mass fraction greater than 
O.56 is consistent with the dilution effect shown in the elec t r i c a l 
conductivity measurements (Figure 2). 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



330 MACRO- AND MICROEMULSIONS 

0 O.2 O.

MASS FRACTION OF WATER 

Figure 1. Variation of the relative coagulation rate constant k r e i 
of AgCl sols as a function of water content along 
the experimental line AB in the phase diagram of SDS-IPA-
benzene-water microemulsions. 

1.2 

MASS FRACTION OF WATER 

Figure 2. Elect r i c a l conductance as a function of water mass frac
tion along the line AB (Figure 1) of SDS-IPA-Benzene-Water 
microemulsion system. 
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In order to further understand the association structure of 
the surfactant in the solution, we have measured the light scattering 
as shown in Figure 4. Interestingly, the results exhibit two peaks 
corresponding to the peaks of the coagulation rate in Figure 1. The 
broad peak in Figure 4 also bears a strong resemblance to the results 
reported by Friberg et a l . (24). It can be stated from these results 
that starting from the alcohol-rich region, the addition of water in 
microemulsions results in certain association structure which en
hances the light scattering from the solution. Similar conclusions 
have also been drawn by Sjoblom and Friberg (10) for water, pentanol, 
potassium oleate and hydrocarbon oil microemulsion systems. The 
association structure of the surfactant in the alcohol-rich region 
may resemble the water-in-oil (W/0) microemulsions (10). 

It should be noted that a concentration fluctuation can also 
increase the light scattering intensity by orders of magnitude near 
the v i c i n i t y of a c r i t i c a l point. It is well established from recent 
studies (26-30) that a c r i t i c a l - l i k e behavior has been observed near 
the percolation threshold
strong concentration fluctuatio
Waals interaction force between the microemulsion droplets. However, 
at present we do not have any experimental evidence to distinguish 
between the micellar growth and concentration fluctuation mechanism 
to explain the light scattering data. It is to be noted that a sharp 
peak in light scattering around O.855 water mass fraction indeed is 
observed. A broad and smooth transition zone has been observed in 
the transition of spherical to rod (cylindrical) shape of micelles 
using viscosity, light scattering and magnetic f i e l d measurement 
(31,32). It is l i k e l y , therefore, that this sharp peak may not be 
related to a structural transition, but a concentration fluctuation 
which we w i l l discuss in more details later. 

Besides the light scattering data, the ultracentrifugation results 
further confirm the existence of surfactant aggregates in this system 
(Figure 5). For the samples with O.855 water mass fraction or greater, 
no sedimentation peak was observed. We had expected that normal SDS 
micelles with solubilized benzene may exist in this region. The ab
sence of the sedimentation peak is probably due to the electric repul
sion force between the micelles. This is consistent with the obser
vation that no sedimentation peak was observed in a pure O.5 M SDS 
aqueous solution containing normal micellar aggregates. For the 
solutions with water fraction O.8 down to O.25, sedimentation peaks 
were observed and the sedimentation coefficients shown in Figure 5 
were calculated from the velocity of the sedimenting peaks (33-35). 
As seen in Figure 5, the change of sedimentation coefficients with 
rotor speed was unexpected. It suggests that the aggregates of the 
surfactant are rather fragile and sensitive to the centrifugal force. 
The increase in the value of sedimentation coefficient as the amount 
of water decreases does not necessarily indicate the growth of aggre
gates. It may also be attributed in part to the decreasing buoyancy 
of the solvent due to the continuous addition of IPA into solutions. 
Further attempts to obtain the particle size from the sedimentation 
coefficient is thus thwarted due to the constant variation in the com
position of the continuous media. For the solutions with water frac
tion less than O.25, no sedimentation peak was observed. 

Figure 6 represent various Schlieren patterns of the samples of 
different compositions. The Schlieren peak appears upward i f the re-
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WATER MASS FRACTION 

Figure 3. Viscosity as a function of water mass fraction along the 
line AB (Figure 1) of the SDS-IPA-Benzene Water micro
emulsion system. 

WATER MASS FRACTION 

Figure 4. Ratio of light scattering intensity I^Q/IQ as a function 
of water mass fraction along the line AB (Figure 1) of 
the SDS-IPA-Benzene-Water microemulsion system. 
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X 42040 rpm 

WATER MASS FRACTION 

Figure 5. Sedimentation coefficients at various rotor speeds as a 
function of water mass fraction along the line AB (Figui 
1) of the SDS-IPA-Benzene-Water microemulsion system. 
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Figure 6. U l t r a c e n t r i f u g e S c h l i e r e n pat te rns of the microemulsions 
along the l i n e AB in F igure 1. Note the l e f t hand s ide is the menis
c u s , and the r i g h t hand s ide corresponds to the bottom of the c e l l . 
(a) Upper curve corresponds to the sample at O.8 water mass f r a c t i o n , 
lower curve to the sample at O.853 water mass f r a c t i o n ; 1651 sec 
e lapsed a f t e r reaching the speed of 33,350 rpm. 
(b) Upper curve corresponds to the sample at O.35 water mass f r a c t i o n , 
lower curve to the sample at O.567 water mass f r a c t i o n ; 2595 sec 
e lapsed a f t e r reaching the speed of 42,040 rpm. 
(c) Upper curve corresponds to the sample at O.24 water mass f r a c t i o n , 
lower curve to the sample at O.908 water mass f r a c t i o n ; 1377 sec 
e lapsed a f t e r reaching the speed of 20,410 rpm. 
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fractive index increment is positive, dn/dc>0; and downward i f nega
tive, dn/dc<0, where η denotes the local refractive index of the solu
tion and c is the local solute concentration in the solution (33-35). 
Figure 6(a) shows an upward meniscus boundary for the sample of O.853 
water mass fraction (lower curve) and a downward peak for the sample 
of O.8 water mass fraction (upper curve). It is evident that an in
version of the refractive index increment dn/dc occurs in the region 
of water fraction between O.85 and O.8, indicating a change in the 
solution properties. Such inversion is also accompanied with the 
onset of the sedimentation of aggregates. Figure 6(b) indicates 
the sedimentation peaks observed at O.567 (lower curve) and O.35 
(upper curve) water fraction. Both peaks are downward. It is note
worthy that there exists another upward peak near the bottom of the 
c e l l for both samples. This peak appears to float up against the 
centrifugal f i e l d during the course of centrifugation. The reason 
for this floating peak is not clear at present. However, it can not 
be attributed to the flotation of the aggregates because a flotation 
peak usually appears downwar
ment) . We propose that
l i t y of the system for which the aggregates under compression tend to 
relax back through a back-diffusion of the solutes against the cen
trifugal f i e l d (36). Figure 6(c) represent the Schlieren patterns 
of the sample at O.24 water fraction. No sedimentation peak was 
observed and the meniscus boundary was inverted from downward to 
upward again, indicating the occurrence of a structural transition 
(phase separation occurs at composition A, Figure 1). 
The ultrasonic absorption of the solutions at 5MHz also corroborates 

the picture that emerges from the ultracentrifugation results; Fig. 7 . 
The maximum absorption observed at O.56 water fraction corresponds 
to the peak of light scattering and coagulation rate of AgCl, and is 
indicative of the ease of perturbation of the structures by the ultra
sonic pressure. The processes to which the ultrasonic relaxation of 
surfactant solutions can be attributed are: (1) the exchange of alco
hols between the mixed micelles and surrounding solution; (2) the 
exchange of surfactants between the micelles and surrounding solution; 
(3) the ion association-dissociation equilibrium of the electrolytes; 
and (4) concentration fluctuation of the solution. Zana et a l . (28) 
have investigated the ultrasonic absorption behavior in many W/0 
microemulsion systems. It was found that the high ultrasonic absorp
tion could only be detected i f large concentration fluctuations 
occurred in the system. Hence, the f i r s t and second process can be 
excluded. The third process is also unlikely to be the cause for 
the maximum absorption in view of the results reported by Friberg 
et a l . (24) that a continuous increase of 81-Br line width occurs as 
the water content decreases. The broadening of ®^Br line width in
dicates the increasing strength in the counter-ion binding. The 
ultrasonic absorption, i f any, w i l l then appear as a monotonie func
tion, instead of a maximum. We shall therefore only consider the con
centration fluctuation as the probable cause of absorption maximum. 

The concentration fluctuations in our system can possibly fur
ther be subdivided into a solute (surfactant aggregates) concentration 
fluctuation and a solvent concentration fluctuation. The solute con
centration fluctuation is similar to that of c r i t i c a l - l i k e behavior 
observed in many W/0 microemulsion systems (28), while the solvent 
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concentration fluctuation may result from the mixed solvent of IPA 
and water. It has been reported (37) that a maximum ultrasonic 
absorption occurs at O.84 mass fraction of water (mole fraction 
of IPA is O.057) in a IPA + water mixture. A shift in the composition 
of this maximum absorption may occur upon addition of other additives. 
Therefore, we can not rule out the solvent concentration fluctuation 
as a possible cause of the maximum absorption. 

We have also performed a pressure-jump relaxation study on the 
system in an attempt to directly probe the microstructures in our 
system. It is now well established that the existence of normal 
micellar structures gives rise to two well separated relaxation pro
cesses (38-40). The fast relaxation process with relaxation time τ 
in micro-seconds range is related to the fast exchange of surfactant 
monomers between the micelles and the surrounding solution. The 
slow relaxation process with relaxation time τ 2 in milli-seconds 
range is associated with the micellar formation-dissolution e q u i l i 
brium. No experimental data have yet been reported regarding the 
pressure-jump relaxatio
water-rich region (water
microemulsion system, the relaxation spectra resemble to that of nor
mal micelles except that there exists an extra slow relaxation pro
cess (referred as T s l o w ) . is too fast to measure by pressure-
jump apparatus. The value of τ 2 as plotted in Figure 8 is smaller 
than that of pure SDS micelles (800 milliseconds to 5 seconds) in 
the same SDS concentration range of 100 to 200 mM by Kahlweit (38). 
This may be attributed to the presence of short chain alcohol (39). 
We have also shown in a recent study (41) that the addition of a 
short chain alcohol (propanol) increases the rate of micelle for
mation-dissolution significantly. The amplitude of T s i o w process in 
the water-rich region is very small and hence the resolution of re
laxation time T s i o w is poor. Within the range of experimental accu
racy, x s i o w was found to be independent of the microemulsion composi
tion. 

As the amount of IPA and SDS continuously increases in the so
lution, the relaxation spectra seem to undergo a smooth transition. 
The amplitude of T s ^ o w process is gradually increasing, while the 
amplitude of τ 2 process is diminishing. We only reported ^ o r 

the water rich region in Figure 8 due to the poor resolution of T ^ s 
with increasing alcohol concentration. However, the value of 
τ 2 appears to increase with alcohol concentration and approach a 
plateau value around O.8 sec at alcohol-rich corner. We should note 
that T s i o w is probably not related to micelle formation. We have 
attributed these slow processes to the compressibility of the IPA + 
water solvent in our recent study (41). We have shown (41) that a 10 
mM potassium chloride in a mixed IPA + water solvent gives rise to 
a similar relaxation signal (consisting of three relaxation processes) 
and relaxation times to that of the sample at O.24 water mass frac
tion. It is obvious that the signal resulted from the relaxation of 
normal micelles dominates the relaxation spectra in the water-rich 
region and hence the amplitude of T s ^ o w process is small. But as the 
alcohol concentration increases, the normal micellar aggregates 
disappear gradually and a structural transition takes place. The 
relaxation spectra w i l l then be overshadowed by the relaxation of 
the mixed solvent of IPA + water. The mechanisms corresponding to 
this mixed solvent relaxation are not established at present. 
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O.4 O.5 O.  O.7 O.
MASS FRACTION- OF WATER 

Figure 7. Ultrasonic absorption as a function of water mass fraction 
along the line AB (Figure 1) of the SDS-IPA-Benzene-Water 
microemulsion system. 

O.7 0Λ O.9 
WATER MASS FRACTION 

Figure 8. Variation of relaxation time τ 2 as a function of water 
mass fraction. 
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Piecing together a l l the experimental data we have thus far 
presented, we can attain the following sketch regarding the structural 
properties of our microemulsion system. The sedimentation studies 
confirm the existence of association structures of surfactants in 
the alcohol-rich region. Based upon the light scattering data 
(Figure 4) we can state that the addition of water induces the 
association of the surfactants starting at about O.4 water mass frac
tion. Between O.56 to O.7 water fraction, the surfactant aggregates 
and concentration fluctuation may coexist in the system. The associa
tion structures over the alcohol-rich region should resemble the in
verted micelles or W/0 microemulsions. Beyond O.7 water mass frac
tion, a structural transition from inverted to normal micellar 
structures occurs and hence the light scattering decreases. If the 
normal micellar structure persistently exists over the alcohol-rich 
region, we would have expected that the value of τ 2 decreases con
tinuously instead of increases according to the relaxation study of 
high concentration SDS solution reported by Kahlweit (38). 

The structural studie
microemulsion system compose
be referred to support the types of association structures mentioned 
above. Three subregions consisting of different microstructures in a 
single microemulsion phase region have been identified using quasi-
elastic Rayleigh scattering. In view of the striking resemblance of 
the phase diagram reported by Bellocq et a l . (5,6) to ours, similar 
conclusions can also be drawn for our system. The formation of 
spherical inverted structures are responsible for the light scatter
ing enhancement starting at O.4 water fraction as shown in Figure 4. 
It is noteworthy that the light scattering intensity remains constant 
upon further increasing the water fraction from O.56 to O.7. This 
suggests that the additional water does not induce further growth 
of inverted micelles, but partition in the continuous medium. This 
not only explains the decrease of the conductance beyond the O.56 
water mass fraction, but also indicates that large micellar struc
tures are not formed in the IPA + water solvent. Hence, the concen
tration fluctuation may play an important role in light scattering. 
This can explain the fact that the association structures in the a l 
cohol-rich region are not r i g i d . They are fragile and easy to per
turb as concluded from the ultracentrifuge study. 

The structural transition from inverted to normal micellar struc
ture occurs around O.8 to O.7 water mass fraction. It is obviously 
a progressive transition. The microstructure in this region is not 
yet well established. The ultracentrifuge study has shown that the 
inverted micellar structure may exist persistently down to O.8 water 
mass fraction. But the quasielastic light scattering has detected 
the trace of normal micellar structure as low as O.7 water mass 
fraction (5). 

Lastly, we would like to point out that the head group of the 
ionic surfactant have to be hydrated by a minimum amount of water 
in order to dissolve into a low polarity solvent (e.g. short chain 
alcohols). In the hydrocarbon oil rich corner of a microemulsion 
phase diagram, micellization occurs as long as the minimum water re
quired to hydrate the ionic head group is added (5). Hence the mini
mum water to surfactant molar ratio required for such hydration can be 
determined by light scattering measurement. The ratio has been 
found to be 10 for sulfate surfactants in toluene and 8 for carboxy-
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late surfactants in dodecane (5). But in the alcohol (short chain) 
rich corner, the micellization does not occur upon the addition of 
necessary minimum amount of water. Therefore the light scattering 
measurement cannot be used to determine the minimum water required. 
Instead, we have developed a titr a t i o n method for this purpose. 
Starting from the surfactant-rich region of our system, the added 
water is expected to partition in both surfactant phase (hydration) 
and continuous medium (IPA). Then the total number of water molecules 
N w added to the solution is: 

Ν = N S + N a (7) w w w 
g 

where Ν denotes the number of water molecules that hydrate the sur
factant head groups, and is the number of water molecules par t i 
tioning in the IPA. Assuming h is the minimum number of water mole
cules per surfactant molecule required for hydration, we then have: 

where the Ν is the total number of surfactant molecules in the solu
tion. We can also express the N^ as: 

N a = kN (9) w a 
where k is the proportional constant of water molecules partitioning 
in the IPA, and N a is the total number of alcohol molecules in the 
solution. Combining the equation (7), (8) and (9) gives: 

Ν Ν 
r - k r + b ( 1 0 ) 

s s 
We took a clear microemulsion sample of O.22 water mass fraction 

near the phase boundary, f i r s t titrated with IPA t i l l the sample 
just became turbid, then titrated with water t i l l the sample became 
clear again. Repeating these procedures many times and plotting 
the ratio of Nw/Ng versus Na/Ng, we then obtained a straight line 
as shown in Figure 9. The slope yields the constant k and the 
intercept on y-axis corresponds to the minimum number of water 
molecules per surfactant molecule required for dissolution. It 
was concluded that minimum 8 water molecules are needed to hydrate 
each sulfate group for dissolution of SDS into IPA. It should be 
noted that this t i t r a t i o n method can only be used in the miscibility 
range of the short chain alcohol with water. 
Interrelationship Between the Reaction Kinetics and the Dynamic 
Structure of Microemulsions. We now come to our f i n a l goal to corre
late the reaction kinetics with the dynamic structures of the micro
emulsions. The coagulation rate of AgCl sols depends on the sur
face charge of the sols. High surface charge density prevents the 
collisions of the preliminary particles of AgCl crystals, and con
sequently results in the slow coagulation rate and small size of 
precipitates. The enhancement of the caogulation in Figure 1 from 
water mass fraction of O.22 to O.65 corresponds to the region where 
the nature of the continuous phase of the microemulsions is dominated 
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Figure 9. Minimum number of water molecules, h, per surfactant 
molecule needed to hydrate the sulfate group for the dis
solution of SDS into IPA. 
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by alcohol (low polarity). The association structures in this re
gion are probably inverted micelles. 

It has been shown that the s t a b i l i t y of colloidal suspensions 
can also be influenced by a pure alcohol-water mixture, without 
the addition of any surface active agent. In a study of the floccu-
lation of polystyrene emulsions in ethanol-water mixtures (42), 
the concentration of sodium chloride required to produce rapid floccu-
lation increases with increasing ethanol concentration up to O.09 
molar fraction, beyond this composition, the concentration of sodium 
chloride required for flocculation decreases rapidly. It w i l l be very 
informative, therefore, to compare our coagulation rate obtained in 
the microemulsion media to that in pure IPA + water mixture. The 
results can be used to further delineate the role of inverted micel
lar structure on the enhancement of coagulation. 

The reasons for the sharp peak of coagulation rate at O.855 
water fraction can be explained as follows. The sharp increase 
in the coagulation rate is presumably due to the fast mutual coagu
lation of the normal micelle
of SDS. Many facts substantiat
heat capacity measurements, Roux et a l . (7,8) have found that the mi
cellar growth starts at about O.8 water mass fraction along a dilution 
line (by water), and at about O.85 water mass fraction along the 
lower demixing line in a microemulsion system consisting of SDS, 
butanol, water and toluene. The discrepancy in these two water frac
tions appears to result from the micelles swollen by the solubilized 
toluene along the lower demixing line. In view of the striking simi
l a r i t y in the phase diagram of our microemulsion system with that of 
Roux et a l . , it is plausible to propose that the micellar growth occurs 
at O.85 water mass fraction in our systems. 

We would like to point out that this micellar growth is probably 
not the type of transition from spherical to cylindrical micelles 
as usually observed in a concentrated surfactant solution (31,32). 
A tighter packing micelle is usually expected as a result of this 
transition. But in contrast, Roux et a l . (.7,8) have found that a 
less structured micelle results after the micellar growth. Two 
counter-acting forces may exist during the course of this micellar 
growth; one force tends to increase the micellar size due to the 
continuous increase of SDS concentration, while the other tends 
to break down the micelles due to the increasing concentration of a l 
cohol (43-45). It is l i k e l y due to these counter-balancing forces, 
that the micellar growth in these microemulsion systems differs from 
that of sphere to cylinder transition. 

It is generally considered that the micelle formation represents 
a step-wise association process (40). For an ionic surfactant system 
at low concentration, the mutual coagulation between the micelles is 
forbidden due to the electrostatic repulsion force. Hence, the mi
celles grow only by incorporation of monomers only. However, a re
cent review paper by Kahlweit (38) indicates that at high counter 
ion concentrations (i.e. high surfactant concentration), the mi
celles can grow through a bypass of a reversible coagulation of sub-
micellar aggregates. For SDS micellar solution, such bypass coagu
lation occurs at the concentration of about 200 mM which corresponds 
to the minimum of 1/τ2. The concentration of SDS at O.855 water mass 
fraction of our microemulsion system is about 150mM. We propose that 
a mutual coagulation of micelles may occur due to the micellar 
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growth at O.855 water mass fraction, i f taking into account that the 
presence of IPA may decrease the surface charge density of the 
micelles. This can explain the occurrence of the sharp light 
scattering peak at O.855 water mass fraction in Figure 4. This light 
scattering peak is due to the concentration fluctuation resulting 
from the mutual coagulation of micelles. 

The sharp enhancement in the coagulation of AgCl sols at O.855 
water mass fraction is the consequence of this mutual coagulation of 
the micelles. It is li k e l y that the primary particles of AgCl 
sols are located in the micelles (14) or adsorbed at micelle surface. 
The electrostatic repulsion force prohibits the coagulation of the 
micelles, hence the growth of the particles is slow and the size of 
the precipitate is small in the water-rich region as compared to 
alcohol-rich region. Our preliminary study on the particle size using 
scanning electron micrographs indeed confirms that the particles 
precipitated in the water-rich region is much smaller than in the 
alcohol-rich region. However, at the composition of micellar growth, 
the rate of particle growt
the micelles. The sharpnes
the micellar growth is only limited to a very f i n i t e composition range. 

Conclusions 

The coagulation of the hydrophobic AgCl sols has been investigated 
using microemulsions as reaction media. Both equilibrium and dy
namic studies have been carried out to delineate the microstructures 
in a single microemulsion phase. The existence of different micro-
structures in the single phase region has been established. For 
the microemulsions with water mass fraction of O.4 to O.56, inverted 
micellar structures are formed. The concentration fluctuation of these 
inverted micelles may also play an important role in the region from 
O.4 to O.7 water mass fraction. For the microemulsions with water 
fractions greater than O.8, the existence of normal SDS micelles have 
been indicated. It has been shown that the kinetics of the chemical 
reaction is intimately correlated with the structures and the nature 
of the medium in the microemulsion phase. Hence, the chemical re
action can serve as a useful approach for probing the dynamic struc
tures in microemulsions. Besides the kinetics of reactions, the mor
phology of the products from the chemical reaction is also influenced 
by the microemulsion. This study is thus relevant to various 
technological applications such as the manufacturing of photographic 
films (46), catalysis (47) and in general, fine powder technology. 
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22 
Interfacial Phenomena of Miniemulsions 

C. D. LACK, M. S. EL-AASSER, J. W. VANDERHOFF, and F. M. FOWKES 
Emulsion Polymers Institute, Departments of Chemical Engineering and Chemistry, Lehigh 
University, Bethlehem, PA 18015 

The interfacial characteristics between an oil drop and 
aqueous mixed emulsifier solutions were studied with a 
spinning drop interfacial tensiometer. An interfacial 
layer was observe
as evidenced by th
ting drop. The length of these "tails" increased with 
spinning time and rotation speed. The interfacial ten
sions between styrene and aqueous mixed emulsifier so
lutions were unexpectedly high, 5 to 13 dynes/cm, 
whereas tensions in the range of 10 - 2 dynes/cm were 
measured between the "tails" and the aqueous solution. 

Static, equilibration studies also indicated that a 
molecular association forms at the oil/water interface 
in the presence of mixed emulsifiers. Spinning drop 
experiments with pre-equilibrated oil and aqueous 
phases suggested that the presence of oil in associa
tion with the mixed emulsifier molecules in the aque
ous phase affects the formation of an interfacial 
layer. 

Emulsions are generally characterized by the droplet size even though 
there may be other equally significant differences. Oil-in-water 
miniemulsions are prepared using a combination of a surfactant and a 
cosurfactant (which is not a surface active agent) and have droplet 
diameters in the range of 100 to 400nm. Typically, a mixture of an 
ionic surfactant, such as sodium lauryl sulfate (SLS) or hexadecyl-
trimethylammoniumbromide (HTAB), and a long chain fatty alcohol is 
used in concentrations of 0.5 to 3% by weight based on the oil phase. 
In contrast, microemulsions contain 10 to l00nm diameter droplets and 
are prepared using mixed emulsifiers in concentrations of 15 to 30% 
by weight based on the oil phase. 

In addition to mixed emulsifier concentration and the droplet 
size, micro- and miniemulsions differ in the fatty alcohol chain 
length used. Stable miniemulsions can only be prepared with a fatty 
alcohol chain length of at least 12 carbon atoms compared to the 
shorter chain lengths used for most microemulsions. Also, the order 
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of mixing of ingredients is different in the two systems. Successful 
emulsification of miniemulsions requires an aqueous solution of ionic 
surfactant and fatty alcohol be pre-emulsified for O.5 to 1.0 hour, 
at a temperature above the melting point of the fatty alcohol, before 
the oil phase is added. In contrast, microemulsions can be prepared 
by dissolving the fatty alcohol in the oil phase prior to mixing with 
the water phase containing the ionic surfactant. 

Mixed emulsifier systems in the same low concentrations used to 
prepare miniemulsions (1 to 3% wt.) have also been used successfully 
to prepare polymer latexes of 100-400nm diameter particles by direct 
emulsification of polymer solutions (1-7). The resulting latexes 
showed excellent shelf-stability for more than one year. The signi
ficance of this recent finding l i e s in the a b i l i t y of mixed emulsi
fi e r s , in such low concentrations, to form, by direct emulsification, 
stable polymer particles that are in the same size range as latexes 
prepared by emulsion polymerization. Based on this development, many 
organic solvent based polymer coatings can now alternately be applied 
from aqueous dispersion systems
mic, l o g i s t i c , and environmenta
solvents. 

The formation and stabilization of 0/W emulsions prepared with 
mixed emulsifier systems has been extensively investigated. However, 
the mechanisms proposed differ greatly. One of the primary hypoth
eses attributes the enhanced stability to the formation of a molecu
lar "complex" or layer at the oil/water interface (8-11). The mix
ture of emulsifier types increases the packing density of the adsorb
ed interfacial film. Several investigators have shown that more 
closely packed complexes produce more stable emulsions (9,12-14). 
Friberg, et a l . (15-17) have attributed the enhanced stability of 
mixed emulsifier emulsions to the formation of liquid crystals at the 
oil/water interface, which reduce the van der Waals attractive forces. 

Another explanation of the good st a b i l i t y of micro- and mini
emulsions in the presence of mixed emulsifiers is based on Higuchi 
and Misra's work (18). According to this concept, the degradation by 
diffusion is greatly retarded in the presence of a less water soluble 
component at the interface, or in the oil phase. Ugelstad, et a l . 
(19-21) have shown that an emulsion can be stabilized against diffus
ion by decreasing the oil phase water solubility, which is accom
plished through the solubilization of long chain alkanes or fatty 
alcohols in the oil phase. 

In the present research on miniemulsions, the maximum stab i l i t y 
was found at ionic surfactant to fatty alcohol molar ratios of be
tween 1:1 and 1:3, when the alcohol and surfactant had near equal 
chain lengths (22,23). 

The overall objective of this research program is to determine 
the effect of mixed emulsifiers on interfacial properties in rela
tion to miniemulsion formation and stabilization. Based on the pre
viously discussed affects, the immediate objective of this phase of 
the research program was aimed at understanding the interactions that 
occur between mixed emulsifier molecules and miniemulsion oil drop
lets. 

Interfacial Tension Theory 
The spinning drop method was f i r s t proposed by Vonnegut in 1942 and 
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is based on the elongation of an immiscible lighter phase drop in a 
more dense, continuous phase as the two are subjected to centrifugal 
forces (24). Often the two fluids are placed in a capillary tube 
which rotates about i t s longitudinal axis at high speed. The lighter 
phase drop is forced to the center of the capillary tube where it 
w i l l tend to elongate. The particular shape of the drop depends on 
the interfacial tension and centrifugal pressure forces. The inter-
facial tension between the two phases acts to resist elongation, and 
the pressure which results from the centrifugal forces enhances 
elongation. The centrifugal forces are a function of the rotation 
speed and the densities of the two phases. Because these forces are 
balanced at equilibrium, the interfacial tension can be determined 
from the centrifugal forces. 

Materials and Methods 

Experimental Materials. The emulsifiers used were sodium lauryl sul
fate, SLS (Stepan Chemica
bromide, HTAB (Fisher Scientifi
recrystallization from absolute ethanol and dried at 20°C under 
vacuum. The SLS was then Soxhlet-extracted with diethyl ether for 
48 hours, dried under vacuum at 20°C., and stored under vacuum at 5°C 
unt i l use. 

The following fatty alcohols were used as received from Conoco 
Chemical Company: n-decanol [C ^ Q], lauryl alcohol, LA [ C ^ l » tetra-
decanol [ C 1 4 ] , cetyl alcohol, CA [ C ^ ] , and octadecanol [C]g]. 

The styrene monomer (certified grade, Fisher Scientific Company) 
was cleaned before use. The inhibitor was removed by washing with 
10% wt. aqueous sodium hydroxide solution. The monomer was then 
washed with d i s t i l l e d deionized water, dried overnight (at 5°C) with 
anhydrous sodium sulfate, vacuum d i s t i l l e d under dry nitrogen, and 
then stored at 5°C until use. 

Toluene (Fisher Scientific Company) was used as received. 
Double d i s t i l l e d deionized (DDI) water was used in preparation of 
aqueous solutions. 

Interfacial Tension Measurements. A Site Model LP-10 Spinning Drop 
Interfacial Tensiometer was used in this study. A description of 
the instrument and i t s capabilities have been reported (25-28). The 
apparatus consists of four major components: the spinning c e l l , the 
t i l t i n g base, the electronic components, and the microscope. The 
spinning c e l l contains the rotating glass capillary, mounts, bearings 
and seals as well as a direct-contact thermal oil chamber and inlet 
and outlet chambers for the surfactant solution. It operates at 
speeds up to 10,000 rpm and temperatures up to 100°C. The instrument 
is suitable for interfacial tensions from 10"^ to 10^ dyne/cm (29). 

In order to simulate the conditions of the actual emulsification 
process, a l l interfacial tension measurements were made at 65°C., in 
the following manner. Each aqueous mixed emulsifier solution was 
pre-emulsified, by mixing for 1.0 hour at 65°C., and then loaded into 
the capillary tube of the tensiometer. The oil drop was injected in
to the capillary and the rotation speed increased to the desired 
level. After allowing time for equilibration, the dimensions of the 
oil drop were measured in two perpendicular directions using a micro
meter in the microscope eyepiece. Multiple oil drops were measured 
with each surfactant solution by repeating the above procedure. 
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The diameter measured is the apparent diameter (Dapp) and should 
be corrected for the refraction of the light beam as it passes 
through the various mediums to the optical microscope. An empirical 
calibration equation was developed earlier to convert Dapp to the 
actual droplet diameter (D a c t) (30): 

D ^ - D /[2.084 - 1.37xRI + O.629xRI ] (1) act app ο c 
where RI Q and RI C are the refractive indices of the thermal oil and 
continuous phase respectively, at the temperature of interest. 

The interfacial tension, γ, was calculated knowing the actual 
drop diameter, D a c t, and length, L, the angular velocity, ω, and the 
density difference between the continuous and oil phases, Δρ, using 
the following expression (29): 

γ = (1/32) χ (Δρ) x i»\CT
3(*+D (2) 

where φ is a correction fo
The effect of equilibratio

studied by photographing a drop when it was f i r s t injected into the 
rotating capillary and at regular time intervals until an equilibrium 
configuration was reached. A l l photographic studies were conducted 
at 3000 rpm in order to slow the droplet deformation. A Nikon 35mm 
SLR camera body was mounted in place of the Ziess microscope eye
piece using a Nikon T-mount and a 10X ocular. A diffused, incandes
cent light source was used to illuminate the rotating capillary from 
behind. 

Results and Discussion 

Mixed emulsifiers are commonly used in combination with electrolytes 
to attain oil/water interfacial tensions substantially less than 
1 dyne/cm, eg. 10 - 1 to 10"^ dynes/cm (31). The stability of the re
sulting microemulsions is usually attributed to the formation of an 
interfacial film (32,33). Even though the mechanism of stabilization 
has not yet been resolved, the excess surfactant used in microemul
sions usually assures good sta b i l i t y . However, due to the very low 
mixed emulsifier concentrations used in miniemulsions, an under
standing of the interactions between mixed emulsifier molecules at 
oil/water interfaces should greatly f a c i l i t a t e the development of 
miniemulsion and mini-latex formulations to achieve good sta b i l i t y . 

The objective of this research program was to investigate the 
characteristics of the interfacial films observed in our miniemul
sion systems. This study of oil/aqueous mixed emulsifier solution 
interfacial properties included the effects of mixed emulsifier molar 
ratio and concentration, fatty alcohol i n i t i a l location and chain 
length, and oil phase water solubility. The effect of equilibration 
on the formation of interfacial layers was also studied. 

Interfacial Layer Visualization. One of the key results of extensive 
spinning drop experiments between aqueous mixed emulsifier solutions 
and styrene was visual evidence for the formation of mixed emulsifier 
interfacial films. This interfacial layer is depicted in Figure 1 by 
the formation of " t a i l s " as a function of time on the rotating 
styrene drop in an aqueous solution of 1:1 SLS/CA, based on lOmM SLS. 
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One possible explanation for these " t a i l s " is that the SLS and 
fatty alcohol adsorb from solution onto the surface of the styrene 
drop in some type of molecular association. This surface layer, to
gether with some penetration of the styrene, forms an interfacial 
film. The diffusion of styrene into the interfacial film is suggest
ed by the decreasing oil drop volume shown in Figure 1. The centri
fugal force in the rotating capillary then forces the less dense sur
face film to migrate to the ends of the drop aligned with the axis of 
rotation. As new surface area is exposed, additional emulsifier is 
adsorbed. As this cycle repeats i t s e l f , the " t a i l s " continue to 
grow. These " t a i l s " were observed to have viscoelastic properties as 
evidenced by the viscous f l u i d - l i k e deformation that occurs when a 
neighboring droplet comes in contact with a " t a i l " . The formation of 
such films between the components of similar mixed emulsifier sys
tems has been suggested by Blakey, et a l . (13) and Tadros (34). 

The results of experiments run with both styrene and toluene in 
a 1:1 SLS/lauryl alcohol solution showed that identical " t a i l s " form
ed on the styrene and toluen
menon was not the resul
styrene. Also, no " t a i l s " were observed on air drops in the same 
mixed emulsifier solution or on styrene droplets in an aqueous solu
tion of SLS alone. 

The effect of i n i t i a l fatty alcohol location on the formation of 
an interfacial layer is depicted in Figure 2. With the fatty alcohol 
solubilized in the oil phase, no " t a i l s " formed at the interface be
tween the oil-alcohol droplet and an aqueous solution of lOmM SLS. 
Since microemulsions are usually prepared with the fatty alcohol 
solubilized in the oil phase and miniemulsions are not, the mechanism 
of interfacial layer formation and hence stabilization for micro- and 
miniemulsions appears to be different. 

The effect of oil phase water solubility on the formation of 
interfacial layers was studied in a series of spinning drop experi
ments run in 1:1 SLS/CA (based on lOmM SLS) using as oil phases, 
methyl methacrylate (MMA), η-butyl acrylate (ΒΑ), and 2-ethylhexyl 
acrylate (EHA) monomers. Despite the large range of water s o l u b i l i 
ties, 1.6%, O.2%, and O.01%, respectively, indentical, narrow " t a i l s " 
were formed on the different spinning drops. These narrow " t a i l s " 
are shown for EHA in Figure 3. 

The chemical structure of the oil phase i t s e l f has a pronounced 
effect on the formation of an interfacial layer. Spinning drop ex
periments with oil phases of different chemical structure and the 
same water solu b i l i t i e s illustrated this effect. Comparison of 
Figures 1 and 3 shows that interfacial layers having significantly 
different characteristics form between the same 1:1 SLS/CA solution 
and different oil phases (styrene and EHA, respectively) with approx
imately the same water so l u b i l i t i e s . This may be the result of d i f 
ferent types of specific interactions between the various components 
of the mixed emulsifier system and either one of the two types of 
o i l s . NMR studies w i l l be conducted in order to investigate this 
point. 

Interfacial Tension Values. The results for the effect of ionic sur
factant to fatty alcohol molar ratio and concentration on interfacial 
tensions with styrene are shown in Figure 4. Maximum interfacial 
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Figure 1. Spinning drop photographs of a styrene droplet in 1:1 
SLS/cetyl alcohol solution, based on lOmM SLS, at 65°C. 

Figure 2. Spinning drop photographs of a styrene droplet contain
ing cetyl alcohol in an aqueous lOmM SLS solution at 65°C. 
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Figure 3. Spinning dro
1:1 SLS/cetyl alcohol solution, based o , at . 

14 I 1 

4 ' 

3 ' 

I I I I I 

1/0 1/O.5 l/l 1/2 1/3 

Surfactant / Alcohol Molar Ratio 
Figure 4. Effect of molar ratio on interfacial tension between 
styrene and aqueous solutions of lOmM SLS/lauryl alcohol [-•-], 
16.7mM SLS/lauryl alcohol [-Ο-] and 16.7mM SLS/cetyl alcohol 
[-Δ-]. 
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tensions with styrene were observed at a molar ratio of 1:2 for both 
the SLS/LA and SLS/CA solutions that were based on 16.7mM SLS. The 
values of these maxima, 6.7 and 12.9 dynes/cm, respectively, were 
significantly higher than that measured for the 16.7mM SLS solution 
in the absence of fatty alcohol. 

The results from a similar experiment with SLS/LA based on lOmM 
SLS are also shown in Figure 4. As expected, the styrene/aqueous 
phase interfacial tension was increased by this decrease in emulsi
f i e r concentration. The molar ratio corresponding to the maximum 
interfacial tension shifted from 1:2 for the higher emulsifier con
centration to 1:1 for the lower emulsifier concentration. 

Earlier conductivity measurements have indicated that the most 
stable miniemulsions are produced with mixed emulsifier molar ratios 
between 1:1 and 1:3 (22,23). This correlation agrees with a theore
t i c a l analysis of mixed emulsifier adsorption onto oil droplets by 
Lucassen-Reynders (35), who have determined the optimum stability to 
occur at molar ratios near 1:1. However, the maximum interfacial 
tensions at these molar ratio
terfacial tensions are usuall
b i l i t y . In fact, minima values substantially less than 1 dyne/cm 
have been reported for several oil/mixed emulsifier systems (31,33, 
36,37). 

The results for the effect on interfacial tension of the fatty 
alcohol chain length are given in Table I for 1:1 molar ratio mixed 
emulsifier solutions. 

Table I. The Effect of Fatty Alcohol Chain Length on Interfacial 
Tension at 65°C between Styrene and Aqueous Mixed Emul
s i f i e r Solutions, based on lOmM SLS and a Molar Ratio 

of 1:1 

Continuous Phase Molar Ratio Avg. γ 
(dyne/cm) 

Std. Deviation 
(dyne/cm) 

SLS/Decanol 1 1 4.1 O.6 
SLS/Lauryl Alcohol 1 1 5.8 1.9 
SLS/Tetradecanol 1 1 6.8 1.2 
SLS/Cetyl Alcohol 1 :1 8.0 3.8 
SLS/Octadecanol 1 1 8.3 1.1 

The interfacial tension values increase from 4.1 dynes/cm for SLS/ 
decanol to 8.3 dynes/cm for SLS/octadecanol. Conductometrie t i t r a 
tion results have indicated that a l l of these mixed emulsifier sys
tems, except the one with decanol, should give a relatively stable 
emulsion (22,23). Interestingly, the SLS/decanol mixed emulsifier 
solution was the only case in which the presence of the fatty alcohol 
reduced the interfacial tension with styrene to below the value mea
sured for SLS alone. Studies are in progress to investigate this 
phenomenon and to determine the effect of alcohol chain length on 
miniemulsion s t a b i l i t y . 

The relatively large interfacial tension values given in Table I 
and depicted in Figure 4 may actually be an indication of the inter-
fa c i a l tension between the oil droplet and the mixed emulsifier in
terfacial layer. This hypothesis is supported by the low interfacial 
tensions measured for " t a i l s " which have detached themselves from the 
oil drop. The interfacial tension between these detached, free-
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floating " t a i l s " and the aqueous mixed emulsifier solution was less 
than 10~2dynes/cm. This interfacial tension is of the same order of 
magnitude as the values usually cited for interfacial tensions of oil 
measured in aqueous, mixed emulsifier systems (36,38-40). 

Equilibration Studies, Because the formation of an interfacial layer 
is a dynamic phenomenon, experiments were conducted to study the 
effect of oil-water phase equilibria on interfacial properties. Two 
experiments were carried out where aqueous solutions of 1:1 SLS/LA 
were equilibrated with both styrene and toluene in sealed con
tainers, without agitation for five weeks. Several important observa
tions were made: (a) Despite the presence of mixed emulsifiers, 
which typically yield very low interfacial tensions, spontaneous 
emulsification did not occur (36,41-43). (b) An association of the 
emulsifiers formed as indicated by a milky, cloudy layer floating at 
the oil/water interface. However, a third phase did not form, as 
often occurs in microemulsion systems containing electrolytes. (c) 
The birefringence was a maximu
dropped off to non-birefringen
trast, a control sample of 1:1 SLS/LA was uniformly biréfringent. 

The results of spinning drop experiments with the equilibrated 
oil (styrene) and aqueous (1:1 SLS/LA) phases are shown in Figure 5. 
No " t a i l s " were formed on droplets of the pre-equilibrated styrene 
when injected into the capillary tube containing the pre-equilibrated 
aqueous phase. Thus, the formation of an interfacial layer in the 
spinning drop tensiometer is a non-equilibrium affect. 

Similar experiments with a fresh styrene drop, which had not 
been pre-equilibrated, in the same pre-equilibrated, 1:1 SLS/LA 
mixed emulsifier solution, did not yield any v i s i b l e interfacial 
layer. Therefore, the diffusion of the mixed emulsifiers into the 
oil phase evidently does not effect the formation of an interfacial 
layer. Therefore, the controlling factor appea'rs to be the diffusion 
of the mixed emulsifiers in association with oil molecules into the 
aqueous phase. 

Conclusions 

Static, equilibration studies indicated that a molecular association 
forms at the styrene/water interface in the presence of mixed emul
s i f i e r s . Interfacial layers were also observed in spinning drop ex
periments between various oil phases and aqueous mixed emulsifier 
solutions. The formation of these interfacial layers as a function 
of time was found to be a non-equilibrium effect that depended p r i 
marily on the chemical structure of the oil phase. O i l phase water 
solubility had l i t t l e effect. 

Interfacial tension values between styrene and several mixed 
emulsifier solutions were relatively high, 5-13 dynes/cm, while the 
apparent interfacial tensions between the aqueous phase and the re
sulting interfacial layer were substantially less than 1 dyne/cm. 
The maximum interfacial tension occurred at an SLS/fatty alcohol 
molar ratio of 1:1 to 1:2. 

The interfacial tensions between styrene and mixed emulsifier 
solutions increased with increasing fatty alcohol chain length at a 
constant molar ratio. 
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Figure 5. Spinning drop photographs of a pre-equilibrated styrene 
droplet in pre-equilibrated, 1:1 SLS/lauryl alcohol solution, 
based on lOmM SLS, at 65°C. 
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23 
Stability and Stabilization of Water-in-Oil-in-Water 
Multiple Emulsions 

ALEXANDER T. FLORENCE and DOUGLAS WHITEHILL1 

Department of Pharmacy, University of Strathclyde, Glasgow Gl 1XW, Scotland 

Water-in-oil-in-water (w/o/w) and oil-in-water-in-oil 
(o/w/o) multiple emulsions are inherently unstable 
dispersions because
physical breakdown, some of which are peculiar to these 
'double' emulsions. In w/o/w systems coalescence of the 
oil droplets carrying the dispersion of smaller water 
droplets occurs with the water droplets influencing only 
marginally the process; coalescence of the internal water 
droplets may also occur, diffusion of surfactant from the 
original w/o interface to the interface of the oil droplets 
with the bulk aqueous phase complicating formulation and 
stabilization. The most difficult feature to control is 
the osmotic flux of water molecules across the oil lamellae 
in w/o/w systems. Electrolyte and other additives 
including drugs can affect the stability of the systems by 
both osmotic and interfacial effects. 

Strategems to overcome some of these basic problems include 
(i) the use of a high viscosity oil phase in w/o/w 
emulsions to prevent or decrease diffusion of individual 
surfactant molecules and water molecules, (ii) the 
polymerisation of interfacially adsorbed surfactant 
molecules, and (iii) the gelation of the oily or aqueous 
phases of the emulsions. 

In spite of the extensive literature on the theoretical and 
practical aspects of conventional o/w and w/o emulsions, little 

1 Current address: Department of Pharmacy, Robert Gordon's Institute of Technology, Aberdeen 
AB9 1FR, Scotland 
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a t t e n t i o n has been pa id to m u l t i p l e e m u l s i o n s * . These complex 
systems have shown promise , p a r t i c u l a r l y in pharmaceutics and in 
s e p a r a t i o n s c i e n c e . The i r p o t e n t i a l b iopharmaceut ica l 
a p p l i c a t i o n s ( 1, 20, a consequence of the presence of a ' r e s e r v o i r ' 
phase i n s i d e d r o p l e t s of another , i n c l u d e use as adjuvant vacc ines 
C3) as prolonged drug d e l i v e r y systems (4,5^,6^,7^,8^), as sorbent 
r e s e r v o i r s in drug overdosage treatment 79,10) and in i m m o b i l i z a t i o n 
o f enzymes (11 ). The use o f m u l t i p l e emulsions in the separa t ion 
f i e l d has i n c l u d e d the s e p a r a t i o n of hydrocarbons (12) and the 
removal o f t o x i c m a t e r i a l s from waste water (13). M u l t i p l e emulsions 
have been used as the b a s i s of l i p o s o m e - l i k e l i p i d v e s i c l e s (14) 
and microcapsules (15) . 

S e i f r i z descr ibed in 1925 (16) oil drops of an o/w emulsion 
c o n t a i n i n g d r o p l e t s o f water , not ing smal l oil g l o b u l e s i n s i d e the 
water drops of a w/o emuls ion; S e i f r i z termed these ' b i m u l t i p l e ' 
systems, and a l s o found that more complex ' t r i m u l t i p l e 1 , ' q u a t r e -
m u l t i p l e ' and even ' q u i n q u e m u l t i p l e ' systems e x i s t e d . Although 
m u l t i p l e systems have bee
it is only in the past 1
prepared and s t u d i e d . The two major types of m u l t i p l e emulsion 
are w a t e r - i n - o i l - i n - w a t e r (w/o/w) emulsions in which i n t e r n a l and 
e x t e r n a l aqueous phases are separated by an oil l a y e r , and oil-in-
w a t e r - i n - o i l (o/w/o) emulsions where an aqueous phase separates 
i n t e r n a l and e x t e r n a l oil phases . 

The fo rmula t ion and s t a b i l i t y of m u l t i p l e emulsion systems 
has r e c e n t l y been reviewed by the present authors (17) . 

Here we use the term " m u l t i p l e drop" to d e s c r i b e the oil 
d r o p l e t s in w/o/w emulsions c o n t a i n i n g d ispersed aqueous d r o p l e t s , 
"pr imary" s u r f a c t a n t the s t a b i l i z e r f o r the w/o emulsion and 
"secondary" s u r f a c t a n t to denote the more h y d r o p h i l i c s u r f a c t a n t 
used to s t a b i l i z e the o/w component. The " i n t e r n a l " phase is the 
d i s p e r s e d aqueous phase, the " e x t e r n a l " phase is the cont inuous 
aqueous phase and the "middle" phase the c a r r i e r oil d r o p l e t s . 

In emulsions with high d i s p e r s e phase volumes (>O.74) the 
drops may assume a complex s t r u c t u r e and o f ten m u l t i p l e drops w i l l 
be observed (18) . Many workers have noted the appearance of m u l t i p l e 
g l o b u l e s dur ing emulsion i n v e r s i o n (16 ,19 ,20) . Th is appears to 
r e s u l t from p a r t i t i o n i n g o f the s u r f a c t a n t s between the two phases . 
L i n et a l (20)noted that when a h y d r o p h i l i c s u r f a c t a n t was i n i t i a l l y 
p laced in the oil phase a t r a n s i e n t w/o/w emulsion was formed in 
the process o f phase i n v e r s i o n from w/o to o/w emulsion type . A 
p o r t i o n o f the aqueous phase, added dur ing the e m u l s i f i c a t i o n 
p r o c e s s , w i l l be e m u l s i f i e d in the oil phase forming a primary w/o 
emuls ion . I f the c o n d i t i o n s favour o/w e m u l s i f i c a t i o n , i . e . i f the 
HLB of the s u r f a c t a n t is h igh t h i s i n i t i a l w/o emulsion w i l l be 
unstab le and on f u r t h e r a g i t a t i o n the w/o emulsion is mixed i n t o 
the excess water to form a w/o/w emuls ion . As s u r f a c t a n t migrates 

* In some d i s c i p l i n e s , c e r t a i n m u l t i p l e emulsions have been 
termed ' l i q u i d membrane' systems, as the l i q u i d f i l m which separates 
the other l i q u i d phases a c t s as a t h i n semi-permeable f i l m through 
which s o l u t e must d i f f u s e moving from one phase to another . There 
a r e , t h e r e f o r e many p o t e n t i a l p r a c t i c a l a p p l i c a t i o n s o f m u l t i p l e 
emuls ions . 
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to the outer aqueous phase, the u n s t a b l e , l a r g e r g lobu les o f water 
r e a d i l y coa lesce with smal le r d r o p l e t s to form a f i n a l o/w emuls ion . 
This is not found i f the h y d r o p h i l i c s u r f a c t a n t is i n i t i a l l y p laced 
in the aqueous phase. B ê c h e r (21) repor ted the i n v e r s i o n o f o/w 
and w/o emulsions to m u l t i p l e systems fo l lowed l a t e r by r e v e r s a l to 
the opposi te t ype . It appears t h a t , under c e r t a i n c o n d i t i o n s , when 
i n v e r s i o n takes p l a c e , some of the o r i g i n a l s t r u c t u r e becomes 
trapped in the f i n a l emuls ion . 

One of the main drawbacks to the commercial development o f 
m u l t i p l e emulsions is t h e i r inherent i n s t a b i l i t y . The i n t e n t i o n 
of t h i s paper is to review s t u d i e s on the s t a b i l i t y and mechanism 
of breakdown of m u l t i p l e systems and attempts to minimise such 
i n s t a b i l i t y , fo r example, by appropr ia te cho ice of s u r f a c t a n t , 
po lymer isab le s u r f a c t a n t s or g e l a t i o n o f the aqueous or o i l y phases . 

M u l t i p l e emulsions which w i l l possess some degree o f s t a b i l i t y 
may be prepared by using p a i r s of s u r f a c t a n t s , one o f which w i l l 
s t a b i l i z e a w/o emulsion ( l i p o p h i l i c ) and t h i s forms the b a s i s fo r 
the i n t e n t i o n a l p repara t io

M u l t i p l e emulsion types 

The s t r u c t u r e o f w/o/w m u l t i p l e g lobu les is dependent on the nature 
o f the secondary s u r f a c t a n t . We (22,23) have shown that it is 
p o s s i b l e to prepare 3 d i f f e r e n t types o f w/o/w emuls ion , so c a l l e d 
type A, type Β and type C. Three d i f f e r e n t w a t e r - i s o p r o p y l 
myr is ta te -water emulsions were prepared us ing var ious n o n - i o n i c 
s u r f a c t a n t s , each system c o n s i s t i n g of a primary w a t e r - i s o p r o p y l 
myr is ta te emulsion s t a b i l i z e d with 2.5% s o r b i t a n mono-oleate and 
c o n t a i n i n g 50% water. The m u l t i p l e emulsions were then prepared by 
r e - d i s p e r s i n g the primary w/o system in an equal volume of water 
c o n t a i n i n g 2% h y d r o p h i l i c s u r f a c t a n t s ; B r i j 30 (Type A ) , T r i t o n 
X-165 (Type B) and Span 80: Tween 80 (3:1) Type C. The i r p a r t i c l e 
s i z e d i s t r i b u t i o n s are shown in F i g . 1. Type A emulsions were 
composed p r i n c i p a l l y of smal l m u l t i p l e drops (mean diameter 8.6 >jm) 
82% of which conta ined only one i n t e r n a l aqueous d r o p l e t (mean 
diameter 3.3 jjm). Type Β c o n s i s t e d o f l a r g e r m u l t i p l e drops (mean 
diameter 19 jjm) c o n t a i n i n g s m a l l e r , but more numerous i n t e r n a l 
aqueous d r o p l e t s (mean diameter 2.2 .um), whereas type C emulsions 
were composed of very l a r g e m u l t i p l e drops (mean diameter 25 îm) 
which conta ined very l a r g e numbers of i n t e r n a l d r o p l e t s which were 
d i f f i c u l t to r e s o l v e . In type C emuls ions , it is thought that the 
primary (encapsulated) system is a f l o c c u l a t e d w/o emuls ion . The 
s t r u c t u r e of the m u l t i p l e drop probably depends on the e f f i c i e n c y 
o f the second e m u l s i f i c a t i o n step and perhaps a l s o on the r a p i d i t y 
o f t r a n s f e r o f s u r f a c t a n t s between the i n t e r f a c e s . (F igure 1) 

In each system, however, s imple oil drops are a l s o p r e s e n t . 
A l l o f these s t r u c t u r e s may c o e x i s t to some ex ten t , a l though the 
emulsions we have descr ibed c o n s i s t predominantly o f e i t h e r type 
A, Β or C drops . 

Recently Di Stefano and coworkers (24) have found with o/w/o 
systems that the nature o f the i n t e r n a l d r o p l e t s depended on the 
ra te o f a g i t a t i o n used in p r e p a r a t i o n , a g i t a t i o n ra tes o f 212 rpm 
forming types A or Β systems and 425 rpm a type C emuls ion . These 
systems were unusual in that the m u l t i p l e d r o p l e t s were extremely 
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s m a l l , with diameters in the range O.05-O.20 /im and the i n t e r n a l 
d r o p l e t s in the range O.02-O.05 >jm. 

E f f e c t of composi t ion o f m u l t i p l e emulsion systems 

O i l s 
As with convent iona l emulsions the nature o f the oil can 

a f f e c t the behaviour of the system. For pharmaceut ica l u s e s , o i l s 
used i n c l u d e the r e f i n e d hydrocarbon o i l s such as l i g h t l i q u i d 
p a r a f f i n and e s t e r s of l o n g - c h a i n f a t t y a c i d s i n c l u d i n g vegetable 
o i l s , fo r example, e t h y l o l e a t e and i s o p r o p y l m y r i s t a t e , o l i v e oil 
and sesame oil. F rankenfe ld et a l (9) used mixtures o f 'So lven t 100 
N e u t r a l 1 (an i s o p a r a f f i n i e , dewaxed oil o f high v i s c o s i t y ) and 
'Norpar 13' (a n o n - v i s c o u s , normal p a r a f f i n i e s o l v e n t ) to vary the 
v i s c o s i t y o f the oil phase in attempts to c o n t r o l the t r a n s f e r o f 
s o l u t e s across the oil membrane. 

The r e l a t i v e p r o p o r t i o n s o f each oil determines the o v e r a l l 
v i s c o s i t y of the oil (membrane) phase. The h igher the concent ra t ion 
of 'Norpar 1 3 ' , the lowe
greater the ra te o f t r a n s f e r o f m a t e r i a l from the ex te rna l to the 
i n t e r n a l phase. The s t a b i l i t y of the membrane toward rupture and 
leakage of entrapped m a t e r i a l s , however, decreased with decreas ing 
v i s c o s i t y . In f a c t , fo rmula t ions c o n t a i n i n g greater than 50% 
'Norpar 13' were found to be too unstable fo r p r a c t i c a l use . How
e v e r , m u l t i p l e emulsions o f l i q u i d p a r a f f i n (222 cP) prepared by 
Panchal et a l (25) were l e s s s t a b l e than those prepared with kerosene 
( v i s c o s i t y 15 c P ) , s t a b i l i t y being measured by l o s s of i n t e r n a l 
aqueous phase. 

Sur fac tan ts 
It is necessary to use at l e a s t two s u r f a c t a n t s , one f o r the 

primary emulsion and the other fo r the d i s p e r s i o n o f t h i s emulsion 
to form the m u l t i p l e system. The optimum s u r f a c t a n t to emuls i fy a 
g iven oil can be determined by use of the h y d r o p h i l e - l i p o p h i l e 
balance (HLB) approach. The present authors have c a r r i e d out an 
i n v e s t i g a t i o n i n t o the opt imal HLB requ i red for both primary and 
secondary e m u l s i f i c a t i o n s teps in the formula t ion o f a water / 
i s o p r o p y l myr is ta te /water emuls ion . W/o emulsions c o n t a i n i n g 47.5% 
i s o p r o p y l myr is ta te and 2.5% s u r f a c t a n t had an opt imal HLB of 4 . 5 . 

Apart from the f a c t that the use o f the HLB system is l i m i t e d 
as it is based on the observa t ion of creaming or s e p a r a t i o n of the 
emulsions, as an index of i n s t a b i l i t y the HLB system a l s o neg lec ts 
the e f f e c t s o f s u r f a c t a n t c o n c e n t r a t i o n on s t a b i l i t y (26) and of 
course it is i r r e l e v a n t to the p a r t i c u l a r problems with m u l t i p l e 
emulsion systems. N e v e r t h e l e s s , it p rov ides a u s e f u l approach to 
the cho ice of opt imal s u r f a c t a n t system. In g e n e r a l , in a w/o/w 
emuls ion , the opt imal HLB value o f the primary s u r f a c t a n t w i l l be 
in the range 2-7 and in the range 6-16 fo r the secondary s u r f a c t a n t . 
E q u i l i b r a t i o n of the systems a f t e r mixing w i l l undoubtedly r e s u l t 
in the t r a n s f e r of s u r f a c t a n t between the aqueous and nonaqueous 
components. Sa tu ra t ion of the phases with the two s u r f a c t a n t s 
used should prevent i n s t a b i l i t y dur ing t h i s e q u i l i b r a t i o n . 

There w i l l be an opt imal concen t ra t ion of s u r f a c t a n t requ i red 
to s t a b i l i z e the system; low concent ra t ions may not be s u f f i c i e n t 
to s t a b i l i z e the emulsions and may r e s u l t in the r a p i d degradat ion o f 
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the emuls ion . High concent ra t ions may serve to i n c r e a s e the 
v i s c o s i t y o f the system. The genera l range is between 1 and 10%, 
but Matsumoto et a l (27) suggest that concent ra t ions o f g rea ter 
than 30% by weight of Span 80 in the oil phase are requ i red to 
ob ta in y i e l d s of more than 90% of m u l t i p l e d rops . They a l s o found 
that y i e l d s of w/o/w emulsion f e l l markedly when the c o n c e n t r a t i o n 
of secondary e m u l s i f i e r (Tween 20) in the ex te rna l phase was 
i n c r e a s e d . Matsumoto et a l cons idered that the r a t i o of 
c o n c e n t r a t i o n o f primary to secondary s u r f a c t a n t was s i g n i f i c a n t in 
t h i s p a r t i c u l a r system, and they suggested that more than 10 times 
as much Span 80 as Tween 20 was requ i red to ob ta in 90% or h igher 
y i e l d s of w/o/w emuls ion . Th is is thought to be due to the 
s o l u b i l i z a t i o n o f molecules o f the primary ( l i p o p h i l i c ) s u r f a c t a n t 
in the outer aqueous phase when the concen t ra t ion o f the secondary 
( h y d r o p h i l i c ) s u r f a c t a n t exceeds the c r i t i c a l m i c e l l e c o n c e n t r a t i o n . 
As the c o n c e n t r a t i o n of secondary s u r f a c t a n t i n c r e a s e s , more of the 
primary s u r f a c t a n t may be incorpora ted i n t o the secondary s u r f a c t a n t 
m i c e l l e s , caus ing the c o n c e n t r a t i o
i n t e r f a c e to f a l l , and l e a d i n
r e s u l t s in the l o s s of the i n t e r n a l aqueous d rops . Th is would 
e x p l a i n the s i g n i f i c a n c e of the r a t i o of s u r f a c t a n t c o n c e n t r a t i o n 
on the i n i t i a l y i e l d of m u l t i p l e d r o p s . 

Invers ion o f m u l t i p l e w/o/w emulsions to o/w emulsions has 
been found to occur (28) only when the oil d r o p l e t s i z e is reduced 
below a c r i t i c a l s i z e or i f the HLB of the e m u l s i f i e r s approaches 
the ' r e q u i r e d ' HLB of the oil phase. When these d r o p l e t s were 
reduced in s i z e below about 5 pm they no longer cou ld accommodate 
an inner aqueous phase. Drople t s i z e reduces with i n c r e a s i n g 
concen t ra t ions of secondary s u r f a c t a n t ( F i g . 2) which might , as 
Magdassi and co workers (28) po in t o u t , e x p l a i n the r e s u l t s o f 
Matsumoto et a l (27). 

Reducing the s i z e o f the ex te rna l d r o p l e t fo r a g iven w/o ( F i g . 
2) primary system w i l l l ead to an inc reased oppor tun i ty fo r i n t e r n a l 
d r o p l e t coa lescence with the cont inuous phase, because of the 
denser packing of the system and because of the greater a t t r a c t i o n 
between i n t e r n a l water d r o p l e t s and the cont inuous aqueous phase 
than between water d r o p l e t s ( F i g . 3 ) . Coalescence of the e x t e r n a l 
d r o p l e t s w i l l thus lead to greater s t a b i l i t y o f the i n t e r n a l d r o p 
l e t s ( i f t h i s reasoning is c o r r e c t ) . 

The HLB s h i f t caused by e m u l s i f i e r migra t ion to the e x t e r n a l 
oil su r face has been est imated by Magdassi et a l (28) . Increas ing 
concent ra t ions o f the primary (w/o) e m u l s i f i e r causes a s i g n i f i c a n t 
i n c r e a s e in the opt imal HLB e . g . by i n c r e a s i n g i t s c o n c e n t r a t i o n 
from 5 to 30%, a s h i f t o f 2 u n i t s in opt imal HLB is a c h i e v e d . At a 
f i x e d c o n c e n t r a t i o n of the primary e m u l s i f i e r (10%) decreas ing the 
c o n c e n t r a t i o n o f the secondary e m u l s i f i e r from 5 to 1% causes a 
s i m i l a r i n c r e a s e in the opt imal HLB (see F i g . 4 ) ; as the h y d r o p h i l i c 
s u r f a c t a n t d i f f u s e s to the ex te rna l d r o p l e t s u r f a c e , there i n t e r 
a c t i n g with the s t a b i l i z i n g l a y e r , a more h y d r o p h i l i c mix o f s u r f 
ac tants is requ i red to mainta in the opt imal HLB (29) . ( F i g . 4) 

The t h ic kness of the membrane phase and the type o f s u r f a c t a n t 
used may a l s o be important in determining s t a b i l i t y and t r a n s p o r t 
r a t e s . L i (30) found that i o n i c s u r f a c t a n t s gave a much h igher 
t r a n s p o r t ra te o f to luene through an aqueous membrane. The 
d i f f u s i o n ra te o f to luene a l s o increased with i n c r e a s i n g h y d r o p h i l i c 
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F i g u r e 1. P a r t i c l e s i z e d i s t r i b u t i o n o f a) type A , b) type Β 
and type C w/o/w emulsions (where O=isopropyl myr is ta te ) Just 
a f t e r p r e p a r a t i o n as d e s c r i b e d in the t e x t . Key: x=mult iple oil 
d r o p s ; o=simple or empty oil d rops ; and • = i n t e r n a l aqueous 
d r o p l e t s . 
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F igure 2. Change in drop le t diameter o f m u l t i p l e emulsions 
as a f u n c t i o n o f the concen t ra t ion of secondary e m u l s i f i e r ( i l ) 
and o f the c a l c u l a t e d weighted or apparent HLB of the sur fac tan t 
system. Hatched reg ions represent boundaries f o r i n v e r s i o n . 
Repr in ted wi th permiss ion from Ref . 2 8 . Copyr ight 1979* Academic 
P r e s s . 
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F igure 3. Forces o f a t t r a c t i o n CV^/kT) as a f u n c t i o n o f 
d is tance of separa t ion of the aqueous phases in an i s o p r o p y l 
myr is ta te /wa te r system. Inner d rop le t 1 urn r a d i u s . 

F i g u r e k. The change in the opt imal HLB of secondary s u r f a c t a n t 
used to prepare m u l t i p l e w/o/w emulsions in which the pr imary 
w/o emulsion has "been s t a b i l i z e d by 10% B r i j 92. Reproduced 
wi th permiss ion from Ref . 2$. Copyr ight 1979 5 J . C o l l o i d 
In te r face S c i . 
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chain length o f a l k y l ether n o n - i o n i c s u r f a c t a n t s . The concen t ra t ion 
of e m u l s i f i e r may a l s o be an important f a c t o r . C o l l i n g s (5) 
i n v e s t i g a t e d the e f f e c t o f the c o n c e n t r a t i o n o f primary s u r f a c t a n t on 
the r e l e a s e of sodium c h l o r i d e from the i n t e r n a l aqueous phase o f 
w/o/w emuls ions . 

The presence of l i q u i d c r y s t a l s t r u c t u r e s at both the w-o and 
o-w i n t e r f a c e s in m u l t i p l e emulsions has been i n v e s t i g a t e d by 
Kaval iunas and Frank (31) . M i c r o s c o p i c examination o f w/o/w 
emulsions between crossed p o l a r i z e r s revea led the presence of l i q u i d 
c r y s t a l phases at both inner (w-o) and outer (o-w) i n t e r f a c e s in a 
w/o/w system composed o f water , p-xylene and nonylphenol d ie thy lene 
g l y c o l e t h e r . L i q u i d c r y s t a l l i n e phases were a l s o detected in 
o/w/o emulsions at both i n t e r f a c e s . The presence of these l i q u i d 
c r y s t a l s t r u c t u r e s was found to improve the s t a b i l i t y o f the 
emulsions markedly. Matsumoto (32, 33) have concluded that the oil 
l a y e r s in w/o/w systems are l i k e l y to be composed of or c o n t a i n , a t 
l e a s t in prox imi ty to the aqueous p h a s e , m u l t i l a m e l l a r l a y e r s of the 
l i p o p h i l i c s u r f a c t a n t use
par t to e x p l a i n the ra te
l a y e r . 

Phase volumes 
Matsumoto et a l (27) found that i n t e r n a l phase volume (0W / Q) 

had no s i g n i f i c a n t e f f e c t on the y i e l d o f w/o/w emulsion under 
the exper imental c o n d i t i o n s s t u d i e d . It would appear that w/o/w 
emulsions can be prepared us ing a wide range o f i n t e r n a l phase 
volumes. C o l l i n g s (5) quotes a range o f 5-75% w a t e r - i n - o i l , but 
the opt imal range is 25-50%. He found, however, that the i n t e r n a l 
phase volume i n f l u e n c e d the r e l e a s e o f m a t e r i a l s from the i n t e r n a l 
aqueous phase. I n t e r e s t i n g r e s u l t s by Matsumoto et a l (27) 
suggested that the secondary phase volume (0 W / O / W ) i n f l u e n c e s the 
y i e l d o f m u l t i p l e drops over a range of low volume f r a c t i o n s . 
When 0w/o/w exceeded about O.4 there was no s i g n i f i c a n t e f f e c t . 

Nature o f entrapped m a t e r i a l s 
The nature o f entrapped m a t e r i a l s may have a bear ing on the 

s t a b i l i t y o f the system. Due to the nature o f the m u l t i p l e emuls ion , 
the middle phase may ac t as an osmotic r e s e r v o i r , thus v i r t u a l l y 
a l l a d d i t i o n s to t h i s phase w i l l se t up osmotic g r a d i e n t s . Th is 
might i n c l u d e high c o n c e n t r a t i o n s o f s u r f a c t a n t . To t h i s end 
polymer ic microspheres have been used as the i n t e r n a l r e s e r v o i r 
when osmotic t r a n s f e r o f water w i l l not compromise s t a b i l i t y . 

Release o f methotrexate, metoclopramide and sodium c h l o r i d e 
from type A , Β and C w / i s o p r o p y l myr is ta te /w emulsions have been 
compared ( F i g . 5 a , b , c ) . In a l l c a s e s , r e l e a s e from the type C 
emulsion is not pro longed , which may be a r e f l e c t i o n o f s t a b i l i t y 
or s t r u c t u r e or a combinat ion o f these two parameters. In the 
case of methotrexate, v a r i a t i o n o f the concen t ra t ion o f secondary 
s u r f a c t a n t (po lysorbate 80) from O.5 to 20% had no s i g n i f i c a n t 
e f f e c t on the ra te o f drug r e l e a s e from the system. 

S t a b i l i t y and r e l e a s e mechanisms 
The a b i l i t y o f m u l t i p l e emulsions to entrap m a t e r i a l s is one 

of t h e i r most u s e f u l a s s e t s and so the passage of m a t e r i a l s from the 
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F i g u r e 5. Release of components o f i n t e r n a l aqueous phase from 
m u l t i p l e w a t e r - i s o p r o p y l myr is ta te -water emulsions p l a c e d in 
d i a l y s i s sacs at 37 C., compared wi th r e l e a s e ra tes o f equ iva lent 
concent ra t ions o f s o l u t i o n s o f the same substances ( ). 
a) Methotrexate. Key: , t ranspor t of O.1% MTX; o, type A; 
x, type B; and . , type C systems. 0 w/o =O.5 , 0 w/o/w =O.5. 
b) Metoclopromide. Dotted l i n e represents t r a n s p o r t o f O.1$ 
metoclopromide HCL r e l e a s e . Symbols as f o r a ) . 
C) Sodium c h l o r i d e . Systems as f o r a ) . 
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i n t e r n a l to e x t e r n a l phase, across the middle phase, is impor tant . 
This is p a r t i c u l a r l y so in pharmaceut ica l systems where m u l t i p l e 
emulsions are envisaged as p o s s i b l e c o n t r o l l e d - r e l e a s e drug d e l i v e r y 
systems. The s t a b i l i t y and r e l e a s e c h a r a c t e r i s t i c s of emulsion 
systems are i n f l u e n c e d by a number o f f a c t o r s such as the composi t 
i o n o f the emuls ion , d r o p l e t s i z e , v i s c o s i t y , phase volumes, pH e t c . 
Th is becomes even more complex in m u l t i p l e systems because there are 
two d i s p e r s e d phases, two phase volumes, at l e a s t two s u r f a c t a n t s , 
and 3 d i f f e r e n t d r o p l e t s i z e d i s t r i b u t i o n s . 

The mechanisms of i n s t a b i l i t y in m u l t i p l e emulsions are complex 
and d i f f i c u l t to s tudy . We e a r l i e r (23) attempted an a n a l y s i s o f 
the p o s s i b l e mechanisms of i n s t a b i l i t y , w/o/w m u l t i p l e d rops , fo r 
example, may coa lesce with other oil drops ( s i n g l e or m u l t i p l e ) or 
they may l o s e t h e i r i n t e r n a l d r o p l e t s by rupture o f the oil l a y e r 
on the s u r f a c e of the i n t e r n a l d r o p l e t s , l e a v i n g s imple oil d r o p s . 
Under the i n f l u e n c e o f an osmotic g r a d i e n t , the o i l y l ame l lae o f the 
m u l t i p l e drops act as 'semi -permeable 1 membranes r e s u l t i n g in the 
passage o f water across
s w e l l i n g or shr inkage o
d i r e c t i o n of the osmotic g r a d i e n t . Another p o s s i b l e breakdown 
mechanism may be coa lescence o f the i n t e r n a l aqueous d r o p l e t s w i t h 
in the oil phase. A combinat ion o f these mechanisms may take 
p l a c e ; the l i k e l i h o o d of events tak ing p lace may be p r e d i c t e d by 
a n a l y s i s of the van der Waals 1 a t t r a c t i v e fo rces and f ree -energy 
changes in these systems (23) . 

S p e c i f i c f a c t o r s c o n t r o l l i n g the s t a b i l i t y of m u l t i p l e emulsion 

E f f e c t of e l e c t r o l y t e s 
E l e c t r o l y t e presence appears to be one of the most important 

f a c t o r s in determining the s t a b i l i t y and r e l e a s e o f m a t e r i a l s from 
the i n t e r n a l d r o p l e t s . The e f f e c t s o f e l e c t r o l y t e s are t w o - f o l d : 
(a) osmot ic ; and (b) i n t e r f a c i a l , the former being only observed in 
m u l t i p l e systems. The e f f e c t s o f e l e c t r o l y t e s on e l e c t r i c a l double 
l a y e r s , e t c . , w i l l not be cons idered here as they are not s p e c i f i c 
to m u l t i p l e systems. 

(a) Osmotic e f f e c t s 
I f the osmotic pressure is h igher in the i n t e r n a l aqueous 

phase, water w i l l pass i n t o t h i s phase r e s u l t i n g in s w e l l i n g o f the 
i n t e r n a l d r o p l e t s which even tua l l y b u r s t , r e l e a s i n g t h e i r contents 
i n t o the e x t e r n a l phase. T rans fe r o f water from the i n t e r n a l to 
e x t e r n a l aqueous phase caus ing shr inkage of the i n t e r n a l d r o p l e t s 
occurs i f the reverse g rad ien t e x i s t s ( F i g . 6). I f the osmotic 
pressure d i f f e r e n c e across the oil l a y e r is extreme, then passage 
of water is so r a p i d that almost immediate rupture of the oil 
drops occurs with expu ls ion o f the i n t e r n a l d r o p l e t s . When the oil 
l a y e r ruptures the inner aqueous phase d isappears ins tan taneous ly 
and is fo l lowed by mixing o f the i n t e r n a l aqueous phase with the 
ex te rna l aqueous medium, l e a v i n g a s imple oil d rop . Th is appears 
to occur f requent ly where the oil l a y e r is t h i n , f o r example in 
Type A and type C drops , but a l s o occurs to some extent in type Β 
d rops . M a t e r i a l s other than e l e c t r o l y t e s , such as p r o t e i n s and 
sugars and of course d rugs , in e i t h e r aqueous phase can a l s o exer t 
t h i s e f f e c t . C o l l i n g s (5) p a r t i a l l y so lved the problem in r e l a t i o n 
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F igure 6. Sequence from cinematographic f i l m o f the shr inkage of 
i n t e r n a l d r o p l e t s Carrowed) in a type A v / o / v system. 
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to a d m i n i s t r a t i o n o f these systems by the a d d i t i o n of smal l amounts 
of sodium c h l o r i d e to the i n t e r n a l aqueous phase so that it was 
i s o t o n i c with the f i n a l e x t e r n a l phase but t h i s approach can lead 
to i n e q u a l i t y of pressure on storage which is u n s a t i s f a c t o r y . 
Osmolar i ty may a l s o be adjusted by the a d d i t i o n of other m a t e r i a l s 
such as g lucose or g l y c e r o l . 

Davis and Burbage (34) whi le i n v e s t i g a t i n g the e f f e c t s of 
sodium c h l o r i d e on the s i z e o f m u l t i p l e drops found that a t h r e s h 
o l d c o n c e n t r a t i o n o f e l e c t r o l y t e e x i s t e d below which l i t t l e or no 
change in s i z e o c c u r r e d . This appeared to be r e l a t e d to drop 
diameter - l a r g e r m u l t i p l e drops requ i red a h igher concen t ra t ion of 
sodium c h l o r i d e to e f f e c t sh r inkage . 

Matsumoto and Khoda (35) measured the water permeation 
c o e f f i c i e n t of the oil l a y e r i n d i r e c t l y by measuring the change in 
v i s c o s i t y of the w/o/w emulsion to determine change in g lobu le 
diameter and us ing the f o l l o w i n g e q u a t i o n , being the f lux of 
water in moles per u n i t t ime: 

<Pw
where P 0 is the osmotic pe rmeab i l i t y c o e f f i c i e n t of the oil 
•membrane', A is the area of the 'membrane 1 , g is the osmotic 
c o e f f i c i e n t and c , the s o l u t e c o n c e n t r a t i o n . We have obta ined 
est imates of P 0 us ing a more d i r e c t c inemicrography technique (23) 
by measuring the change in volume of i n t e r n a l d r o p l e t s with t ime, 
i . e . d<p w / d t . Values of P 0 in the range -O.018 χ 10~ 4 to 
-O.582 χ 10~ 4 (mean value -O.116 ± O.071 χ 1 0 - 4 ) c m . s - 1 were found 
fo r passage of water from the i n t e r n a l to ex te rna l aqueous phase in 
an osmotic grad ient c rea ted by 3M sodium c h l o r i d e , and in the range 
-O.042 χ 10~ 4 to -O.438 χ 10~* cm.s-1 (mean value -O.162 ± O.15 χ 
10~4 cm.s"1 for the f lux o f water in the opposi te d i r e c t i o n under 
the same c o n d i t i o n s (36). The osmotic permeab i l i t y can be used to 
c a l c u l a t e the d i f f u s i o n c o e f f i c i e n t fo r water in the oil l a y e r ; a 
va lue o f 3.94 - 1.5 χ 10"-5 cm.s"^ has been c a l c u l a t e d . The 
d i f f u s i o n c o e f f i c i e n t of water in bulk hydrocarbon is about 1 χ 10" 
cm.s"1 and appears to be the same in b i o l o g i c a l membranes (36) 
l e a d i n g to the assumption that water t ranspor t in the m u l t i p l e 
emulsion oil g lobu les is by c a r r i a g e in i n v e r s e m i c e l l e s of 
s u r f a c t a n t ( 17) . The t r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t of p r o t e i n s 
and l i p i d s in b i o l o g i c a l membranes is in the range 1 χ 10"^ to 
1 χ 10~8 cm^s"" l e n d i n g support to the hypothes is that water t r a n s 
por t is achieved by attachment to l a rge ( m i c e l l a r ) u n i t s . 

(b) I n t e r f a c i a l e f f e c t s 
The r e l e a s e of the n a r c o t i c a n t a g o n i s t , na l t rexone h y d r o c h l o 

r i d e , from the i n t e r n a l aqueous phase of a w/o/w emulsion was 
found (7) to decrease with a value of D of 1 χ 1 0 " 5 c m 2 s - 1 with 
i n c r e a s i n g sodium c h l o r i d e concen t ra t ion in the i n t e r n a l aqueous 
phase. A decrease in the d i f f u s i o n c o e f f i c i e n t of the drug of 73% 
was obta ined with 9% w / v sodium c h l o r i d e d i s s o l v e d in the i n t e r n a l 
aqueous phase. S o r b i t o l a l s o caused a decrease in the d i f f u s i o n 
c o e f f i c i e n t but at an equ iva len t sodium c h l o r i d e concen t ra t ion of 
about 6% w / v . These r e s u l t s i n d i c a t e that f a c t o r s other than 
osmotic g rad ien ts are a f f e c t i n g passage of the d rug . Brodin et a l 
(7) suggested that sodium c h l o r i d e competes with s u r f a c t a n t fo r 
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water molecules at the inner w-o i n t e r f a c e , which would r e s u l t in 
a r i g i d i n t e r f a c i a l l a y e r which might be a more e f f e c t i v e mechanical 
b a r r i e r to drug t r a n s f e r . 

P r o p e r t i e s of the primary emulsion 
I n s t a b i l i t y of the primary emulsion may r e s u l t in coa lescence 

o f the i n t e r n a l d r o p l e t s w i th in the membrane phase, t h e i r osmotic 
growth l e a d i n g to rupture o f the ex te rna l d r o p l e t due to break
down of the t h i n oil l a m e l l a . Loss o f i n t e r n a l d r o p l e t s o f course 
leads to r a p i d appearance o f drug in the outer phase, c i rcumvent ing 
d i f f u s i o n a l t r a n s f e r p r o c e s s . The aqueous i n t e r n a l d r o p l e t s may 
be i n d i v i d u a l l y expe l l ed or may coa lesc e before being e x p e l l e d ; 
or water may pass by d i f f u s i o n through the oil phase g radua l l y 
r e s u l t i n g in shr inkage of the i n t e r n a l d r o p l e t . Whether a l l these 
mechanisms occur in a l l systems is not c l e a r ; n e i t h e r is the 
r e l a t i v e importance of each mechanism in d i f f e r e n t w/o/w systems. 
On the other hand, a combinat ion of the above events may take p l a c e . 
Comparison of r e l e a s e o
c h l o r i d e from type A, Β
not n e c e s s a r i l y r e f l e c t i v e o f s t a b i l i t y per s e , but may a l s o r e f l e c t 
d i f f e r e n c e s in the i n i t i a l s t a t e s o f the emuls ions . In a l l three 
c a s e s , however, r e l e a s e is s lowest from type C systems. 

C a l c u l a t i o n of the change in the f ree -energy o f the system 
a s s o c i a t e d with each step i n d i c a t e s f o r example that coa lescence 
of the m u l t i p l e drops would r e s u l t in a r e l a t i v e l y l a r g e change in 
the f r e e - e n e r g y , brought about by the reduc t ion in w-o i n t e r f a c i a l 
a r e a . Coalescence between the smal l i n t e r n a l aqueous d r o p l e t s , on 
the other hand, would not be expected to be a major route o f 
breakdown. These p r e d i c t i o n s g e n e r a l l y agree with exper imental 
evidence (23) . 

Some progress toward an understanding of these systems is a l s o 
p o s s i b l e by c o n s i d e r i n g the i n f l u e n c e o f the presence of water 
w i th in the oil drops on the i n t e r a c t i o n between the oil drops and 
by c o n s i d e r a t i o n of the i n f l u e n c e o f the s i z e of the i n t e r n a l water 
d r o p l e t s on t h e i r i n t e r n a l s t a b i l i t y and on the p o s s i b i l i t y o f 
coa lescence with the e x t e r n a l aqueous phase. It is premature to 
cons ider a l l t h i s in d e t a i l as the a p p l i c a t i o n o f c o l l o i d s t a b i l i t y 
theory to s impler emulsions has not been p a r t i c u l a r l y s u c c e s s f u l 
(37) . For type A w/o/w emuls ions , the approach of Void (38) may 
perhaps be used i f the oil l a y e r is thought of as the homogeneous 
'adsorbed ' l a y e r . 

The net t i n t e r a c t i o n for two p a r t i c l e s covered with an adsorbed 
l a y e r is g iven by : 

where Vf is the sum of the i n t e r a c t i o n of two s o l v a t e d p a r t i c l e s 
in contac t and the i n t e r a c t i o n energy o f two imaginary p a r t i c l e s 
with the composi t ion of the medium, and Vp is the i n t e r a c t i o n of 
an imaginary p a r t i c l e and a r e a l s o l v a t e d p a r t i c l e in c o n t a c t . 

Modi fy ing V o i d ' s approach to type A m u l t i p l e d r o p s , the t o t a l 
i n t e r a c t i o n energy c o n t r o l l i n g f l o c c u l a t i o n is g iven by the 
equat ion 
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+2(A 2 - A 2 ) (A* - A 2 )H } we o o w.̂  wo J 

where the s u b s c r i p t s w. , ο and w r e f e r to the i n t e r n a l aqueous 
phase, oil phase and e x t e r n a l phase r e s p e c t i v e l y . S ince the i n t e r 
na l and ex te rna l phases are both water , t h i s s i m p l i f i e s to 

V = - 4 f(A% - A V H + (A % - A % ) 2 H 12 ^ w o o ο w w 

+ 2 (A* - A 2 ) ( A 2 - A 2 ) Η J 
W 0 0 w wo J 

The symbol H Q represents two drops o f r a d i u s (r + δ ) where δ is 
the t h i c k n e s s o f the oil l a y e r and separa t ion Δ . H w q represents 
the Η f u n c t i o n f o r a sphere o f r a d i u s r and one of rad ius (r + δ ) 
separated by a d i s t a n c e ( δ + Δ ). Η represents the f u n c t i o n fo r 
two spheres o f r a d i u s r

I f the Hamaker constan
water (as is the case) f o r the w a t e r / i s o p r o p y l myr is ta te /water 
systems i n v e s t i g a t e d by the authors (23) the e f f e c t of r e p l a c i n g 
par t o f the oil drop with water is not g r e a t ; in f a c t in a t y p i c a l 
type A drop the e f f e c t o f l a r g e i n t e r n a l d r o p l e t on a t t r a c t i v e 
energ ies is found to be i n s i g n i f i c a n t . Only when the i n t e r n a l 
d r o p l e t almost f i l l s the whole diameter of the m u l t i p l e drop is 
the i n f l u e n c e o f the i n t e r n a l phase n o t i c e a b l e . 

A more s i g n i f i c a n t i n f l u e n c e on van der Waals 1 f o r c e s o f 
a t t r a c t i o n between m u l t i p l e drops appears to r e s i d e in the 
r e d u c t i o n in s i z e which fo l lows from expu ls ion o f the i n t e r n a l 
d r o p l e t s . The r e s u l t a n t r e d u c t i o n in diameter leads to a reduc t ion 
in the fo rce o f a t t r a c t i o n d i r e c t l y as V/\ is r e l a t e d to g lobu le 
r a d i u s , r , by , , 

( A n - Ό r 

V a " Δ 
A f u l l a n a l y s i s o f i n t e r a c t i o n s in m u l t i p l e emulsions would 
o b v i o u s l y have to take account o f f o r c e s o f r e p u l s i o n . The systems 
are too complex to ( F i g . 7) a l low any reasonable est imate o f 
r e p u l s i v e f o r c e s at t h i s s t a g e , al though s i m p l i f i e d models are 
being developed to a l low an approach along t h i s r o u t e . One 
c o m p l i c a t i o n r e s i d e s in the p o s s i b l e l a m e l l a r nature o f i n t e r f a c i a l 
f i l m s or l i q u i d c r y s t a l l i n e s t r u c t u r e s , d i s c u s s e d e a r l i e r . 

Attempts to improve the s t a b i l i t y o f m u l t i p l e emulsions 
It w i l l be apparent that m u l t i p l e emulsions - w h i l s t having 

many p o t e n t i a l uses - are complex, i n h e r e n t l y unstable systems. 
They are u n l i k e l y to be commercial ly acceptab le u n t i l problems with 
t h e i r s t a b i l i t y in v i t r o and in v ivo are s o l v e d . Despi te t h i s , 
there are few r e p o r t s in the l i t e r a t u r e , regard ing attempts to 
improve t h e i r s t a b i l i t y . We have concentrated our e f f o r t s on the 
p o t e n t i a l o f po lymer isab le s u r f a c t a n t s or other monomers to 
enhance s t a b i l i t y f o l l o w i n g e a r l y attempts to use an oil phase 
which would s o l i d i f y at room temperature. Release p r o f i l e s of 
methotrexate from water-octadecane-water emulsions are shown in 
F i g . 8; the photomicrograph i n s e r t shows the s t r u c t u r e of the 
emuls ion . 
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A w j j ) w 
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Figure 7. Three possible interactions (attractive and repulsive) 
between phases in multiple emulsions are shown in the upper diagram, 
while below those arrangements of the aqueous (w), surfactant 
(s^ and Sg) and oil phases are shown which must be taken into account 
in calculation of attractive and repulsive forces in these inter
actions . 
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Figure 8. a) Photomicrograph of a water-octadecane-water system, 
b) Release from a d i a l y s i s bag of MTX from an O.17o s o l u t i o n of 
MTX at 37 °C and from the emulsion at 15, 25, and 37 °C. The oil 
phase of the emulsion is s o l i d at 25 °C and l i q u i d at 37 °C.; at 
15 °C the system tends to break up. 
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Because the p repara t ion o f a w/o/w system is a two-stage 
procedure , it is p o s s i b l e to modify e i t h e r the primary aqueous 
phase (which becomes the i n t e r n a l aqueous phase o f the m u l t i p l e 
system) or the secondary aqueous phase, which subsequent ly becomes 
the cont inuous aqueous phase. Each aqueous phase can be g e l l e d by 
in s i t u po lymer i za t ion r e a c t i o n s . Polyacry lamide has been used to 
demonstrate the techn ique , but l e s s t o x i c systems are requ i red f o r 
pharmaceut ica l use . 

A l -Saden et a l (39,40) reported the g e l a t i o n o f aqueous s o l u t i o n s 
o f poloxamer s u r f a c t a n t s by the a c t i o n o f γ - i r r a d i a t i o n . 
Poloxamers* are r e l a t i v e l y n o n - t o x i c p o l y ( o x y e t h y l e n e ) - p o l y ( o x y -
propylene) b lock copolymers with the genera l formula 

H 0 [ C 2 H 4 0 ] a [ C 2 H 6 0 ] b [ C 2 H 4 0 ] a H 

C r o s s l i n k i n g o f the s u r f a c t a n t molecules may be induced by s i m u l t a n 
eous a c t i v a t i o n o f two neighbouring molecules with the net r e s u l t 
that the molecular weight o f the polymer i n c r e a s e s u n t i l a three 
dimensional g e l network
are s u r f a c e - a c t i v e , promotin
emulsions may be prepared which con ta in the poloxamer in the 
cont inuous aqueous phase. A f t e r e m u l s i f i c a t i o n , the s u r f a c t a n t 
molecules can be c r o s s l i n k e d at the oil-in-water i n t e r f a c e and in 
the cont inuous phase by γ - i r r a d i a t i o n , forming a network o f 
s u r f a c t a n t molecules which l i n k the d ispersed oil g l o b u l e s . 
S i m i l a r l y , the poloxamers can be used in the second e m u l s i f i c a t i o n 
step in the p repara t ion o f the m u l t i p l e emulsion (41) . 

As the h y d r o p h i l i c nature of the poloxamer s u r f a c t a n t s prevented 
t h e i r use as s t a b i l i z e r s o f the primary w/o emuls ion , and as the 
more l i p o p h i l i c members o f the s e r i e s degrade on i r r a d i a t i o n , an 
a l t e r n a t i v e approach - a modi f ied emulsion po lymer i za t ion method 
based on the technique o f Ekman and Sjoholm (42) has been used to 
g e l the i n t e r n a l aqueous phase. 

I n i t i a l exper iments, in which a w/o/w emulsion c o n t a i n i n g the 
monomer and c r o s s l i n k i n g agent i n i t i a l l y in the i n t e r n a l aqueous 
phase was i r r a d i a t e d , were u n s u c c e s s f u l . I t was found that r e l e a s e 
o f the monomer and c r o s s l i n k i n g agent i n t o the e x t e r n a l aqueous 
phase caused t h i s phase to g e l . 

The problem of g e l l i n g the i n t e r n a l phase i t s e l f was so lved 
by i r r a d i a t i n g the primary w/o emulsion c o n t a i n i n g the monomer and 
c r o s s l i n k i n g agent in the aqueous phase. The r e s u l t i n g p o l y ( a c r y l -
a m i d e ) - i n - o i l d i s p e r s i o n was then r e d i s p e r s e d in an aqueous phase 
c o n t a i n i n g h y d r o p h i l i c s u r f a c t a n t to produce a w/o/w system 
c o n t a i n i n g a c r o s s - l i n k e d po ly (acry lamide) g e l in the i n t e r n a l 
aqueous phase. Th is system has s i m i l a r i t i e s to the g e l a t i n m i c r o -
s p h e r e / o i l / w a t e r system d e s c r i b e d by Yoshioka et a l (43) . P r e l i m i n 
ary r e l e a s e ra te experiments on these systems have been d i s a p p o i n t i n g , 
bo s i g n i f i c a n t d i f f e r e n c e in the r e l e a s e o f an i o d i d e marker being 
found when r e l e a s e was compared to that from unge l led systems. It 
may be that other c o n d i t i o n s are requ i red to produce a more r i g i d 
g e l . S t a b i l i t y o f t h i s system has not been a s s e s s e d , a l though it 

Footnote * Poloxamers - s o l d under the t rade name P l u r o n i c , 
r e g i s t e r e d t rade name of Wyandotte. 
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is obvious that g e l a t i o n o f the i n t e r n a l phase b l o c k s , i n t e r n a l 
d r o p l e t coa lescence and osmotic growth and shr inkage of the i n t e r n a l 
d r o p l e t s . 

The f i r s t method used to g e l the ex te rna l cont inuous phase was 
the product ion o f a c r o s s l i n k e d po ly (acry lamide) g e l . Apart from 
vary ing the r a t i o and c o n c e n t r a t i o n o f monomer and c r o s s l i n k i n g 
agent , l i t t l e c o n t r o l cou ld be achieved over the r e a c t i o n - r i g i d 
g e l s were produced r e s u l t i n g in immobile systems. 

The po ly (oxye thy lene ) -po ly (oxypropy lene ) -po ly (oxye thy lene ) b lock 
copolymers were a l s o used to g e l the cont inuous aqueous phase. 
Poloxamers may be used as the secondary h y d r o p h i l i c s u r f a c t a n t in 
the p repara t ion o f the w/o/w system, and the f i n i s h e d emulsion is 
then i r r a d i a t e d . The p o l y m e r i s a t i o n r e a c t i o n can be monitored by 
cone -and-p la te v iscomet ry . F i g . 9 shows the flow curve obta ined 
f o r a w a t e r / i s o p r o p y l myr is ta te /water emulsion as a f u n c t i o n o f 
the r a d i a t i o n dose . As the dose of " y - i r r a d i a t i o n is i n c r e a s e d , the 
v i s c o s i t y of the w/o/w emulsion increased up to a ' g e l - p o i n t 1 . The 
' g e l - p o i n t ' o f the emulsio
t i o n o f poloxamer. In th
of 5% (w/v) P l u r o n i c F87 and 5% (w/v) P l u r o n i c F88 in the e x t e r n a l 
phase, the ' g e l - p o i n t ' was reached at 4.2 ( F i g . 9 ) . F i g . 10 
shows the changes in the p r o p e r t i e s of i r r a d i a t e d systems on s t o r a g e . 

The main disadvantage o f the use of γ - i r r a d i a t i o n is that the 
drug has to be incorpora ted at the primary e m u l s i f i c a t i o n step and 
is t h e r e f o r e exposed to the ^ - i r r a d i a t i o n . To overcome t h i s 
d i f f i c u l t y Law et a l (44) have syn thes ised a s e r i e s o f a c r y o l y l 
d e r i v a t i v e s of c e r t a i n poloxamer s u r f a c t a n t s . Bredimas et a l (45) 
have shown that it is p o s s i b l e to s t a b i l i s e an unstab le o/w emulsion 
by p o l y m e r i s a t i o n o f d i a c r y l a t e s u r f a c t a n t molecules in s u r f a c e 
c r o s s l i n k i n g r e a c t i o n s . We have confirmed t h i s (44) and have 
succeeded in s t a b i l i z i n g w/o/w emuls ions , the primary emulsion 
compr is ing i s o p r o p y l myr is ta te with 5% Span 80 and O.9% of the 
d i a c r y l o y l d e r i v a t i v e of P l u r o n i c L44 in the aqueous phase (0 = 
O.5) with 4% (NH4) 2 S20 8 as i n i t i a t o r . S t i r r e d at 2000 rpm at 3 7 ° 
f o r 60 minutes the P l u r o n i c c r o s s - l i n k s at the i n t e r f a c e ; the 
m u l t i p l e system is prepared with e . g . an equal s o l u t i o n of 
aqueous P l u r o n i c P123 (O.8%) and T r i t o n X165 (O.4% or O.6%). S tab le 
inner d r o p l e t s were seen to be re leased i n t a c t from the oil d r o p 
l e t s under c e r t a i n c o n d i t i o n s but normally samples r e t a i n e d t h e i r 
inner d r o p l e t s fo r at l e a s t 2 weeks. 

Conc lus ions 

Knowledge of s u r f a c t a n t e q u i l i b r a t i o n and i n t e r a c t i o n s w i l l 
probably lead to improved formula t ions o f m u l t i p l e emuls ions . 
F a i l i n g t h i s the use o f po lymer isab le s u r f a c t a n t s can lead to 
obvious s t rengthening of i n t e r f a c i a l b a r r i e r s and al low c o n t r o l of 
s t a b i l i t y and drug r e l e a s e . Nonetheless f u r t h e r d e t a i l e d work on 
both w/o/w and o/w/o systems is j u s t i f i e d . 
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α 

Dose of Ϊ irradiation (Mrad) 

F i g u r e 9. a) Flow curve u s i n g a cone and p l a t e v iscometer f o r a 
w a t e r - i s o p r o p y l myr is ta te -water emulsion as a f u n c t i o n of dose o f 
gamma- i r rad ia t ion shown in Mrad. b ) V i s c o s i t y o f a w/o/w emulsion at 
shear ra te of lfj50 s~ s t a b i l i z e d wi th P l u r o n i c s u r f a c t a n t s 
(5$ F85/5# F88) in the e x t e r n a l phase as a f u n c t i o n o f r a d i a t i o n dose. 
The i n c r e a s e in v i s c o s i t y shown by the f low curves i n d i c a t e s s t r u c t u r e 
b u i l d - u p in the e x t e r n a l phase. The h y s t e r e s i s loop e x h i b i t e d by 
the g e l l e d sample i n d i c a t e s that the s t r u c t u r e o f the ex te rna l g e l 
phase is broken down dur ing s h e a r i n g . Reproduced wi th permiss ion 
from Ref . hi. Copyr ight 1982, J . Pharm. Pharmacol . 
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S 2 I -μ- 1 1 ' ' 
Λ I 6 θ 10 

Time (weeks) 
Figure 10. a) Viscosity of w/o/w emulsions (at shear rate 1650 s"1) 
exposed to different doses of gamma-irradiation and i t s change with 
time, b) Percentage number of multiple drops in w/o/w emulsions 
exposed to o, 3.6 Mrad; χ, 1+.8 Mrad; + , 5.3 Mrad (control .) as 
function of time. The decrease in viscosity with time is most 
l i k e l y to be due to changes in the gel structure, as the model 
system chosen for study contained a low percentage of 'multiple 1 

drops, making a decrease in viscosity due to the loss of water from 
the internal aqueous phase unlikely. Photomiorographic studies showed 
that there was l i t t l e change in the size of the multiple and simple 
oil drops or of the internal aqueous droplets of each system, 
although there was some evidence of multiple drop coalescence in the 
control system, not evident in the irradiated systems. The irradiated 
systems also appeared to be more stable to multiple drop rupture. 
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Emulsion Breaking in Electrical Fields 

A. KRIECHBAUMER and R. MARR 

Institute of Chemical Engineering, Technical University, Graz, Austria 

The stability of disperse systems is controlled by 
interparticulary attraction and repulsion forces, 
and by the range of the free energy of the parti
cle surface. Pure water/oil-systems are not stable. 
Addition of surfactant
stability. Stability parameters and coalescence 
processes, especially when using electrical fields 
for emulsion breaking, are discussed in theory and 
compared to practical experimental data. The in
fluence of parameters like applied field strength, 
contact time, surfactant concentration and type of 
surfactant, ionic strength of inner water phase, 
and droplet diameter on the breaking efficiency 
have been investigated. Advantages and technical 
applications of electrical emulsion breaking are 
discussed. 

The use of emulsions and their range of practical application has 
been expanded enormously. As a result, the field of the theory of 
emulsions and technical emulsion science, as a part of classical 
colloid chemistry, can use a lot of theory developed there. 

One of the greatest concerns for emulsions is the question of 
their stability. A very typical example of the different require
ments on the stability of an emulsion is their application in 
Liquid-Membrane-Permeation (Figure 1) (1,2) . In this process, a 
water-in-oil emulsion is dispersed by stirring in a bulk water phase 
containing metal-ions. Under certain conditions these ions wil l 
permeate through the oil-phase of the emulsion into the inner water 
phase of the emulsion. During this time, the emulsion should be 
very stable but after the permeation, the emulsion is to be 
separated from the bulk water and has to be broken; that mean that 
at this step the emulsion is required to be unstable. 

The stability of dispersed systems is influenced by an enormous 
number of parameters. Part of them can be predicted by considering 
the theory of stability, others can be obtained by experiments, but 
the influence of some parameters could not be explained until now. 

0097-6156/85/0272-0381$06.00/0 
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382 MACRO- AND MICROEMULSIONS 

There are some important advantages of spl i t t i n g emulsions by 
means of an ele c t r i c a l f i e l d in contrast to the usual breaking 
processes (3). 

Thermal breaking does need a lot of energy and cannot be 
applied to a l l emulsions, because of thermal instability of some 
components. Centrifugation technique has the disadvantage of high 
mechanical work input and high investment costs; systems containing 
very small droplets and showing l i t t l e density difference between 
the dispersed and continuous phases are unable to be separated by 
this method. 

In contrast to the mentioned usual methods, the electrical 
emulsion breaking workè at room temperature, has no moving parts, 
low energy input (only low condensator current between the elec
trodes because of low conductivity organic bulk phase) , and it is 
possible to separate small droplets from the continuous phase. 

Theory of Stability 

Thermodynamic View. Generally
for emulsions : 
1. thermodynamic stability 
2. s t a b i l i t y by surface active agents (known as emulsifiers or 

surfactants) 
3. stability by adsorption of colloids 
To s p l i t a liquid droplet one has to spend surface energy dW by in
creasing the droplet surface O. 

dW = σ . dO = dG dW ... changing of free energy 
(surface energy) 

σ ... surface tension 
dO ... changing of droplet surface 
dG ... free energy change 

This means that the smaller the droplet there is a greater ten
dency for two droplets to coalesce into one larger droplet. There
fore, a system of two liquids which exhibit a very low interface 
tension (σ = 0) is thermodynamically stable. 

Pure water/oil-emulsions are unstable. For this reason, sur
face active agents (surfactants) are added, which adsorb at the 
interface between the two immiscible liquids and decreasing the 
interfacial tension. In this way, the stab i l i t y of a water droplet 
in oil w i l l be increased. In addition, there is a second s t a b i l i z 
ing effect by steric hindrance which w i l l be explained later (4). 

There is another way to stabilize colloids by addition of sub
stances which cover the whole particle or droplet thus hindering 
the mutual approach of two particles. 

DLVO-Theory. The mutual approach of two droplets is a requirement 
for the coalescence process. Larger droplets approach each other 
on account of gravitational forces. Smaller droplets show inter-
particular forces with short distance range, which are responsible 
for their mutual approach. 

Derjaguin, Landau, Overbeek and Verwey explained the sta b i l i t y 
of dispersions by the superposition of interparticular forces (5). 
The so called "DLVO-Theory" has been proved by experiments else
where (6-9). Principally, there are two forces: attractive Van-der 
Waals forces (figure 2a) and repulsive forces (figure 2b) . 
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By superposition of these forces, a resulting force 
w i l l be obtained (Figure 2c). If coalescence should occur, the 
thermal energy of the particle has to be greater than the energy 
barrier Ε (Figure 2) (10). When the thermal energy of the particle 
is lower, the dispersion only w i l l flocculate, which means that the 
particles show a mutual approach until a certain distance (between 
point 1 and 2 in Figure 2). 

Overcoming of the energy barrier can also occur by bringing 
additional energy (thermal energy; mechanical energy: centrifuga-
tion, ultrasonic waves, etc.) to the emulsion (11-13). 

Water droplets in an organic continuous phase show very low 
electric repulsion potentials. This means that a pure w/o-emulsion 
cannot be stable, because the total potential energy is only of the 
attraction mode. 

By addition of surface active agents, a so called "steric 
hindrance" occurs. In this case, a mutual approach of two particles 
w i l l be prevented by th  lipophili  t a i l f th  surfactants  which 
can be understood as a
the adsorbed colloids a  previou
Figure 3). 

Coalescence Process 

The coalescence process can be described by two steps. At f i r s t , 
there is a mutual approach of the drops which is controlled by the 
Theol o g i c a l properties of the continuous (organic) phase (see Figure 
4a). Secondly, a flattening of the droplets appears by the forma
tion of a so called "dimple" (see Figure 4b). The decrease in dis
tance d is determined by the rate of flow out of the continuous 
phase between the droplets (14,15). A thin film is formed which 
decreases to a certain c r i t i c a l film thickness, d c r i t > at which 
point approach stops (16). 

Coalescence of the droplets can only happen i f it is possible 
to break up the thin film. This occurs i f surface waves are formed 
or i f external forces are applied. At a certain point, the thick
ness w i l l f a l l below the c r i t i c a l value and coalescence occurs (17, 
18). The influence of this step is given by the interfacial and 
surface rheological properties such as interface e l a s t i c i t y , inter
face viscosity, type of surfactant, etc. (19-25). 

Coalescence in Elect r i c a l Fields 

The theory of breaking emulsions in elec t r i c a l f i e l d s , especially in 
a.c. fields, has not been investigated much (26-31). But there are 
some effects which mainly are responsible for coalescence phenomena 
(Figure 5; lower figures are microscopic photographs). If a water 
droplet (containing ions) which is surrounded by an organic phase 
is exposed to an electric d.c. f i e l d , a dipole moment w i l l be in
duced (Figure 5a). Two drops, therefore, show at their adjacent 
ends electrical charges of opposite signs. This leads to an electr
i c a l attraction force Frj (see Figure 5b) (32) . On the other hand, 
it can be seen from the distribution of the el e c t r i c a l f i e l d lines, 
that the density of the f i e l d lines is increased between two drop
lets. For smaller droplets, this gives rise to attractive forces 
between them. 
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Phase II 1 + Raffinate 
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Figure 1. Flow sheet of a liquid membrane permeation process. 
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Figure 2. DLVO-Theory; attraction and repulsion forces of dispersed 
particles; d: Distance of the centers of two spherical 
particles. 
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Figure 3 . Steric hindrance; monolayer films of different surfactants 
between two flattened droplets. 

Figure 4 . Film thinning; approach of two droplets and development 
of a thin film. 
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As mentioned above, the application of electrical fields deforms 
the spherical form of the droplets to an ellipsoid thus decreasing 
the distance between two droplets. This deformation can also dis
turb the thin film between droplet surfaces and lead to coalescence, 
especially when using a.c. fields where an oscillating movement of 
the droplets also is induced. 

Experimental Section 

Emulsion preparation: the emulsion was prepared in a stirring vessel 
adding the discontinuous water phase dropwise to the continuous phase 
under s t i r r i n g with 5000 rpm. Total s t i r r i n g time 10 minutes. Vol
ume fraction phase I (discontinuous phase) to phase II (continous 
phase) = 1:1. 

Emulsion breaking: an apparatus (see Figure 6 ) has been deve
loped to s p l i t w/o-emulsion in e l e c t r i c a l fields (2). Immediately 
after preparation, the emulsion was pumped through the electrical 
f i e l d in the s p l i t t e r . Afte
droplets, the unspittëd emulsio
again. After a definite circulation time, the emulsion was centri-
fugated at a low centrifugation number (rw2 = 2000) for two minutes 
to get a clear interface between oil-emulsion and emulsion-water 
interface. 

Materials 

Phase I was 5 η sulfuric acid with 15 g CU / l . Phase II was a 
mixture of 60 wt % paraffine thin, 34 wt % Shellsol T, 2 wt % ECA 
4360 (EXXON) as surfactant and 4 wt % LIX64N as carrier. 

Table I shows the main parameters which influence emulsion 
stability. In addition to the parameters above, there are s t i l l 
further process parameters. 

Effect of E l e c t r i c a l Field Strength. Emulsions with constant phase 
ratio were broken in e l e c t r i c a l fields of different f i e l d strengths. 
The applied f i e l d was varied from zero up to 1000 V/mm. Figure 7 
shows the volume fraction of separated water in relation to the total 
emulsion volume. At fie l d strengths lower than 90 V/mm there cannot 
be any emulsion breaking. Increasing the f i e l d strength leads to a 
steep rise in splitting efficiency. From 400 to 1000 V/mm only a 
small improvement of separation effect can be observed. 

Effect of Splitting Time. The s p l i t t i n g time of an emulsion is shown 
in Figure 8. There was an applied electric f i e l d strength of 1000 
V/mm. Both the volume ratio of separated water and the splitting 
time scales are logarithmic. Up to a residence time of 30 seconds, 
80% of the emulsion has been broken. With increased breaking time, 
there is a smooth change up to a saturation state. After 100 seconds 
about 98% of the distributed water is separated from the organic 
phase. An extension of s p l i t t i n g time has no more separation effect. 

Effect of Residence Time. The influence of varying the residence 
time by varying the electrode length on emulsion st a b i l i t y is shown 
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Κ Ε 2 α 6 

α ) induced dipole b) dipole-dipole -
attraction 

F attractive force 
D due to dipole ind. 

Ε ... electr. field strength 

a... droplet diameter 

K... constant 

Figure 5. Interaction forces in electric fields. 

t 
yA 
VA-

•Ά 

Ô 1 

Figure 6. P r i n c i p a l f u n c t i o n of e l e c t r i c a l s p l i t t i n g apparatus 
Key: 1, pump; 2, emulsion i n l e t ; 3, e l e c t r o d e s ; 4, emulsion 
o u t l e t ; 5, e lec t rode i n s u l a t i o n ; 6, h igh v o l t a g e ; 7, s e t t l e r ; 
8, coalescence a i d ; 9, water-phase V-j-; 10, oil-phase V - Q . 
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Table I. Parameters That Influence Emulsion S t a b i l i t y 

Phase Parameter Influencing S t a b i l i t y 

A l l Phases Applied e l e c t r i c a l f i e l d strength 
contact time 

Phase II 
Cont. phase 

Phase I 
Discont. phase 

V i s c o s i t y 
Surfactant concentration 

Type of surfactant (HLB-value, etc.) 

Ionic strength 

Interface 

Interface tension 

Emulsion V i s c o s i t y 
Phase r a t i o V j i V j j 
Droplet diameter 
Emulsion preparation 
Aging 

Vol.0/. Phase I 
KX)i 

Figure 7. Effect of elect r i c a l f i e l d strength on emulsion breaking 
efficiency; o...vol.% of phase I after s p l i t t i n g for 40 
seconds. 
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in Figure 9. Decreasing the electrode length means decreasing of 
the residence time of the emulsion in the elect r i c a l f i e l d . 

When decreasing the electrode length from 160 mm to a few mm -
that means, that the contact "ime of the emulsion with the elec t r i c a l 
f i e l d decreases from about 10 seconds to less than 1 second - the 
emulsion breaking coefficient does not decrease very steep. 

This experiment shows that there is nearly no influence of con
tact time on the breaking efficiency. This means, that the coales
cence of the droplets occurs very rapidly in the f i r s t part of the 
electric f i e l d up to a certain magnitude of droplet diameter. 

In the next part of the electrical f i e l d , nc further coalescence 
w i l l occur. 

The effect of electrode length on the elect r i c a l current flow 
between the electrodes ((3), Figure 6) is also shown in Figure 9. 
When pumping air or homogeneous liquids through the sp l i t t e r , a low 
current flow was observed. In the case of pumping emulsion through 
the s p l i t t e r , there was obtained a much higher current flow between 
the electrodes. The curren
electrode length. 

Effect of Surfactant Type and Concentration. Surfactant concentra
tion and type is of great importance for the st a b i l i t y of thin l i 
quid films and for emulsion s t a b i l i t y . Type and concentration of 
surfactants are responsible for the degree of lowering the inter-
facial tension and for the viscoelastic properties of droplet 
surface, as well as for the film thickness between two droplets. 

Figure 10 shows the volume fraction of the splitted emulsion 
after treating in the ele c t r i c a l a.c. f i e l d for 30 seconds for 
various surfactant concentrations and surfactant types. It is 
evident that in the absence of surfactants, there is no stab i l i t y 
and a l l the water droplets coagulate with coalescence. 50 vol.% 
water phase signifies 100% sp l i t t i n g efficiency. 

With increasing surfactant concentration, the sta b i l i t y of the 
emulsion increases continuously unt i l a certain value. Increasing 
surfactant concentration above this point yields no more emulsion 
stab i l i t y . This means that there is a saturation concentration of 
adsorbed surfactant molecules at the droplet surfaces corresponding 
to the molecular size (12). An increase in bulk phase concentration 
has therefore no more effect on emulsion s t a b i l i t y . 

Span 20 is a S ORB ITAN-MONOLAURAT with a hydrophobic chain 
length of 11 carbon molecules. Span 80 is a SORBITAN-MONOOLEAT with 
17 C-molecules at the hydrophobic chain length. 

Due to their molecule structures, Span 20 w i l l develop a more 
rigi d and therefore more stable interface film than Span 80. Be
cause of the higher HLB-value of 816 of Span 20 than 4.3 of Span 80, 
the hydrophobic part and therefore the steric hindrance of Span 20 
is of higher magnitude than that of Span 80, which fact means higher 
s t a b i l i t y against coalescence (9,33). With increasing molecular 
weight of a homologous series of surfactants, the emulsion st a b i l i t y 
decreases (Figure 11). 

Viscosity measurements show that with increasing surfactant 
concentration even at high concentration the bulk phase viscosity 
only increases very smoothly (Figure 12). 
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Figure 8. E f f e c t of breaking time on emulsion breaking e f f i c i e n c y ; 
e l e c t r i c a l f i e l d strength 1000 V/mm. 

Figure 9. E f f e c t of electrode length and t o t a l residence time on 
s p l i t t i n g e f f i c i e n c y and current flow at an e l e c t r i c a l 
f i e l d of 1000 V/mm. 
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Figure 10. Effect of surfactant type and surfactant concentration 
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Figure 11. Comparison of surfactants with different molecular weight 
and molecular structures on their stabilizing effect; 
o...phase I obtained after 20fs spli t t i n g by 1000 V/mm 
elec t r i c a l f i e l d strength; surfactant concentration 3 
wt %. 
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Figure 12. Effect of surfactant concentration on bulk phase viscos
i t y ^ ECA 4360, • Span 20, Δ Span 80, ο Span 85. 
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Effect of Continuous Phase Viscosity. Bulk phase viscosity has a 
great influence on the approach of two droplets. Figure 13 shows the 
influence of continuous phase viscosity as a function of the volume 
rate of Shellsol Τ and paraffine oil as continuous phase. Increas
ing concentration of Shellsol Τ decreases the continuous phase 
viscosity. 

The emulsions which were obtained with these organic phases 
showed an analogous decrease in emulsion viscosity. A mathematical 
description of the experimental data even could be obtained from the 
organic phase viscosity by an additive factor. 

Effect of Continuous Phase Composition. With increasing concentra
tion of Shellsol Τ in the continuous phase and therefore decreasing 
bulk phase viscosity (as shown in Figure 13), the emulsion breaking 
efficiency increases (Figure 14). As expected, the mutual approach 
of the water droplets w i l l be facilitated in lower viscous continuous 
phases. 

Effect of Phase Ratio. Th
phase over continuous phase on the viscosity of the emulsion is 
shown in Figure 15. Continous and discontinuous phase composition 
and viscosity are constant in each experiment. With increasing 
phase ratio, the viscosity of the emulsion increases because of the 
increasing of the amount of water droplets. 

The emulsion breaking efficiency was obtained by pumping the 
emulsion one time through che sp l i t t e r and comparing the splitted 
water with the overall water coûtent in the unsplitted emulsion. 
The increase of emulsion breaking efficiency can be explained by the 
shorter distances between the droplets at higher phase ratios and 
therefore, the minor mutual approaching time. 

Effect of Emulsion Preparation, There are a lot of parameters in 
emulsion preparation which have effects on emulsion st a b i l i t y (e.g. 
phase ratio, phase I, phase II, s t i r r i n g time, s t i r r i n g speed). 
Some of them have been explained above, others have already been 
investigated (34,35) and others are s t i l l under discussion (Kriech-
baumer, Thesis; Wacnter, Thesis). 

As an example, I would like to mention the effect of st i r r i n g 
speed on emulsion s t a b i l i t y . In Figure 16, it can be seen that with 
increasing s t i r r i n g speed in a homogenizer, the emulsion can be 
broken with less efficiency. This correlates with decreasing 
"Sauter diameter" Dp. The droplet diameter distribution of the 
emulsiun becomes more and more uniform. The smaller the droplets, 
the smaller are the mutual attractive forces and the smaller is the 
probability of a collision of two particles. 

Effect of Aging. With increasing volume fraction of the dispersed 
phase, increasing droplet diameter and wider diameter distribution, 
the viscosity of a dispersed system increases (36). Unstable emul
sions show droplet coalescence by extending the diameter distribu
tion, accompanied by viscosity increasing, an effect, which is 
called "aging" (36 - 2 8 ) . 
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Figure 13. Effect of continuous phase composition on viscosity and 
emulsion viscosity. Experimental data: • emulsion, ο 
organic phase; fitt e d data: — 1ηη 0 = expi-Kj^(vol%)+K2] 
-.- Ιηη • = 1ηη 0 + K 3 . 

100 

Vol.% 
PhaseI 

50 

10 « 

0 
20 40 60 80 100 

Vol.% SHELLSOL Τ 

Figure 14. Effect of continuous phase composition on emulsion 
breaking efficiency. 
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Figure 15. Effect of phase ratio Vj/νχχ on emuls ion viscosity 17 eni 
and sp l i t t i n g efficiency T j s p ; Vj...total water content; 
^I>splitted«.-obtained continuous water phase after 
s p l i t t i n g . 
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Figure 16. Effect of sti r r i n g speed on breaking efficiency and drop
let diameter. 
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Technical Applications 

This method can be used to s p l i t w/o-emuIsions, to separate the 
smallest water droplets from motor oil, to clear a turbid organic 
phase after solvent extraction (containing water) and crude oil de-
watering, etc. 

As an example of an application of the s p l i t t e r , the continuous 
breaking of an emulsion used in the liquid-membrane-permeation 
technology is shown in Figure 17. 

After the emulsification and permeation step the emulsion enters 
the f i r s t breaking apparatus. Leaving this step, the emulsion passes 
a settler in which the greater water droplets coalesce with the bulk 
water phase. The unsplitted emulsion flows in the second spl i t t e r 
from which it is pumped through the second breaking step, which con
tains a package of pairs of electrodes. The unsplitted emulsion 
w i l l also be recycled through the second breaking step. Clear or
ganic phase can be obtained from the surface, while at the bottom, 
the outlet of the water

The breaking efficienc
figure. The fresh emulsion contains nearly 14 vol.% of water in the 
organic phase. After the f i r s t step, it is already reduced to 5.4 
vol.% and after the second step there is less than O.4 vol.% water 
in the organic phase. 

A 

ft 

Figure 17. Continuous emulsion breaking; emulsion flow rate: 20 1/h. 
I . . . f i r s t breaking step, II...second breaking step. 
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Conclusions 

It can be seen that there are a lot of parameters influencing emul
sion s t a b i l i t y . Some of them can be predicted by theory, while 
others are able to be explained by experimental results. An emulsion 
breaking device has been developed which enables the investigation 
of various parameters and different emulsion systems. Thus, on the 
one hand, emulsion sta b i l i t y can be compared with theory, while on 
the other hand, conclusions about coalescence processes are obtained. 

The sc i e n t i f i c investigation w i l l lead to expanding the practi
cal application of elec t r i c a l emulsion breaking in chemical engineer
ing, chemistry, biology, etc. 
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25 
Stabilization of Xylene in Sulfapyridine-Stabilized 
Water Emulsion 
Evaluation and Role of van der Waals and Coulombic Forces 

V. K. SHARMA and S. N. SRIVASTAVA 
Department of Chemistry, Agra College, Agra 282002, India 

Most of the drugs have got the property to promote 
relatively stable oil in water emulsions. A study 
of a sulphonamide drug sulpha-pyridine reveals that 
it yields a stabl
have been interpreted by studying flocculation, co
alescence, electro-kinetic potential, potential 
energies and stability factors. These studies were 
made as a function of nucleic acids, DNA and RNA 
(Deoxy-ribonucleic acid and Ribonucleic acid) which 
were chosen in accordance with their biological 
significance. 

Stability of drug stabilized emulsions plays a role of immense im
portance in various branches of natural and medical science. How
ever, the effect of nucleic acids on drug stabilized emulsions is 
very interesting from the theoretical as well as the practical point 
of view. 

Some workers attempted physico-chemical interpretations of 
emulsion characteristics in a Qualitative manner (1). Previous in
vestigators (2) have studied the aggregation and deaggregation of 
globules in hexadecane-water emulsions containing dioctyl sodium 
sulpho-succinate as emulsifier and have reported that lower concen
trations of surfactant favoured the deaggregation of globules. 
Cockbain (3) reported the prevention of coalescence and aggregation 
of the dispersed phase of emulsion by the low concentrations of the 
cations and anions. Sharma and Srivastava (4,5) studied the effect 
of electrolytes and detergents on the emulsions stabilized by the 
drugs oxytetracycline hydrochloride and chloramphenicol and observed 
the reversible flocculation also at low concentrations of additives. 
Upadhyay and Chattoraj (6) studied the adsorption of nucleic acids 
at the alumina water interface and noted that the adsorption in
creases with increasing concentrations of nucleic acids up to some 
extent and attains constancy afterwards. Srivastava and Haydon (7) 
correlated the emulsion stability with the electrical properties of 
the emulsion droplets according to DLVO theory. 

0097-6156/85/0272-0399$06.00/0 
© 1985 American Chemical Society 
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From the survey of the above literature, it is concluded that 
only a limited work is done on such type of problems. In the present 
study, the st a b i l i t y of emulsion has been discussed in the light of 
Derjaguin, Landau, Vervey and Overbeek theory (8) using Deoxyribo
nucleic acid and ribonucleic acid as flocculants for the emulsion 
stabilized by the drug sulphapyridine. 

Materials and Methods 

The emulsifying agent sulphapyridine was obtained from May and Beker, 
Bombay. Deoxyribonucleic acid and ribonucleic acid were BDH pro
ducts. Analar Xylene (BDH) was used as such. Double d i s t i l l e d 
water was used in a l l experiments. 

The emulsion was prepared by suspending 3% by volume of xylene 
in O.02 M solution of sulpha pyridine which was made in N/40 NaOH. 
The mixture was then shaken for half an hour and homogenized with 
the hand operated stainless steel homogenizer (Fischer Scientific 
Co., U.S.A.). For a l l th
identical conditions. 

Flocculation was measured by an improved Neubauer model of 
haemocytometer. The number of globules with respect to time was 
counted with the help of a hand tal l y counter (Erma, Tokyo) under 
the olympus microscope. 

The average size of the emulsion globules as measured by size 
frequency analysis of microphotographs with the help of a catheto-
meter was found to be 1.2 μπι. (See Figures 1 and 2) 

The electrophoretic measurements were carried out in a rectangu
lar Northrup-Kunitz type microelectrophoretic c e l l (9), which was 
mounted on the Carl Zeiss Jena microscope, using reversible s i l v e r -
silver chloride electrodes. Aqueous solution of KC1 having the same 
conductance as that of emulsion was f i l l e d in electrode chamber to 
avoid diffusion. The individual globules were timed for two 
divisions of the graticule fi t t e d in the eye-piece of microscope 
under constant voltage between Ag-AgCl electrodes. The potential 
difference between the two ends of the c e l l was directly measured by 
measuring the voltage across the two electrodes fused at the ends of 
c e l l by vacuum tube voltmeter (10). 

Theoretical 

The charge on emulsion stabilized by sulpha-pyridine was found to be 
negative. The electrokinetic mobility of the emulsion was measured 
and the zeta potential was calculated by the Helmholtz equation, 

where η and ε are respectively viscosity and dielectric constant of 
the solution in the e l e c t r i c a l double layer adjacent to the surface, 
U is the mobility and X is the applied f i e l d strength. 

In the framework of DLVO theory, the forces of attraction and 
repulsion were calculated using the equations (11,12): 

ξ - 4πη 
εΧ U [1] 

Aa , λ 
-) [2] 12 Η λ + 3.45 Η 
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Figure 1. Microphotograph of s u l f a p y r i d i n e - s t a b i l i z e d emuls ion. 
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Figure 2. P a r t i c l e s i z e d i s t r i b u t i o n curve of s u l f a p y r i d i n e 
system. 
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For H < 15 nM 
2 3 Aa ( 2.45λ λ λ ν 

A 1 2 Η ^ 2 3 4 4 120 Η 1045 Η 5.62x10 Η 
...[3] 

For Η > 15 ηΜ 
(2 

V R = ̂ £ * - . Β*.( 1 + e" X H) [4] 

where, V., energy of attraction; 
V^, energy of repulsion; 
ε, dielectric constant of the medium; 
A, van der Waals constant; 
a, particle radius; 
H, Interparticle distance; 
χ, Debye-Huckel parameter
λ, Frequency assume

ψ 0, Surface potential
system having xa»l. 

The total interaction energy (V) may be calculated by summing 
up these two: 

V " VR + VA 

In case of reversible flocculation, the temporary existence of 
monomers and dimers is assumed and the degree of flocculation (D) 
was calculated from the equation: 

D β Number of Doublets 
No. of singlets + No. of doublets 

Theoretically, D may be calculated by using the equation: 

D = 4πη a 3 / S 2 exp. (-V/KT)ds [5] ο 
where, η is the number of particles; 

a is the radius of particles; 
and s = 2 + H/a. 

This value of D differs from the experimentally obtained value 
o^ D. Therefore, a graph was plotted between different values of 
van der Waals constant and theoretical values of D. From this graph, 
the value of A corresponding to the observed value of D was found. 

The rate of flocculation was determined from the equation (13): 

Vm = φ / η = K^t [6] 

Where φ is the phase volume ratio of the 0/W emulsion and η 
is the number of drops for mean volume, Vm, at time, t, is the 
flocculation rate constant. 

Coalescence rate constant (K^) was estimated with the help of 
the following equation: 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



25. S H A R M A A N D SRIVASTAVA Stability of Xylene in Water Emulsion 403 

2.303 -, Nt 
K2 = —T~ * l o gïïo" [7] 

where, Nt and No are the number of drops at time t and t = O. 
Eilers and Korff have shown that the factor which governs the 

stability of a colloid system is the energy required to bring to
gether two similarly charged particles of the dispersion (14). The 
following formulae have been derived for the energy (e). 

Ε = ξ2/χ [8] 

where ξ is in millivolts and Debye-Huckel reciprocal distance χ in 
cm"l. More generally 

C ζ ( ε / χ ) 1 / 2  Constant [9] 

or theoretically (15) taking van der Waals constant, A, into account 
one can determine the conditions for preparing stable systems for 
which, 

^ > ι [ i c i 

The stability factor, W, is determined to give clear insight 
into the emulsion st a b i l i t y with the help of the equation used 
elsewhere (17): 

I n W - 2ÏEF ( ï ï è - 2Q) - I In Q + Ζ [11] 

2 where Q = 777— + 1 H/a 
and Ζ = In 2/rT - 1/2 In (A/6KT) + (A/24KT) [12] 

Other notations have their usual significance. Further W may be 
calculated graphically by plotting Vm against t and the slope of 
this straight line is = 4ττ DR(j)e - W^KT [13] 
where, D = KT/6frna 

Here, Ŵ  should be several KT for stable emulsions. W may 
also be calculated theoretically from the equation (18): 

W = e(*=)/ Xa [14] 

An estimation of van der Waal's constant could be made from surface 
tension of the material following a simple treatment suggested by 
Overbeek and give in Void's paper (19, 20). According to this, the 
interaction energy per square centimeter of two semi-infinite slabs 
of material separated by a distance ' a f is given by - A and 

2 
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since 2 sq. cm. of surface is destroyed when the slabs are brought 
together. A is given by the equation used by previous workers (21): 

A = 24 χ π a 2y [15] 

where γ is the surface tension of the material. Assuming that the 
surface and the bulk material have the same composition, a is the 
separation of centres of atoms. Considering γ = 70 dynes/cm and 
a Â, A for the nucleai acids RNA and DNA is found to be 2.1 χ 
10 ergs. 

Origin of Charge 

The charge on emulsion is found to be negative. The solution of drug 
was prepared in N/40 NaOH and the pH of the emulsion was+11.32. Due 
to high alkalinity, the 0H~ ions of a l k a l i replace the Η of amino 
group and thus, the emulsion becomes negatively charged. Moreover, 
when drug solution was prepare
i t i v e because of the formatio
acid and amino group of the drug. The structure of sulpha-pyridine 
drug is given hereunder - (Molecular weight, 249): 

- NH - S0 2 ~ < ζ ^ > - NH2 

Results and Discussion 

Graphs were plotted with the number of individual drops (n^) against 
time and are shown in Figure 3. These clearly indicate that the 
number of unassociated drops decreases somewhat faster primarily 
with an increase in time, but attains almost constancy afterwards, 
which shows that reversible flocculation is occurring in the system. 
This is also borne out by the secondary minimum of the curve given 
in Figure 4. The high values of stability factor W also lead to the 
conclusion that the flocculation is likely to be slow and of revers
ible nature. The values of the flocculation rate constant, K1 (Table 
I), are of the order of 10~^ cnP sec""*. This may be assigned to the 
energy barriers which inhibit the flocculation and change even i t s 
nature. Coalescence rate constant (K2)» given in Table I, increases 
with an increase in the concentrations of RNA and DNA and the values 
of K2 are found to be of the order 10"-* sec"" , which are more or less 
equal to that of the macromolecular stabilized emulsion (22). This 
is presumably due to the considerable strength of the interfacial 
film of the adsorbed drug, sulpha-pyridine. 

To judge whether flocculation or coalescence is the rate deter
mining step ratio of halflives of these two processes was ascer
tained (Table I), which is greater than unity for the present case, 
indicating the coalescence is slow and, therefore, is the rate 
determining step. 

The change in zeta potential of the emulsion by addition of 
different quantities of RNA and DNA was studied. The i n i t i a l zeta 
potential of the emulsion was found to be 147 mV. The zeta potential 
of the emulsion decreases with an increase in concentrations of RNA 
and DNA (Figure 5). The flocculation sets in when the added nucleic 
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50X10 "S 
20X10-5 
50X10- 4 

2-0X10 
50X10 ~ 3 

1 0X10 "3 

Figure 3 . P l o t s of i n d i v i d u a l drops v s . time fo r s u l f a p y r i d i n e -
s t a b i l i z e d emulsion f l o c c u l a t e d by RNA and DNA. 
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Figure 4. E labora ted secondary minimum curves of RNA and DNA 
fo r s u l f a p y r i d i n e system. 
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Table I. Kinetic Parameters of the Sulfapyridine-Stabilized 
Emulsion in Presence of RNA and DNA 

CONCENTRATION κ Ί χ 10 15 K 2 χ 105 1.47 K 2 

ADDITIVES mol m 3 3 -1 cm sec 
K 2 χ 105 

%h 

DNA 5xl0" 3 6.7 9.0 7.5 

lx l O " 3 

-4 
5x10 4.6 6.9 7.3 

2xl0" 4 3.6 6.7 6.6 

5xl0""5 3.4 5.2 6.2 

2xl0" 5 3.0 4.7 3.6 

RNA 5xl0" 4 4.7 5.2 6.2 
-4 

1x10 4.1 4.8 5.5 

5xl0" 5 3.8 4.6 5.7 

2xl0~ 5 3.5 4.4 5.6 

5xl0" 6 2.9 4.3 5.7 

2x10"6 2.6 4.2 5.3 
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acids compress the double layer and reduce the zeta p o t e n t i a l to a 
point, when the repulsive forces decrease considerably and the emul
sion droplets can come into close contact. J n i s happens when the 
value of the f a c t o r ξ 2/χ decreases below 10 , a condition derived 
by E i l e r s . The relevant data are recorded in Tables II and I I I . 

Nature of f l o c c u l a t i o n and s t a b i l i t y of emulsion is fur t h e r 
studied by c a l c u l a t i n g the t o t a l i n t e r a c t i o n energy with the help of 
equations 3 and 4. The values of V/KT are p l o t t e d as a function of 
i n t e r p a r t i c l e distance Η in Angstrom u n i t s , between the two globules 
shown in Figures 4 and 6. The data are recorded on Table IV. The 
maximum p o t e n t i a l energy in case of DNA and RNA was found to be 5412 
and 8158, r e s p e c t i v e l y , which shows that the emulsions have high 
s t a b i l i t y and f l o c c u l a t i o n cannot occur in the primary minimum. The 
height of p o t e n t i a l energy b a r r i e r s between the emulsion droplets 
depends upon the zeta p o t e n t i a l and the Debye-Huckel parameter, which 
var i e s with the e l e c t r o l y t e concentration. Thus, it was noted that 
the height of the energy maxima decreases with an increase in the 
concentration of RNA and
r e p u l s i o n becomes zero an

Occurrence of f l o c c u l a t i o n may be explained i f secondary minima 
aggregation is assumed. This is confirmed by the V/KT vs (H (A)) 
curves, which i n d i c a t e that at higher values of H, repulsion becomes 
n e g l i g i b l e and a t t r a c t i o n predominates and emulsion f l o c c u l a t e s . It 
is als o observed that the depth of secondary minimum is more at 
higher concentration, 5-20 KT, which is deep enough for r e v e r s i b l e 
aggregation, while at low concentrations, the depth of the secondary 
minima is too shallow to trap the p a r t i c l e s . 

From the i n t e r a c t i o n energy curves of Figures 4, 6, and 7 and the 
the corresponding data of Table IV, it is evident that the i n t e r p a r t i 
c l e distance, at which energy is equal to zero, decreases with 
increasing concentrations of RNA and DNA, which i n d i c a t e s the 
f l o c c u l a t i o n of the emulsion system. 

Van der Waal's c o n s t a n t ^ a s c a l c u l a t e d with the help of equation 
16 and found to be 2.1 x 10 ergs. It was also evaluated by 
p l o t t i n g the graph (Figure 8) between t h e o r e t i c a l values of degree of 
aggregation and van der Waal's constant and by i n t e r p o l a t i n g into the 
corresponding curves the values of observed degree of aggregation 
c a l c u l a t e d haemocytometrically. The values are recorded in Tabj.^ V. 
The mean value of van der Waal's constant obtained is 4.1 x 10 
ergs. 

The above discussion of emulsion s u a b i l i t y is further supported 
by the s t a b i l i t y f a c t o r s c a l c u l a t e d with the help of equations 11, 12, 
and 14. The r e s u l t s are given in Table VI. A l l values are greater 
than 10 KT, the condition derived by Derjaguin for stable d i s p e r s i o n s . 
These values are higher than the corresponding values of V/KT, because 
in t h i s estimation, the e f f e c t of van der Waal's i n t e r a c t i o n is not 
taken into account. 

Conclusion 

Emulsion, s t a b i l i z e d by the chemotherapeutic drug sulpha-pyridine, 
is found to be stable and t h i s s t a b i l i t y is reasonably sustained even 
in the presence of n u c l e i c acids, DNA and RNA. Coalescence is found 
to be the rate determining step. Energy b a r r i e r s are of very high 
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Table I I . Addition of RNA on S u l f a p y r i d i n e - S t a b i l i z e d Emulsion 

ς C(M) X ξ2/χ 2εξ 2 

Αχ c ( f ) 1 / 2 

Λ. 

59 5x10" -4 O.43xl06 8.0x10" •3 2.5xl0 6 1.96xl0"6 

66 1x10" -4 O.20xl06 21.0x10" •3 7.6xl06 l.OOxlO"5 

74 5x10" -5 O.14xl06 3.9x10" •2 13.6xl06 2.30xl0"5 

84 2x10" -5 O.08xl06 8.1x10" •2 28.3xl06 6.80xl0"5 

98 5x10" -6 O.04xl06 

118 2x10" -6 O.02xl06 49.7x10" -2 17.3x107 9.20xl0"4 

Table I I I . Addition of DNA on S u l f a p y r i d i n e - S t a b i l i z e d Emulsion 

ξ C(M) X ζ2/χ 2εξ 2 

ΑΧ ξ ( | ) 1 / 2 

47 5x10"3 1.4xl06 1.5x10" •3 5.5xl0 5 1.4xl0"7 

51 lx l O " 3 O.6xl06 4.1x10" -3 1.46xl06 8.1xl0'7 

57 5xl0" 4 O.4xl06 7.5x10" -3 2.6xl0 6 1.9xl0"6 

63 2xl0" 4 O.2xl06 1.4x10" •2 5.6xl0 6 4.9xl0" 6 

71 5xl0" 5 O.lxlO 6 3.6x10" -2 12.5xl06 2.2xl0" 5 

81 2xl0*"5 O.09xl06 7.5x10" -2 26.3xl0 6 7.3xl0"5 
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6000 γ-

Η (A*) 

Figure 6. Plots of interaction energy vs. interparticle 
distance for sulfapyridine-Stabilized emulsion with DNA 
concentrations. 

Figure 7 . Plots of interaction energy vs. interparticle 
distance for sulfapyridine-Stabilized emulsion with RNA 
concentrations. 
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Table IV. Values of I n t e r a c t i o n Energies, I n t e r p a r t i c l e s Distance 
at V=0, and Depth of Secondary Minimum. 

CONCEN- HEIGHT OF INTER- DEPTH OF 
SURFACTANTS TRATION MAXIMUM PARTICLE SECONDARY 

-3 
mol m 

IN KT DISTANCE MINIMUM -3 
mol m AT WHICH 

V = 0 
IN KT 

DNA 2xl0" 5 5412 980-990 O.5 

5xl(T 5 4010 580-590 1.4 

2xl(T 4 2942 230-240 3.0 

5x10 H 

lxlO" 3 1591 85-95 8.0 

5xl0~ 3 908 30-40 22.0 

RNA 5xl0" 6 8158 -

2xl0*~5 5836 - -

5xl0" 5 4384 570-580 1.5 
-4 

1x10 3357 340-350 2.2 
-4 

5x10 * 2267 130-140 5.3 

A X 1 0 1 4 

Figure 8. Degree of aggregation (D%) vs. van der Waals' 
constant f o r s u l f a p y r i d i n e system. 
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Table V. Van der Waal's Constant Values 

STABILIZER SURFAC CONCEN D% AxlO 1 4 MEAN 
TANTS TRATIONS 

ι -3 mol m 
EXPERI
MENTAL 

ergs VALUE 
OF A 
in ergs 

SULPHA DNA 5xl0~ 5 8..7 3.8 
PYRIDINE 

5xl0*~4 9.0 4.3 14 
4.1x10 RNA 5xl0""5 

5xl0~ 4 

8.2 

10.3 

3.2 

5.0 

14 
4.1x10 

Table VI. S t a b i l i t y Factors of S u l f a p y r i d i n e - S t a b i l i z e d Emulsion 
on A d d i t i o n of RNA and DNA. 

CONCENTRATION W in KT Stability Factor 
SURFACTANTS -3 WxlO* / . in KT (Cale. mol m from plots . \ ,, x 1 using Réf. 16) 

DNA 5xl0" 3 3.2 36.7 8.1 

lx l O " 3 3.9 35.9 9.3 

5xl0" 4 4.5 36.0 11.8 

2xl0~"4 5.2 35.6 14.6 

5xl0~ 5 6.0 35.7 18.7 

2xl0~ 5 6.6 35.5 24.0 

RNA 5xl0" 4 5.2 36.4 12.9 

lxlO" 4 5.7 35.9 15.9 

5xl0' 5 6.6 35.8 20.4 

2xl0~ 5 7.3 35.7 26.1 

5xl0" 6 8.1 35.5 35.4 

2xl0~ 6 8.8 35.4 51.8 
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order. This obviates the possibility of the occurrence of floccu
lation in primary minima. The possibility of flocculation taking 
place in secondary minima is not ruled out. It w i l l , however, be 
reversible in nature. 
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Formation and Stability of Water-in-Oil-in-Water 
Emulsions 

SACHIO MATSUMOTO 

Department of Agricultural Chemistry, College of Agriculture, The University of Osaka Prefecture, 
Sakai, Osaka 591, Japan 

This paper reviews a series of the works on the W/O/W 
emulsions so as t
factors affecting th
type dispersion, which can be characterized by the 
vesicular structure of the dispersed globules consist
ing of the aqueous compartments separated from the 
aqueous suspending fluid by the layer of oil phase 
components. The contents are divided into four sec
tions: methods and conditions for preparing W/O/W emul
sions, thinning behavior of oil layers on the surface 
of the aqueous compartments, water permeability of the 
thin oil layer, and viscometric method for measuring 
the stability of W/O/W emulsions. 

Emulsions occur so widely in the various fields that a large number 
of investigations have been made of O/W and W/O systems from the 
different standpoints of emulsion science and technology. 

Recently, reports on the preparations and properties of W/O/W 
(water-in-oil-in-water) emulsions have come from several laboratories 
(1-21.). Although a variety of phase compositions are employed in 
different studies, the dispersed globules in the W/O/W emulsions can 
be characterized by a spherical vesicular structure with single or 
multiple aqueous compartments (inner aqueous phase), which are sepa
rated from the aqueous suspending fluid (outer aqueous phase) by a 
layer of the oil phase components. 

In view of such structural characteristics, some considerable 
interests will be expected toward the practical use of the W/O/W 
emulsions, as reviewed by Davis (22). It seems to be necessary, how
ever, to obtain further informations on the formation, dispersion 
state and stability of W/O/W emulsion systems so as to extend the 
situation of the emulsion utilization. 

It is purpose of this paper to present the experimental results 
obtained from a series of the works on theW/O/W emulsions in the author's 
laboratory in order to search further insights into the factors affect
ing the formation and stability of W/O/W-type dispersion. 

0097-6156/85/0272-O415$06.50/0 
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Formation of W/O/W Emulsions 

Two-step Procedure of Emulsification. W/O/W emulsions can be pre
pared by the method of a two-step procedure. The f i r s t step is made 
for providing an ordinary W/0 emulsion by use of hydrophobic emulsi-
f i e r . The W/0 emulsion is then mixed with an aqueous solution of 
hydrophilic emulsifier as the second step procedure for obtaining 
W/O/W-type dispersion. 

This technique was originally applied by Herbert (l) in the com
parative studies on the role of antigen adjuvants. Engel et a l . (2) 
also t r i e d to prepare a W/O/W emulsion using the two-step procedure 
for examining the intestinal absorption of insulin. Then, the simi
lar works have followed in some fi e l d s , especially in the pharmaceuti
cal science (22). 

It was to be made clear that the two-step procedure inevitably 
requires to employ the two different types of emulsifiers, i.e., 
hydrophobic- and hydrophilic emulsifiers, as described above  The 
author and his colleague
of the ratio of both emulsifier
so that they provided a technique for measuring the y i e l d of W/O/W 
type dispersion in the freshly prepared sample. That is, the f i r s t 
step emulsification was made with an aqueous dilute solution of glu
cose, which distributed uniformly in the aqueous compartments due to 
the second procedure. Immediately after the second step procedure, 
a certain amount of the freshly prepared sample was dialyzed against 
a definite volume of pure water u n t i l the system attained dialysis 
equilibrium. The quantity of glucose migrated to the pure water was 
then determined precisely by means of the Nelson-Somogyi» s method 
(23). When the quantity of glucose in the pure water was obtained 
as a grams/ml, the y i e l d could be given by 

W/O/W emulsion formation (%) = 100-100a / (c/(v 1+v 2+v 3) ) (l) 

where c is the original weight of glucose in the inner aqueous phase 
of the dialyzed W/O/W emulsion, and ν ,v and ν are the volumes of 
the inner aqueous phase, suspending f l u i a and pure water in the dia
lyzed system. 

From the data obtained in a series of the experiments, the y i e l d 
of the W/O/W-type dispersion is influenced by the concentrations of 
the emulsifiers used in both steps of emulsification and by the vol
ume fraction of the W/0 emulsion in the f i n a l form of the sample, as 
shown in Figures 1, 2 and 3. Therefore, the ratio of amount of the 
hydrophobic emulsifier to the hydrophilic emulsifier plays an impor
tant part in the formation of the W/O/W emulsions. This can be re
presented by a plot of the yie l d of W/O/W-type dispersion as a func
tion of the weight ratio of Span 80 (sorbitan monooleate) to Tween 20 
(polyoxyethylene sorbitan monolaurate), as shown in Figure k. The 
ratio of both emulsifiers was evaluated from the constitution of each 
sample to be tested. Figure h suggests that more than 10 times as 
much Span 80 as Tween 20 is necessary to obtain 90% or higher yields 
of the W/O/W emulsion. The same observation was made with some of 
the other samples prepared by use of the various hydrophilic emulsi
fiers in nonionic type for the second step procedure, as shown in 
Figure 5. These results also suggest that the chain length of hydro
phobic groups in the emulsifiers relates to the y i e l d of the samples. 
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« 100 

Figure 1. Effect of Span 80 concentration on the formation of 
the W/O/W-type dispersion. "Reproduced with permission from 
Ref. h. Copyright 1976, 'Academic Press 1." 

Figure 2. Effect of Tween 20 concentration on the formation of 
the W/O/W-type dispersion. "Reproduced with permission from 
Ref. k. Copyright 1976, 1 Academic Press*. 1 1 
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g Volume fractio
of W/O/W emulsion at the second step procedure 

Figure 3. Yield of the W/O/W-type dispersion as a function of 
of the volume fraction of the W/0 emulsion in the f i n a l form 
of W/O/W emulsion. "Reproduced with permission from Ref. h. 
Copyright 1976, 'Academic Press 1." 

Weight ratio of Span 80 to Tween 20 

Figure U. Plot of the W/O/W-type dispersion formation against 
the weight ratio of Span 80 to Tween 20 in the f i n a l form of 
the samples. "Reproduced with permission from Ref. k. Copy
right 1976, 'Academic Press'." 
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ο Weight ratio of Span 80 to hydrophilic emulsifier 

Figure 5. Plot of the W/O/W-type dispersion formation against 
the weight ratio of Span 80 to the hydrophilic emulsifiers in 
the f i n a l form of the samples. "Reproduced with permission 
from Ref. h. Copyright 1976, 'Academic Press'." 
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One of the effects of hydrophilic emulsifier seems to be 
attributable to disperse the aqueous compartments into the aqueous 
suspending f l u i d from the mass of the W/0 emulsion, while hydrophobic 
emulsifier may contribute to the formation of a r i g i d adsorbed layer 
on the surface of the aqueous compartments. On the other hand, some 
of the molecules of hydrophobic emulsifier are solubilized in the 
aqueous suspending f l u i d from the oil layer when the micelle concen
tration of hydrophilic emulsifier is above a c r i t i c a l level. This 
process might occur by the interaction of the incorporated micelles 
with both emulsifiers, increasing pronouncedly with increasing 
concentrations of hydrophilic emulsifier in the aqueous suspending 
f l u i d . Such a phenomenon may play a significant part in the rupture 
of the oil layer on the surface of the aqueous compartments after the 
second procedure of emulsification. Thus, the significance of the 
ratio of both emulsifiers in the yi e l d of the W/O/W-type dispersion 
might be explained. 

Development of W/O/W Emulsio
(2k) and Dokic et al.(25
type dispersion precedes the thermal induced phase inversion of 0/W 
emulsions. This suggest that the state of multiple structure in emul
sions may be generalized as one of the mesophase between 0/W and W/0 
emulsions, and also that there is a possibility of more simplifying 
the method for preparing W/O/W emulsions. 

Recently, it has been found (21) that i f the f i r s t step procedure 
described is carried out by introducing an aqueous solution of hydro
ph i l i c emulsifier into l i q u i d paraffin containing Span 80, the W/O/W 
emulsion appears in course of such the f i r s t step process of the two 
step procedure of emulsification due to the phase inversion of W/0 
emulsion. An assembly for examining the above phenomenon was composed 
of a pin-mixer and of a peristaltic pump. It was essentially identi
cal to that used for providing W/0 emulsions in the f i r s t step pro
cedure of the W/O/W emulsion preparation. A well defined volume of a 
mixture of liq u i d paraffin and Span 80 was introduced into a vessel 
of the pin-mixer, and an aqueous mixed solution of glucose and hydro
phi l i c emulsifier was then added successively to the oil phase in the 
vessel at a rate of 5nil/min by use of a silicone rubber tube connected 
to the per i s t a l t i c pump. The glucose was a necessary component for 
providing an osmotic pressure gradient between the aqueous compartment 
and the aqueous suspending f l u i d in the sample so as to assess the 
W/O/W emulsion formation in the light of the degree of extent of the 
oil layer in a unit volume of each sample. The detailes of this 
method w i l l be described precisely later on in this paper. 

The pin-mixer used was a part of a Mixograph, which is an assem
bly for examining the dough consistency, made by the National Mfg. 
Ltd., Lincoln, Nebraska. This mixer consisted of two units: an alumi
nium vessel with U.2cm depth and 7.5cm inner diameter, and a st i r r e r 
unit consisting of a four-pins rotor. The length and diameter of each 
metal pin were 3.9 and O.26cm, respectively. The vessel also 
possessed three metal pins fixed vertically from the bottom of the 
vessel, while the rotor was driven steadily at 88rpm by means of a 
speed reducer motor. When the stirrer unit was immersed in the vessel 
and made to revolve in the oil phase, the latter circulated steadily 
through the gap between the four-pins rotor and the fixed three pins, 
thus providing a constant shear force to the system. 
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The phase inversion of emulsions generally occurs when the dis
persed globules are packed very closely in the suspending f l u i d . It 
seems that the same thing happened during the mixing procedure in 
this experiment. The mixing system was initiated by forming an 
ordinary W/0 emulsion for a l l test systems evaluated. When the volume 
fraction of an aqueous solution of hydrophilic emulsifier, denoted as 
^aq» added successively to the mixing system was over O.7* the conti
nuous phase of the system was substituted by the aqueous phase, as 
shown in Figure 6. This induced the development of a W/O/W emulsion 
structure in the system. It then followed that the maximal extent of 
the oil layer in the newly developed W/O/W emulsion could be observed 
at around O.75 for φ&α^, because an increasing amount of the aqueous 
suspending f l u i d containing hydrophilic emulsifier promoted the 
dispersement of the aggregates of the aqueous compartments. 

The appex of the plot in Figure 6C when using Tween 80 (polyoxy-
ethylene sorbitan monooleate) as the hydrophilic emulsifier is much 
broader than that in Figures 6A or Β when using SDS (sodium dodecyl-
sulfate) or CTABr (cety
This may be brought abou
dispersement of the aggregates. Additional increments of the aqueous 
phase, however, caused the rupture of oil layer due to the s o l u b i l i 
zation of the oil layer components in the micelles of hydrophilic 
emulsifier in the aqueous phase, as has been described in this paper, 
so that the extent of the oil layer decreased with increasing amount 
of the aqueous phase. It was confirmed that the Tween 80 system 
inverses completely to an ordinary 0/W emulsion when the value for 
4>aq is higher than Ο.85. Therefore, the development of W/O/W-type 
dispersion in course of emulsification procedure may be characterized 
as a mesophase between W/0 and 0/W-type dispersions during the phase 
inversion process. 

It should be noted that the necessary conditions for obtaining 
the above phenomenon are not only the closely packed state of the 
dispersed globules in the W/0 emulsion but the presence of a certain 
amount of hydrophilic emulsifier in the aqueous phase. Figure 7 shows 
the effect of the molar ratio of Span 80 to the hydrophilic emulsi
fiers on the formation of W/O/W emulsions, when the volume fraction 
<|>a<1 is fixed at O.75. The results obtained indicate that the range 
of the W/O/W emulsion formation as a function of the molar ratio is 
more or less influenced by the type of hydrophilic emulsifier 
employed. It is clear that the use of SDS fac i l i t a t e s in a relative 
manner of the development of a W/O/W emulsion structure, while the 
formation range of the W/O/W emulsion for CTABr or Tween 80 systems 
scatters in a comparative narrow region of the molar ratio. In any 
case, the l e f t hand side of the W/O/W emulsion range in Figure 7 is 
occupied by the 0/W-type dispersion, and the right hand side yields 
the W/O-type dispersion. Thus, the W/O/W emulsion may be stated as 
one of the emulsion phases in the phase diagram of the multicomponent 
systems of oil, water, hydrophobic- and hydrophilic emulsifiers. 

Thinning of O i l Layer 

It was assumed in an early stage of this study that i f the oil phase 
components distribute uniformly over the surface of each aqueous 
compartment during the second step procedure in the W/O/W emulsion 
preparation, the thickness of oil layer on the surface of the 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



422 MACRO- AND MICROEMULSIONS 

Figure 6. Development of the W/O/W-type dispersion during 
phase inversion of W/0 emulsions. "Reproduced with permission 
from Ref. 21. Copyright 1983, fAcademic Press 1." 
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^aq. : 0 . 75 in a l l cases 

O.2r 

(A) 
SDS system 

10 20 30 hO 50 60 
ratio of Span 80 to hydrophilic emulsifier 

Figure 7. Correlation between the W/O/W-type dispersion 
formation and the molar ratio of Span 80 to hydrophilic 
emulsifiers. "Reproduced with permission from Ref. 21. 
Copyright 1983,'Academic Press'." 
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compartments can be estimated from the values of diameter and volume 
fraction of the dispersed phase in the W/0 emulsion prepared by the 
f i r s t step procedure. An attempt at estimating the thickness of oil 
layer according to the above assumption gave O.13 ym as an example 
when the values for the diameter and the volume fraction of the dis
persed globules are 2 ym and O.T9 respectively (k). 

However, the precise observation of W/O/W emulsions using an 
optical microscope has indicated clearly that the thickness of oil 
layer is not influenced by the amount of the oil phase components. 
That is, the thinning process occured in the oil layer immediately 
after the W/O/W emulsion formation, so that the aqueous compartments 
were subsequently surrounded by the thin oil layer, as shown in Fig
ure 8. On the other hand, the surplus oil components located hetero-
geneously on the surface of the compartments. 

It has been tried to observe the thinning behavior of the oil 
layer on the surface of a drop of water using an assembly consisting 
of a microsyringe and an optical microscope. The t i p of a needle 
connected to a microsyring
small amount of liq u i d paraffi
the t i p by use of a small spatula. A drop (about O.05 cm in diameter, 
so that about 6.5 xl0~5cm3 in volume) of pure water was then drawn 
from the needle by means of the microsyringe, while the appearance of 
the drop surrounded by the oil layer was recorded photomicr©graphica
l l y for a few minutes. Figure 9 shows a typical example of the obser
vations. It is obvious that a large extent of the oil layer on the 
surface of the water drop exhibits a thinning process within 1 min 
after the preparation of the drop. 

The D.L.V.O. theory on the stability of lyophobic colloids (26, 
27) can be applied to consider qualitatively the thinning process of 
the oil layer in W/O/W emulsions. F i r s t , the van der Waals disjoin
ing pressure n w ( h ) plays a part in the distance between the both 
side surfaces h of the oil layer, as follows: 

n w ( h ) =-H /6πη3 (2) 

where Η is the Hamaker constant. The pressure appears negatively in 
the oil layer, so that the thinning process occurs spontaneously in 
the oil layer. The potential energy V w ( h ) of the pressure corres
ponds to the work of the thinning process, expressing as 

V w ( h ) = -/£ II w(h) dh = -Η / 12πη2 ( 3) 

Second, the electrostatic disjoining pressure II ei(h) playing another 
part in the thinning process of the oil layer should also be consider
ed, as follows: 

n e l(h) =6UnkTiJ>2 e - K h (U) 

where η is the concentration of ions, kT is the thermal kinetic energy, 
ψ is the surface potential, and κ is the constant relating to the value 
for n. The potential energy V e l(h) of this pressure can be given by 

V e l(h) = 2fh/J n e l(h) dh = (6h nkT / κ) ψ 2 e - « h (5) 

Consequently, the total potential energy V(h) on the disjoining 
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Figure 8. Photomicrograph of the dispersed globules in W/O/W 
emulsion prepared by the phase inversion technique. 
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Figure 9. Thinning process of oil layer on the surface of 
a water drop taken photomiorographically at Usee (A), Tsec (B), 
l6sec(c), 30sec (D), Ulsec (E), and 55sec (F) after the 
preparation. 
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pressure of the oil layer is given by the summation of "Equations 3 
and 5"> as follows: 

V(h) =V e l(h) +V w(h) = (6U nkT / κ) ψ 2 e-κη -Η/Ι2πη 2 (6) 

Therefore, the thinning process of the oil layer observed is explained 
as a transitional stage in attaining a minimal level of the total 
potential energy at a given condition. 

Water Permeability of O i l Layers 

The viscosity of W/O/W emulsions is influenced by the osmotic pressure 
gradient between the aqueous compartments and the aqueous suspending 
f l u i d (12, 1£). Although the viscosity change could be observed on 
either side of increase or decrease according to the dr i f t of the 
osmotic pressure, the rate of viscosity change in an i n i t i a l stage of 
the measurement were proportional to the degree of the osmotic pres
sure gradients between th
cosity behaviors can be analyze
shrinkage of the aqueous compartments due to the osmotic permeation of 
water through the thin oil layer (l£). 

It has been t r i e d to measure microscopically the rate of changes 
in the size of the dispersed globules in a series of the W/O/W emul
sions so as to obtain informations on the water permeation coefficient 
of oil layer (l6). The sample emulsions were prepared by the two step 
procedure using Span 80 in the oil phase and Tween 80 in the aqueous 
suspending f l u i d . The two aqueous phases of the compartments and sus
pending f l u i d in the original W/O/W emulsions contained an equal 
concentration of glucose, i.e. there was an isotonic condition between 
the two aqueous phases in the original emulsions. The original one 
was then diluted about 200 times with pure water. Since this treat
ment made dilution of the aqueous suspending f l u i d of the original 
sample, the aqueous phase of each compartment had an high osmotic 
pressure against the suspending f l u i d across the oil layer depending 
on the concentration gradient of glucose between the two aqueous 
phases. Immediately after the dilution, a drop of the diluted emul
sion was placed on a glass slide with a small depression in the center 
(O.05cm in depth and 1.0cm in diameter). The glass slide was then 
mounted in an optical microscope for recording periodically the changes 
in the size of the dispersed globules in a fixed place of the micro
scopic f i e l d by means of a photomicrography for about 30min at room 
temperature. The swelling rate of the compartments under an osmotic 
pressure gradient was measured with multicompartment globules in many 
cases, but with single compartment globules i f possible. It was 
confirmed experimentally that the swelling rate is not affected by the 
number of compartments in a globule, but depends on the magnitude of 
the osmotic pressure gradients between the two aqueous phases. Fig
ure 10 shows some typical plots of the volume of the globules as a 
function of aging time after the dilution for the case of a 
water-in-liquid paraffin-in-water system. 

The swelling of the globules is brought by the migration of water 
to the aqueous compartments in the globules from the aqueous suspend
ing f l u i d across the oil layer due to the osmotic permeation. The 
rate of the volume flux of water dv/dt in an i n i t i a l period of aging 
can be expressed by the relation used for l i p i d membrane system (28), 
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on Surface area of the compartment 

£ 0 5 10 15 20 25 30 
Span of time for microscopic observation (min) 

Figure 10. Changes in volume of the dispersed globules in a 
W/O/W emulsion under an osmotic pressure gradient between the 
two aqueous phases. "Reproduced with permission from Ref. 16. 
Copyright 1980, 1Academic Press'." 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



26. M ATS U MOTO Formation and Stability of Wj ΟIW Emulsions 429 

such as 

dv/dt = Lp ART ( g 2 c 2 " S l c l ) 
(τ ) 

where the value for dv/dt can be obtained from the i n i t i a l slope of 
the curve plotted the volume of a globule against time, as shown in 
Figure 10, Lp is the hydrodynamic coefficient of the oil layer (29)> 
A is the surface area of a globule, R is the gas constant, Τ is the 
absolute temperature, g and c are the osmotic pressure coefficient 
and concentration of glucose, and subscripts 1 and 2 refer to the sus
pending f l u i d side and the compartment side of the oil layer. The 
water permeation coefficient of oil layer P Q is defined from 
"Equation 7", as follows: 

(dv/dt) /V = Lp ART(g 2c 2 -βχοι) /V = P 0 A ( g 2 c 2 - g ^ ) (8) 

where V is the partial molar volume of water  Microscopy on the 
changes in the size of th
emulsions gives information
the surface area of each globule A at any measuring time. Thus, an 
evaluation of the water permeation coefficient of the oil layer P Q is 
possible for a l l W/O/W emulsion systems. 

Table I. Parameters of the Osmotic Permeability of Water across 
the O i l Layer in a Series of Water/Liquid-paraffin/Water 
Emulsions prepared by 30% Span 80 in the O i l Phase and 
1% Tween 80 in the Suspending Fluid. "Reproduced with 
permission from Ref. l6. Copyright 1980, 'Academic Press 1." 

A dv/dt Po 
(l0-5Cm2) (I0"iucm3 sec-1 ) (l0~ 4cm sec" 1) 

n-heptane 1.29 7.73 n-heptane 
U.78 1.21 8Λ0 
2.38 O.59 

(av. 
8.27 
8.13) 

n-decane 2.83 O.5U 6.35 
1.81 O.33 6.01 
1.08 O.20 

(av. 
6.18 
6.18) 

kerosene 3.96 O.61 5.10 
2.1*6 O.39 5.23 
I.96 O.33 

(av. 
5.55 
5.29) 

l i q u i d paraffin 3.85 O.71 6.13 
3.02 O.1*3 U.78 
2.29 O.28 

(av. 
l * . l l 
5.01) 

Table I summarizes some examples of the values for A, dv/dt and 
P 0 of the W/O/W emulsions prepared from various hydrocarbons. The 
water permeation coefficient of the oil layers obtained under the 
various conditions consequently scatters within a range of values 
from 2x10"^ to 8 xl0 - i* cm sec" 1, although it has a tendency to 
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decrease slightly as the carbon number of the hydrocarbons used in the 
oil phase increases. It seems that the mechanism of water permeation 
is not affected by the kind of hydrocarbon and by the degree of osmotic 
pressure gradient, but that the rate of extent of the oil layer due to 
the swelling of the globule may be restricted by the consistency of 
the oil phase. 

The values for P Q of the oil layers in the W/O/W emulsions appear 
a l i t t l e smaller than that of l i p i d membrane systems, for which values 
ranging from 10"3 to 10"^ cm sec" 1 have been reported (30-37). When 
these permeation coefficients are compared with each other, the mecha
nism of water permeation across the oil layers in W/O/W emulsions may 
be considered as similar to that of the l i p i d membrane systems. That 
is, the structure of oil layers in the W/O/W emulsions w i l l be in the 
main bimolecular layers of hydrophobic emulsifier. During the f i r s t 
step emulsification in the two-step procedure or the early stage of the 
one-step procedure, the molecules of hydrophobic emulsifier, e.g. Span 
80, form an adsorbed film on the surface of the dispersed aqueous 
globules, and then anothe
occurs on the surface of
procedure or the phase inversion process. Immediately after that, a 
large part of the oil phase components existing between the two 
adsorbed films start to move to a definite place on the surface of the 
compartments or to disperse into the aqueous suspending f l u i d due to 
the total disjoining pressure of the oil layer as described. It is 
well known that many hydrophobic amphiphiles form a lamellar l i q u i d 
crystal phase with water in a region of the smectic mesophase (38, 
39). Such phase w i l l make possible the formation of a stable b i 
molecular layer of the amphiphilic molecules on the surface of the 
aqueous compartments in the W/O/W emulsions. 

Stability of W/O/W Emulsions 

The W/O/W emulsion s t a b i l i t y may be phénoménologieally understood as 
being brought about by the durability of the oil layer as each dis
persed globule has a vesicular structure, which consists of single or 
multiple aqueous compartments separated from the aqueous suspending 
f l u i d by a thin oil layer. If a rupture occurs in an oil layer, the 
compartment disappears instantaneously, and then the aqueous phase of 
the compartment is mixed with the suspending f l u i d . Therefore, the 
volume fraction of the aqueous compartments in the W/O/W emulsion 
gradually decrease with increasing number of the rupture of oil layer, 
and this leads to the decrease of viscosity of the system, because the 
viscosity of disperse systems depends strongly upon the volume frac
tion of the dispersed phase. In view of the above, it w i l l be 
possible to estimate the s t a b i l i t y of the W/O/W emulsions by following 
the changes in the bulk viscosity of the emulsions with time (β). 

Figure 11 shows how the apparent viscosity at 9.31 sec" 1 of shear 
rates changed with time for a series of water-in-olive oil-in-water 
emulsions containing different additives in the aqueous compartments 
(19). The results can be divided into two groups according to 
whether they produced a 'continuous increase in viscosity with aging 
time u n t i l a steady value is reached (saccharides as additive), or an 
increase followed by a decrease (salts and organic acids as additive). 
When saccharides were added, the viscosity increased for 2 hr after 
the preparation of the samples as the volume fraction of the dispersed 
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Concentration of a l l additives : 
50 mM in the inner aqueous phase 

2 3 
Span of aging time (hr) 

Figure 11. Influence of additives on changes in the apparent 
viscosity of water/olive-oil/water emulsions within a short 
span of aging. "Reproduced with permission from Ref. 19. 
Copyright 1981, 'Food and Nutrition Press, Inc. 1." 
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aqueous compartment was increased. This was due to the migration of 
water under the osmotic pressure gradient between the two aqueous 
phases. The viscosity was then subsequently maintained for at least 
a month. Its value, and the rate at which it was achieved, depended 
on the concentration of saccharide used. Using salts or organic acids 
as additives the rate of viscosity increase and subsequent decrease 
depended on the kind of the electrolytes. In the presence of organic 
acids they had broken down the W/O/W-type dispersion after four days, 
but when salts were added the process continued for at least a month. 

On the other hand, it has been t r i e d to assess the sta b i l i t y of 
W/O/W emulsions from the view point of the total extent of the oil 
layers separating the two aqueous phases in a unit volume of the 
sample (ΐχ). The viscosity of the W/O/W emulsions can be expressed by 
the Mooney's relation (kg) in a Newtonian flow region (£, 1£), as 
follows : 

l n n r e l =α ( φ 0 + φ ) /(1-λ ( φ + φ ) ) (9) 

where n r e i is the relativ
volume fractions of the oil phase and the aqueous compartments in the 
sample, and α and λ are the constants. The values for these constants 
were examined experimentally with the various W/O/W emulsions as 2.5 
for α and 1.5 for λ (l£), so that the volume fraction of the aqueous 
compartments φ ν can be calculated from the viscosity using "Equation 
9", as follows: 

4ν = ((ΐ-λφ 0) 1 η η Γ β 1 - α φ 0 ) / (α + λ 1 η η Γ β 1 ) (ΙΟ) 

When the concentration of glucose in the compartments is higher than 
that in the suspending f l u i d , an increase of the emulsion viscosity is 
observed. It is due to the increase of the volume fraction φ ν caused 
by the osmotic permeation of water across the oil layer. Using 
"Equation 10" one can obtain information on the water flux by 
measuring the changes in the viscosity of the W/O/W emulsion under an 
osmotic pressure gradient, so that the total extent of the oil layer 
in a unit volume of the sample, denoted as Â, can be evaluated (see 
"Equation 8") by 

Â = ^ w / d t ) /PQ(g2C2 - S i c i ) V (11) 

This is the principle for evaluating the durability of the oil layer 
in W/O/W emulsions. The phase inversion technique in preparing W/O/W 
type dispersion described was also assessed by the extent of oil layer 
using this method. 

Measurement was made with a small part of the original W/O/W emul
sion over one month period, while the two aqueous phases in each o r i g i 
nal emulsion contained an equal concentration of glucose so as to 
provide an isotonic condition between the two aqueous phases. During 
aging period a small part of the original sample was diluted periodi
cally with pure water for each time measurement in order to produce a 
concentration gradient of glucose between the two aqueous phases. 
This dilution was also efficient to provide the Newtonian flow f l u i d 
to the diluted sample. Immediately after the dilution, measurement 
was commenced to follow the changes in the viscosity of the sample at 
a fixed shear rate for about 20 min. 
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Table II summarizes the values of Â for a series of the W/O/W 
emulsions against each aging period of time (YjJ . Figure 12 also shows 
the plot of the values for Â vs. aging time for the W/O/W emulsions 
provided by the phase inversion technique (21). Within the experi
mental error, the extent of the oil layers in the W/O/W emulsions 
evaluated is not influenced by aging time, so that the dispersion 
state of these samples can be assessed as stable. In the Tween 80 
system in Figure 12, however, the extent of the oil layer decreased 
about 50$ of that in the freshly prepared sample in an i n i t i a l stage 
of aging, and then reached a steely state. Optical microscopic obser
vation suggests that the decrease of the oil layer extent in the 
Tween 80 system was brought by the formation of aggregates among the 
dispersed globules during the i n i t i a l stage of aging. This was c l a r i 
f i ed by since the aggregation formation caused a decrease in the 
extent of the oil layer separating the two aqueous phases. 

Table II Changes in Total Extent of O i l Layer (Â) in a Unit 
Volume of W/O/W Emulsions during Aging at 25°C. "Reproduced 
with permission from Ref. IT. Copyright 1980, 'Academic Press'." 

Hydrocarbon used for the oil phase 
aging period n-heptane n-decane kerosene liq u i d paraffin 

(days) À ( C U E ) Â (cm2) Â (cm2) Â (cm2) 

0 95.1 129. k 155.2 101.5 
1 93.3 129. h 135.8 10k. 5 
3 72.8 130.6 135.8 116.k 
5 85.8 126.9 — 101.5 
7 93.3 133.1 lU0.3 — 

9 — — — 101.5 
10 85.8 12k.k 137.3 106.0 
30 69.I 110.6 1U3.7 107.8 

On the other hand, Figure 11 indicates that the dispersion state 
of W/O/W emulsions becomes to be unstable in the presence of electro
lytes in the aqueous phase. External appearance of the W/O/W emul
sions also indicates that the various organic acids such as acetic 
acid, c i t r i c acid, ascorbic acid, etc. are the efficient ingradients 
to rupture the oil layer, but that the addition of salts promotes the 
aggregation formation among the dispersed globules more than the rup
ture of the oil layer. 

The details about any mechanism of these phenomena are not fu l l y 
investigated yet. 
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Figure 12. Stability of the oil layer in W/O/W emulsions prepared 
by the phase inversion technique. "Reproduced with permission 
from Ref. 21. Copyright 1983, 'Academic Press'." 
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Use of Macroemulsions in Mineral Beneficiation 

BRIJ M. MOUDGIL 
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Macroemulsions of water insoluble reagents can 
enhance the coatin
surface area of the droplets coming in contact 
with solid particles. However, stability of oil 
droplets by fine particles is encountered in these 
operations, and causes problems in recycling of 
the water immiscible reagents. Applications of 
emulsifying the reagents in achieving desired 
solid-solid separation by electronic ore sorting, 
emulsion flotation, liquid-liquid extraction, and 
froth flotation are discussed. Role of surface 
charge of the particles and interfacial tension in 
spreading of fluids on solids is presented. 

Macroemulsions are extensively used in coating of different 
substrates. In such cases, generally the coating material is 
insoluble or sparingly soluble in the bulk solvent, thereby, 
limiting the area of contact between the coating material and 
the substrate. Emulsification of the insoluble fluid using a 
surface active agent helps in overcoming this limitation. 
Pesticides, paints, and road surfacing by bitumen or tar are 
some of the examples in which emulsification of the coating 
medium is necessary to obtain an effective coating of the 
substrate. It should be noted that in a l l these cases, a 
nonselective coating is obtained. However, selectivity of the 
coating is essential in applications of oil in water 
macroemulsions in solid/solid separation operations encountered 
in mineral processing. A discussion of this aspect of 
macroemulsions in coating of mineral particles is presented in 
this paper. 
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Background 

Reagent coating process involves collision between oil droplets 
and the particle, and spreading of the f l u i d over the solid 
substrate. Collision between droplets and substrates can be 
enhanced by agitation or imparting other mechanical forces. 
Spreading of the f l u i d during the time it is in contact with the 
substrate is influenced also by surface chemical forces such as 
electrostatic charge and steric interactions. In both these 
cases adsorption of surfactant molecules at various interfaces 
can have a major influence on the spreading of droplets on solid 
substrates. Adsorption of surfactant molecules w i l l modify the 
electrokinetic properties of the oil droplets and solid surface, 
thereby resulting in more f r u i t f u l collisions. On the other 
hand, surfactant adsorption at the liquid-liquid interface can 
reduce interfacial tension which favors spreading of the f l u i d 
over the solid surface. 

In correlating electrophoreti
droplets with the rate o
particles, Lane and Ottewill (J) determined that spreading 
occured only below the HTAB (hexatrimethylammonium bromide) 
concentration of O.5 mM at which the amount of surfactant 
adsorbed on quartz was equivalent to a vertically oriented 
monolayer. They suggested that at the lower concentrations, the 
surfactant molecules pre- ferentially adsorb on the quartz 
surface, thus, depleting the bitumen-water interface and 
destabilizing the emulsion. Effect of surfactant concen
tration on emulsion droplet coating is shown schematically in 
Figure 1. 

In achieving solid-solid separation in mineral 
beneficiation, selective coatings of water insoluble or 
sparingly soluble reagents are required in electronic ore 
sorting, froth flotation, and emulsion flotation operations. 
Use of macroemulsion in achieving the selective coating for 
these applications is discussed below. 

Electronic Ore Sorting 

Electronic sorting of minerals based on the surface chemical 
differences involves achieving a selective coating of a coloring 
or fluorescent dye on the desired mineral component. The fluo
rescent dye may or may not be water soluble. In the case of 
water soluble dyes, it is essential to make only the desired 
mineral component water wetted leaving the other particles water 
unwetted or vice versa. In such cases applications of macro-
emulsion technology in achieving the desired coating are 
limited. On the other hand, when the dyes are water insoluble, 
an effective coating of the dye may only be achieved by macro-
mulsion technology which uses an intermediatory reagent compa
tible with the dye and the solid substrate. For example, in 
separation of limestone from quartz to obtain a coating of fluo-
ranthene on limestone particles, the intermediatory chemical is 
fatty acid (oleic acid) which adsorbs on limestone pieces but 
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Solid 

Medium Cone. 

High Cone. 

Figure 1 . E f f e c t of sur fac tant concent ra t ion on spreading 
of an oil d rop le t on a s o l i d s u r f a c e . 
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not on quartz particles. It should be noted that oleic acid is 
sparingly soluble in water and, therefore to achieve an 
efficient coating, the dye is f i r s t dissolved in an oil and/or 
oleic acid, which is agitated with water to form a oil in water 
macroemulsion. After a suitable coating of the fluoranthene on 
limestone is achieved, the coated and uncoated particles are 
separated using the Oxylore sorting machine. (2) Results of such 
a separation are presented in Table 1. 

Table I. Separation of Limestone from Quartz by Fatty Acid 
Coating 

Feed: Limestone and Quartz Mixture 
Coating Emulsion: Fluoranthene Dye, Oil and Fatty Acid 

Mixture 
Particle Size: 1,3-10.0 cm 

Limeston
Sample ( % ) (%) 

Feed 47.5 100 

Concentrate 94.5 93.7 

however, i f only the quartz particles are to be made fluore
scent, the dye is dissolved in a beta amine which has limited 
solubility in water.(2) The amine is then added to water, and 
an emulsion is made by agitating the mixture. Results of 
limestone separation from quartz are presented in Table II. 

Table II. S i l i c a Content of Limestone after Separation by 
Electronic Ore Sorting 

Feed: Limestone and Quartz Mixture 
Coating Emulsion: Fluoranthene Dye, and Armeen L-9 

(Beta Amine - Armak Chemicals) 
Particle Size: 1.3 - 10.0 cm 

Sample S i l i c a 
Content 
(%) 

Feed 25.1 

Concentrate 1.1 
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In another example of separating coal from slate, fluoranthene 
is dissolved in decylalcohol which is then dispersed into 
water. Results of separation of fluorescent dye coated coal 
particles from uncoated slate pieces using the Oxylore sorting 
machine are presented in Table III. (3) 

Table III. Separation of Coal From Slate by Decyl Alcohol 
Coating 

Feed: Coal (87%) and Slate (13%) Mixture 
Coating Reagent: Fluoranthene in Decyl Alcohol 

Particle Size: 10.0 cm 

Pyritic Thermal Coal BTU 
Ash Sulfur Valve Recovery Recovery 

Sample (%) (%) (BTU/lb) (%) (%) 

Feed 17.3 O.2 11339 100 100 

Concentrate 5.0 O.1 13384 96 98 

Emulsion Flotation 

In emulsion flotation technique, a neutral hydrocarbon oil, 
together with a surface active agent function as collectors for 
specific minerals. In this process as shown in Figure 2, 
hydrophobic mineral particles and oil droplets form an aggregate 
which is then floated out of the pulp by air bubbles. The 
mixture of oil and surfactant is either emulsified (O/W) prior 
to addition to the pulp, or in the pulp i t s e l f . The effect of 
neutral oil in emulsion flotation is not yet completely known. 
According to Fahrenwald (4) and Karjalahti (5) the neutral oil 
coats the hydrophobic particles which then form an 
agglomerate. Livshits and Kuzkin (6̂ ) on the other hand have 
reported that hydrophobicity of the particles is unaltered in 
the presence of neutral oil, and that the added oil reduces the 
induction time of mineral particles in contact with the air 
bubbles. Lapidot and Mellgren Ç7) concluded that addition of 
the neutral oil improved the dispersion of the collector and 
also increased the hydrophobic nature of the particles. It has 
been reported that the flotation activity of nonpolar o i l s 
depends on their viscosity and dispersity. (8) It is to be 
expected that there is an optimum droplet size of emulsions 
which is a function of particle size and mineral chemistry. 
This aspect of emulsion flotation, however, has not been 
systematically studied. Emulsion flotation has been employed in 
the treatment of ores containing, iron, manganese, molybdenum 
and titanium oxide. (9-11) A major role of emulsion of fatty 
acids in the flotation of Florida phosphate rock also cannot be 
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Emulsion Flotat ion 

L iquid-L iquid Extract ion and Flotat ion 

Froth Flotation 

Figure 2. Schematic of emulsion f l o t a t i o n , l i q u i d - l i q u i d 
e x t r a c t i o n and f l o t a t i o n , and f r o t h f l o t a t i o n . 
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ruled out. In this case, probably ionization of the fatty acid 
provides the required surfactant molecule for emulsification of 
the fuel oil which is used as a co-collector. 

McCarrol (9) reported that recovery of manganese ore 
increased from 70 to 84% when an emulsion of oil, soap and a 
surfactant (Ornite-S) was used as the collector as compared to a 
mixture of only soap and fuel oil. 

Burkin and Bramley (10) observed that less than 1% coal 
floated in 3 minutes when fuel oil was used as the collector. 
On the other hand, 100% of the coal floated when fuel oil was 
emulsified using a nonionic surfactant, Lissapol NDB. It should 
be noted that in both cases the droplet size of the fuel oil was 
maintained at 7 microns. The increased efficiency of coal 
flotation in the presence of oppositely charged surfactant was 
attributed to lowering of the zeta potential, which indicated 
adsorption of surfactant on coal particles, and thereby 
increased tendency of the fuel oil to spread on surfactant 
coated particles. Thes
kinetic energy of approac
less than the energy of repulsion, collision between them does 
not lead to the spreading of oil on coal. If the energy barrier 
is smaller than the kinetic energy to overcome it, col l i s i o n 
between coal particle and droplet occurs but does not yield a 
hydrophobic coal particle. Flotation of coal occurs only when 
the energy barrier is much smaller than the kinetic energy 
available, and a surface active agent is present in the 
system. 

Liquid-Liquid Extraction 

This process involves extraction of fine particles from an 
aqueous phase into an oil phase. The effectiveness of this 
technique, as shown in Figure 2, is based on the st a b i l i t y of 
emulsion droplets with solid particles. If a particle is 
partially wetted by two immiscible liquids the particle w i l l 
concentrate at the liquid-liquid interface. The thermodynamic 
c r i t e r i a for distribution of solids at the interface of two 
immiscible liquids is the lowering in the interfacial free 
energy of the system when particles come in contact with two 
immiscible liquids. (12) If Y g w, Y W Q and are the 
interfacial tensions of solid-water, water-oil and s o l i d - o i l 
interfaces respectively, and i f y g o > y W Q + y g w then the solid 
particles are preferentially dispersed within the water phase. 
However, i f γ > γ + γ , the solid is dispersed within the 
oil phase. On the other hand, i f γτ.Λ > γ Λ Λ + γ Λ Τ Τ, or i f none of * ' 'wo 'so 'sw' the three interfacial tensions is greater than the sum of the 
other two, the solids in such case w i l l be distributed at the 
oil-water interface. 

The surface charge of the solid particles has been reported 
to play an important role in the recovery process. Maximum 
recovery is achieved when the particles exhibit net zero surface 
charge.(13-15) Lai and Fuerstenau (16) have reported that 
ultrafine (O.1 μπι) alumina particles can be extracted from 
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aqueous suspension into iso-octane ( o i l phase) through the 
adsorption of sulfonates. These investigators reported that 
sulfonate molecules control the hydrophobic!ty of the alumina 
particles and also act as emulsifying agent, thus, forming a 
large oil-water interfacial area. Maximum amount of alumina was 
extracted into the oil phase when the contact angle exceeded 
90°, and the electrokinetic potential was zero. Under these 
conditions, the particles have a net zero charge and, therefore, 
can transfer into the oil phase without experiencing repulsion 
due to electrostatic forces. 

One of the major limitations of the liquid-liquid extraction 
and flotation process is the breaking of the stable emulsions to 
recover the separated solids, and to recycle the oil phase. 
Some of the methods examined to break the emulsions include 
f i l t r a t i o n , modifying the phase volume ratio, centrifugation and 
sedimentation. An efficient and economic solution to this 
problem is yet to be developed. 

Froth Flotation 

In this process, as shown in Figure 2, hydrophobic particles 
attach to the air bubbles and rise to the top of the c e l l where 
they are removed by skimming. Separation by froth flotation is 
based on selective hydrophobicity of the particles. The 
surfactant molecules which selectively adsorb on the particles 
are mostly water soluble. In cases where the reagents are water 
insoluble, an efficient coating is achieved by emulsifying the 
reagent. Brown and co-workers (17) have reported a marked 
increase in the flotation of complex low-grade Michigan 
phosphate ore when the collector (fatty acid-fuel oil mixture) 
was emulsified using oil soluble petroleum sulfonate. The 
potential of applying the emulsification technology in froth 
flotation has not been investigated to any extent. 

Summary 

It is evident from the above discussion that an efficient 
coating of a water insoluble or sparingly soluble reagent can be 
achieved through emulsification. Adsorption of the emulsifying 
agent (surface active agent) on the solid substrate reduces the 
surface charge and oil-water interfacial tension, which leads to 
the spreading of reagent on the solid substrate. Reagent 
coating on the desired substrate can be achieved by selecting an 
emulsifying agent which w i l l adsorb also on the specific solid-
water interface, e.g. by charge attraction or by chemical 
bonding. The enhanced effectiveness of emulsion coatings in 
case of water insoluble reagents can be attributed to increased 
area of contact between the substrate and the reagent 
droplets. 
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Kinetics of Xylene Coagulation in Water Emulsion 
Stabilized by Phthalylsulfathiazole 

S. RAGHAV and S. N. SRIVASTAVA 
Department of Chemistry, Agra College, Agra 282002, India 

Kinetics of coagulation of Phthally lsulf athiazole 
stabilized xylene in water emulsion in the presense 
of some cationic detergents is examined. Kinetic 
parameters such a
coalescence and creamin
were also made to determine zeta potential values and 
stability factor W1 in the presence of same additives 
with the help of some equations. Temperature effect 
was also calculated by determining coalescence rate 
constant at different temperatures. With the help 
of these kinetic parameters particle loss mechanism 
or coagulation has been delineated. This approach 
explained the kinetics of coagulation i .e . , which 
process is the rate determining one and also expose 
the comparative account of effect of the detergents 
used in the systems under investigation. 

Alkylpyridinium or ammonium halides constitute a group of cationic 
detergents with well known surface properties. The kinetics of 
emulsion breaking or in general coagulation, comprises floccula
tion and coalscence. It has been reported (1) that cations and 
anions at low concentrations retard the coalescence and associa
tion of dispersed phase of emulsions. 

Sharma and Srivastava (2,3) have determined emulsion stabi
lity from the rate of coagulation as well as by measuring the zeta 
potential with the variation of concentration of cationic detergents 
and electrolytes. Recently some expressions have been proposed by 
Reddy et al (4-6) for the calculation of Brownian and sedimentation 
collision frequencies and creaming. However, their application to 
our experimental data is not possible because it involves some 
adjustable parameters i . e . , a. and a., particle radii. The 
turbidity technique (5,7) has^een used to determine the stability 
of suspensions by assuming that turbidity is directly proportional 
to particle concentrations. Recently coalescence rate constants of 
detergents stabilized polar oil/water emulsion have also been 
evaluated (8). 

0097-6156/85/0272-0447$06.00/0 
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The present paper deals with kinetics of coagulation of 
Phthallylsulfathiazole stabilized xylene in water emulsion in the 
presence of some cationic detergents. Rate of flocculation, rate of 
coalescence and rate of creaming have been determined. To estimate 
the sta b i l i t y of the present systems their zeta potentials have been 
measured and st a b i l i t y factors calculated. Temperature effect on 
the system was also studied. 

Materials and Methods 

The emulgent Phthallylsulfathiazole, an important drug, was a g i f t 
from May and Backer, Bombay (India). The cationic detergents 
Cetyl Pyridinium Bromide (CPB), Ce£yl Pyridinium Chloride (CPC), 
Cetyl Trimethyl Ammonium Bromide (CTAB), Lauryl Pyridinium Chloride 
(LPC) used in the system were obtained from British Drug House Lts., 
Poole, England. The oil phase consisting of xylene was also of 
B.D.H. (A.R.) quality. Corning glass apparatus was used throughout 
the experimental work. 

The emulsions were prepared by suspending 4.0% by volume of xylene 
in O.01 M aqueous solution of the emulgent phthallylsulfathiazole 
(alkaline, pH 10.48) and O.01 M KCl. The mixture, after being 
hand shaken for 15 minutes, was homogenized three times in a stain
less steel homogenizer (Scheer Sci.Co., Chicago). The method is 
explained in the theoretical part. A l l chemicals were used without 
any further purification. 

Theoretical 

Rate of flocculation was determined by counting the number of 
particles haemocytometrically using an improved Neubauer model. 
Hand tal l y counter (Erma, Tokyo) was used to count the numbers of 
associated and unassociated globules under Olympus microscope. The 
average size of emulsion droplet was found to be 1.15 \im from the 
size frequency analysis of microphotograph (9). Particle size and 
it s distribution have been calculated and presented in Figure 1 and 
Figure 2. 

From Smoluchowski1 s (10) theory we have 

Where n Q and η are number of singlets present i n i t i a l l y and at time 
t, D is the diffusion coefficient and R = 2a, a being particle 
radius, 0 is the phase volume ratio (0 = 0,04 in our system). If 
Vm is mean drop volume of η drops after time t, we have -

Emulsion 

— — = 4π DRt [1] 
η η 

ο 

Vm = 0/n [2] 

combining [1] and [2] 

Vm = 0/n + 4 DR0t ο [3] 
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Figure 1. Plot for particle size distribution of phthalyl-
sulfathiazole-stabilized system. 

Figure 2. Microphotograph of phthalylsulfathiazole-
stabilized emulsion. 
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As the phase volume ratio remains the same during coalescence, we 
may have 

0 = nVm = η Vm ο ο 
Where Vm̂  is mean drop volume of i n i t i a l drops, hence, 

Vm = Vm + 4tfDR0t = K £t [4] ο r 
Where Kf is Smoluchowski1 s flocculation rate constant. 

For determination of the stab i l i t y factor W^eq. [4] may be 
modified as 

Vm = VmQ + 4ffDR0t e " W l / k T 

Plot of Vm against time w i l l be a straight line. The slope of this 
curve = 4πDR0t e~ wl/kT. Using Einstein equation D = kT/6irna, W 
values were calculated (11)

Coalescence occurrin
metrically. Turbidity is found to decrease with time for dilute 
emulsions. As droplets coalesce, there is a net decrease of oil 
surface area and an increase of average globule diameter. This has 
been shown (12) that the turbidity for a dilute emulsion as measured 
in Klett-Summerson photoelectric colorimeter is directly proportional 
to the surface area of the globules. Thus for Phthallylsulfathiazole 
stabilized emulsion it is possible to relate the ratio of number of 
droplets at any time t and that at time = 0 (Nt/N0) to Klett 
readings, provided that the size distribution of emulsion droplet 
does not vary much. If Rt and RQ are the Klett readings at any time 
t and t = 0 and r t and r Q are average volume surface radiiiat 
respective times, then 

R T °° 4πΓ^ N T [5] 

RQ - 4π Γ2 N O [6] 

i f the total volume of oil is constant, then 

4/3 irrjj N t - 4/3 irr^ N Q [7] 

From equations [5] L D [7] 

log Nt/NQ - 3 log Rt/RQ [8] 

For turbidity measurements, diluted emulsions were used to 
avoid multiple scattering effects (13) which may produce non-
linearity between the photomicrographically determined surface area 
and turbiditimetrically determined one. 

The electrophoretic mobilities were determined in a rectangular 
closed c e l l of Northrup Kunitze type (14) in an air thermostat. The 
usual precautions were taken. 

As the deserved droplets had large r a d i i compared with the Debye 
Huckel parameter (1/χ), the zeta potentials were calculated from the 
following equation: 
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ξ = 4πηϋ/ε Χ [9] 

Where η and ε are respectively the viscosity and the dielectric 
constant of the solution in the elect r i c a l double layer adjacent to 
the surface, U is the mobility and X is the applied f i e l d strength. 
In the present cases Ά and ε were taken as equal to their bulk 
values. The temperature for mobility measurements was at 25°+ 
O.1°C. 
RESULT AND DISCUSSION 
Charge on Emulsion 
Phthallylsulfathiazole stabilized xylene in water emulsion was found 
to be negatively charged. Since this compound is acidic in nature, 
the -COOH group ionises to furnish negatively charged carboxylate 
anions which impart the same charge on emulsion droplets at alkaline 
pH 10.48 by virtue of the adsorption of the emulgent. 

π υ υ ν ^ R-remaining part of compound 
Effect of Cationic detergents on flocculation 
Different concentrations of a l l the four detergents were used to 
study the flocculation occurring in the system. Unassociated and 
associated (monomers and dimers) globules were counted at various 
intervals of time. Individual oil globules (n. or monomers) 
against time in minutes were plotted. Here only one typical graph 
(Fig. 3) obtained from CTAB has been presented. I n i t i a l l y particle 
concentration was 2.39 χ 10 /ml. It is clear from Fig. 3 that the 
number of unassociated drops f i r s t decreases fastly and then it is 
slow. Later on it attains almost constancy which indicates reversi
b i l i t y of flocculation occurring in the system. Fig. 4 shows effect 
of different concentrations of different detergents. It is quite 
evident from this figure that the flocculation decreases as concen
tration increases. In the case of LPC the rate constants increase 
with increase in concentration. Rate constant Kf was of the order 
of 10" , ΙΟ" 1 4, 10" 1 3, and 10~ 1 3 for CPB, CPC, CTAB, and LPC, 
respectively, These low values of the rate constants are indicative 
of reversible nature of flocculation which in fact occurs in the 
secondary minimum. 
Effect of Cationic detergents on Coalescence 

There are three processes by which the number of oil drops in an 
emulsion is decreased. These are Brownian flocculation, sedimenta
tion flocculation and creaming. But it should be noted that i f the 
absorbed film strength is quite high, flocculation may not necessar
i l y result in coalescence. It is also important to note that 
flocculation which may be due to any of above three reasons is rever
sible, but coalescence which follows flocculation is irreversible. 

A l l the emulsions follow a f i r s t order kinetic equation of the 
form: 

N t = N Q exp (-Kct) [10] 
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Figure 3. P l o t s of monomer against time f o r the system 
f l o c c u l a t e d by CTAB. 

Figure 4. P l o t s of f l o c c u l a t i o n rate constant (K) against 
concentration of detergents. 
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Where K c is the f i r s t order rate constant. On addition of increasing 
amounts of the cationic detergents the corresponding doalescence 
rate constants of the emulsion decrease rapidly except in the pre
sence of LPC which increases the rate of coalescence. This is de
picted in Fig. 5, which is a plot of rate constants vs. concentration 
of different detergents. This figure presents a clear picture of 
comparative study of effects of a l l detergents taken in our system. 
It is also interesting to note that the rate constants in the pre
sence of surfactants are of the order of 10"5 S~l, 10~"5S"1, l O ^ S " 1 

and 10-^S*"1 for CPB, CPC, CTAB and LPC respectively. This means 
the stability of the emulsion increases with the chain length. From 
Figs. 4 and 5, it is obvious that rate constants of coalescence and 
rate constants of flocculation follow the same trend, so it can be 
assumed that flocculation is resulting in coalescence. 

It is evident from the date recorded in Table I that at higher 
temperature coalescence rate constant is higher, that is in order of 
Kc30° K Kc40° K Kc50°* T ^ e t e i n P e r a t u r e effect for a l l detergents 
was found to be in the orde
that in the presence of
emulsions increases enormously (e.g. four to six times for every 
10°C rise of temperature) with the rise of temperature whereas in the 
presence of LPC the increase in the rate is not that pronounced. 

From the coalescence rates of different temperatures it has 
also been possible to calculated some kinetic and thermodynamic par
ameters such as energy of activation (E a), enthalpy change ( H°), 
entrophy change ( S°) and free energy change ( F°) from the equation: 

RT In K c = -AF° = - Δ Η° + TAS° [11] 

within the formalism of flocculation/coalescence rate theory assuming 
that the intermediate floe of the following overall process of 
coalescence may be taken to be identical with the transition state 
or activated complex of the Transition State Theory of Chemical 
Kinetics. 

Ο Flocculation OO Coalescence 
Ο t r a n s i t i o n > 

State floe 

Different parameters reflected in Table II are within the ex
pected range of values. The positive activation entropies denote 
that the entropy of the transition state floe is greater than the 
entropy of the separate globules. The sta b i l i t y preventing coale
scence from the flocculated intermediate state may be due to the 
metastability of thin films against rupture which in their turn 
offer steric hindrance owing to the close packed ordered layers of 
the emulgent at oil/water interface. The intervening water films 
between the two droplets of the transition state floe may play the 
same sort of the role. In the wake of coalescence, rupture of the 
said films occur and the orderliness disappears and so the entropy 
increases. 
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Table I. Effect of Temperature on Coalescence Rate 
Constant for the System 

Detergent K β Sec. K c A n ° r S e c - K a n ° r S e c * 
(2.0 χ 10~4M) J u C 4 0 C ™ L 

CPB 2.2 χ 10"4 9.4 χ ΙΟ""4 1.3 χ 10"3 

CPC 2.7 χ 10"4 4.7 χ 10~4 5.2 χ 10 - 4 

CTAB 1.8 χ 10"3 2.4 χ 10"3 2.9 χ 10""3 

LPC 7.5 χ 10"4 9.8 χ 10"4 1.1 χ 10"3 
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Effect on zeta potential 

Figure 6 is a graphic representation of the zeta potential data as 
a function of log molar concentration of different cationic surfac
tants. At lower concentration, zeta potential is high while on 
addition of additive it decreases slowly. This decrease is sharp at 
higher concentrations. On continuous addition of surfactant, the 
values f i r s t become zero and then reversal of charge takes place. 

It is very important to note the lower is the zeta potential, 
the greater the flocculation. As it increases, charge also in
creases. As charge increases, electrostatic repulsion (Coulombic 
force) increases and hence flocculation decreases in the system 
under investigation. The amount of detergent required to reverse the 
charge is in the order LPC >CTAB >CPC >CPB (Table III). 

Effect of Creaming 

Brownian flocculation is
diameter is approximatel
under Brownian motion collide f i r s t and then coalesce to form 
larger size particles. Simultaneously these coalesced particles are 
creaming out due to the differences in the densities of the particles 
and the continuous phase. In Figures 7 and 8 per cent creaming is 
plotted against time in hours. In this experiment phase volume 
ratio was changed from O.04 to O.4 to measure creaming data accu
rately. It is obvious from these figures that the per cent creaming 
is faster i n i t i a l l y but later on it is very slow as the coalescence 
becomes slow. It was noticed that per cent creaming rate follows 
the same trend and order as in the case of both flocculation and 
coalescence. 

Kinetics of Coagulation of the system under investigation 

One may conclude from the figures and the data that the emulsions 
are most stable in the presence of higher concentrations of CPB 
while with LPC reverse is the case. So emulsion st a b i l i t y was 
found to be in the order CPB > CPC > CTAB > LPC. Zeta potential 
values also support this type of behavior as i t s values are lower for 
LPC and higher for CPB. This comparative st a b i l i t y is also reflected 
from the stability factors of the system recorded in Table IV . 
Stability^factor is greater ror CPB and lower ror LPC, e.g. for 
8.0 χ 10 M concentration of CPB and LPC, i t s values were found to 
be 11.96 and 8.44 (in kT) respectively. This order clearly indicates 
that the adsorption of these detergents on emulsion globules is in 
accordance with their chain length. The curves in Figs. 4 and 5 also 
shed light on the behavior of CPB and CPC which di f f e r only in the 
head group, the former being more efficient. 

To find whether flocculation or coalescence is the rate deter
mining step in the system under investigation, the ratio of the half 
lives of these two processes was determined. Half l i f e of floccula
tion is given by equation l/Kfn Q whereas that of coalescence is 
1/1.47 K c (assuming it is kinetically of f i r s t order). The relative 
ratio is given by the ratio of the two half lives (i.e. 1.47Kc/nQKf) 
(11) . Flocculation or coalescence is more rapid according as this 
ratio is greater or less than unity. Since in the present case it 
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Table II. Kinetic Thermodynamic Parameters of the 
Coalescence Process 

Detergent 
(2.0 χ 10-*M) af 

- F° 
(1) 

H° 
(1) 

S° 
(2) 

CPB 4.6 -5.0 -27.3 73.9 
CPC 6.2 -4.9 -10.4 18.1 
CTAB 4.2 -3.8 -4.0 4.6 
LPC 3.7 -4.3 -4.9 2.4 

(1) Kcal deg" 1 mol" (2) Cal deg"mol 

+ 80 1-

Figure 6. Plots of zeta potential as a function of log molar 
concentration with different detergents. 
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Table III. Values of Zeta Potential for the System Flocculated 
By Different Cationic Detergents 

Concentration of Detergents Zeta Potential 
(in mV) 

CPB 2. 0 X 10" -8 M 40 
6. 0 X 10" -8 M 37 

Charge 2. 0 X 

Reversal 2. 0 X 

2. 0 X 10" -5 M +48 
2. 0 X 10" -4 M +56 

CPC 2. 0 X 10' -8 M 48 
6. 0 X 10--8 M 42 

Charge 2. 0 X 10" -7 M +31 
Reversal 2. 0 X 10" -6 M +33 

2. 0 X 10' -5 M +39 
2. 0 X 10" -4 M +48 

CTAB 2. 0 X 10" -8 M 49 
6. 0 X 10" -8 M 36 

Charge 2. 0 X 10' -7 M +32 
Reversal 2. 0 X 10" -6 M +40 

2. 0 X 10 -5 M +47 
2. 0 X 10" -4 M +51 

LPC 2. 0 X 10" -7 M 40 
2. 0 X 10" -6 M 30 

Charge 2. 0 X 10" -5 M +22 
Reversal 6. 0 X 10' -5 M +24 

2. 0 X 10" -4 M +32 
6. 0 X 10' -4 M +32 
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Table IV. Kinetic Parameters for the System Stabilized 
By Phthallylsulfathiazole 

Cone. of Coale Floccu Creaming Stability 
Detergent scence lation Rate Factor 
xl(T« M Rate Rate Constant 

Constant Constant (Per Cent/ (kT) 
(K c) (K f) Hour) 

CPB K c χ 10 5 Sec
2.0 22.1 
4.0 16.5 3.1 1.7 10.2 
6.0 5.0 2.5 10.3 
8.0 1.2 O.5 1.4 12.0 
CPC 
2.0 27.5 8.0 2.4 9.2 
4.0 19.5 5.5 1.3 9.6 
6.0 9.0 3.5 - 10.0 
8.0 4.5 1.5 1.6 10.9 
CTAB K c χ 10 4 Sec" -1 K f χ 10 1 3 CM3 χ Sec" 1 

2.0 18.2 1.9 3.7 8.3 
4.0 15.5 1.7 3.4 8.4 
6.0 12.0 1.5 - 8.6 
8.0 8.5 1.3 2.9 8.7 
LPC 
2.0 7.5 1.0 O.9 9.0 
4.0 14.0 1.2 3.1 8.8 
6.0 23.0 1.4 - 8.6 
8.0 27.5 1.7 3.8 8.4 
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is greater than unity so coalescence is slower and hence it deter
mines the rate of coagulation of these systems. 

Conclusion 

The emulgent, phthallylsulfathiazole provides highly stable type of 
emulsions. Even in the presence of cationic surfactants, these 
emulsions were found to be reasonable stable. Effect of detergents 
on the sta b i l i t y was in the order CPB < CPC < CTAB < LPC, which is 
compatible with their chain length. The rate determining step of 
coagulation kinetics of the system under investigation is the coale
scence as this is slower than flocculation. 
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Colloidal Stability: Comparison of Sedimentation 
with Sedimentation Flocculation 

29 

D. H. MELIK1 and H. S. FOGLER 

Department of Chemical Engineering, The University of Michigan, Ann Arbor, MI 48109 

We have developed simple analytical equations one can 
use to estimate the overall stability of a 
polydisperse colloidal system undergoing simultaneous 
creaming and gravity-induce
approach can be easil
particle loss mechanisms, such as shear-induced 
flocculation and Brownian flocculation). As an 
example of this analysis, we have studied the relative 
particle loss rates of creaming and gravity-induced 
flocculation under conditions of negligible 
electrostatic repulsion. From this study we have 
determined that the total particle concentration, the 
particle size, and the particle size ratio are the 
most sensitive operating parameters in controlling the 
stability of a colloidal system undergoing 
simultaneous gravity-induced flocculation and 
creaming. 

In quiescent media, polydisperse colloidal dispersions are broken by 
the coupled mechanisms of creaming, Brownian flocculation, and 
sedimentation (gravity-induced) flocculation (see Figure 1). In 
creaming, particles either rise or sediment out of the system as a 
result of the density difference between the particles and the 
suspending medium. Encounters between particles occur because of 
random Brownian motion, frequently resulting in particle aggregation 
if the interparticle interactions are favorable. Gravity-induced 
flocculation arises from the differential creaming rates of large 
and small particles. The large particles sweep out the slower 
moving small particles in their path, often resulting in particle 
aggregation i f the interparticle interactions are favorable. In the 
case of emulsions, coalescence of the particles can occur after 
flocculation. 

In order to rigorously analyze the behavior of these particle 
loss mechanisms on colloidal stability, one must solve the 

1 Current address: The Procter & Gamble Company, Miami Valley Laboratories, Cincinnati, 
OH 45247 

0097-6156/85/0272-0461$06.00/0 
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I. Creaming: 

2. Brownian Flocculation: 

state state 

Figure 1. Colloidal breakage mechanisms in quiescent media 
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convective-diffusion equation which describes the distribution of 
particles around a central or reference sphere (1). Depending on 
the particle sizes and the net gravitational force, five important 
regimes can be identified: 

(i) Both Brownian motion and interparticle forces (in 
particular, London van der Waals attractive and electric double 
layer repulsive) are negligible, but the effects of differential 
creaming are considerable. Under these conditions flocculation 
never occurs due to the hydrodynamic resistance of the f l u i d as the 
particles approach each other. However, orbital pairs do exist 
(2,3). 

( i i ) Brownian motion is negligible, but the effects of 
interparticle forces and diff e r e n t i a l creaming are significant (4). 

( i i i ) Brownian motion is appreciable. Brownian motion, 
interparticle forces, and di f f e r e n t i a l creaming must be taken into 
account. This case requires the complete solution of the 
convective-diffusion equation; a task which has yet to be 
accomplished. 

(iv) Brownian motio
whereas the effects of differential creaming are moderate (2). 

(v) The effects of creaming are negligible, but Brownian 
motion and interparticle forces are important (5-9). 

The various flocculation models which are valid in the 
different regimes described above allow one to compute the particle/ 
particle c o l l i s i o n rate for any given particle sizes, chemical and 
physical condition. From the magnitude of this c o l l i s i o n rate, one 
can estimate a colloidal system's st a b i l i t y in cases (iv) and (v). 
However, in cases ( i i ) and ( i i i ) , both flocculation and creaming 
w i l l be important in the colloidal breaking process. Consequently, 
in order to determine whether a colloidal system w i l l be stable in 
these two cases, we have to determine the net rate of particle loss 
due to both creaming and flocculation. 

In this paper we propose a simple procedure whereby one can 
estimate the overall s t a b i l i t y of a given colloidal system 
undergoing simultaneous creaming and flocculation. Since case ( i i i ) 
has not been solved yet, we w i l l focus our attention only on case 
( i i ) . As an example, we use this procedure to compare the net rates 
of particle loss due to creaming and gravity-induced flocculation 
when electrostatic repulsion is negligible. 

For a polydisperse system of particles undergoing both creaming and 
gravity-induced flocculation, the time evolution of the particle 
size distribution, and hence the time rate of change of the total 
particle concentration, can only be determined from the solution of 
the governing population balance equations (10,11). For the special 
case of two different sized particles, this system of balance 
equations reduces to: 

Theory 

8t (la) 
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3 N2 a 
W = ' 3 ^ ( U 2 N 2 ) " G12 N1 N2 ( l b ) 

3 N i 2 a ι 
a t " " - âq ( u12 H12> + 2 G12 N1 H2 ( l c ) 

where u 1 and u 2 are instantaneous creaming velocities for particles 
of radius a 1 and a 2, respectively, u 1 2 the instantaneous creaming 
velocity for a doublet comprised of one particle of radius a.̂  and 
one of radius a 2, and Ν „ the respective particle concentrations, 
G12 t h e cavity-induced c o l l i s i o n kernel for particles of size a 1 

and a 2, t the time, and x 1 the cartesian coordinate axis parallel to 
the direction of gravity
the following relationshi

| ( U i V „ - i - i ( 2 ) 

(with analogous expressions for the other creaming terms), where h 
is the height of the suspending medium. 

Since we are most interested in determining the sta b i l i t y of a 
colloidal system, an analysis of Equation (1) is only required for 
i n i t i a l times. This is because i f the system is unstable at t=0, 
then it w i l l be unstable for t > O. Noting that as t -* 0, N 1 -» N Q 1, 
N2 "* N02' a n d N12 "* ° ' a n d m a k i n g u s e o f R a t i o n (2), for short 
times Equat ion (1) reduces to: 

d N i u i N o i 
dt h "12 01 02 G i nN r t 1N A O (3a) 

d N 2 U2 N02 - G . 0 N Ν Λ (3b) dt h "12 01 02 

d N12 1 
1 - ± Ο ι η Ν Λ 1 Ν Λ η (3c) dt 2 "12 01 02 

Therefore, the total i n i t i a l rate of particle loss due to creaming 
is given by 

Cr= hKH01 + U2N02> ( 4 ) 

and the i n i t i a l net rate of particle loss due to gravity-induced 
flocculation is given by 
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RGr " I G12 N01 N02 ( 5 ) 

Equations (4) and (5) provide a basis for not only comparing the net 
rate of particle loss due to both creaming and flocculation, but the 
sum (R +R ) allows one to determine the i n i t i a l s t a b i l i t y of a cr ur 
given colloidal system. It should be noted that the analysis 
presented above could easily be extended to completely polydisperse 
systems by summing Equation (3) over a l l pairwise combinations of 
particle sizes a., a~, ... , a . 

The rest of this paper w i l l be devoted to studying the relative 
rates of creaming and gravity-induced flocculation, that is 

. ^ 2 ( U 1 N 0 1 » VW ... 
' RGr " 3 h G12 N01 N02 

for the case of negligibl
The gravity-induced c o l l i s i o n kernel for spheres of radius a 1 

and a 2 is given by (4): 

G12 " * o G r ( u 0 2 - u 0 1 ) < a l + a 2 ) 2 < 7 ) 

where u Q i is Stokes creaming rate for a particle of radius a^, and 
aGr t h e 9 r a v i tY~ i n c* u c e d flocculation capture efficiency which, for 
the case of negligible repulsion, can be satisfactorily computed 
from (4): 

«Gr = « W f G - ° ' 2 0 (8) 

with λ being the particle size ratio (λ = a 1 /a 2 ) f and f(X) is equal 
to O.11 for λ=O.2 and O.17 for λ=O.5. The dimensionless gravity 
parameter l\lQ describes the relative importance of gravitational to 
interparticle attractive forces and is given by: 

πgΔpa* 9 

#G = (1+λΓ(1-λ Ζ) (9) 

where g is the local acceleration of gravity, Δρ the density 
difference between the particles and the suspending medium, and A 
the system Hamaker constant. Stokes creaming rate is given by: 

2 
2gApa. 

u . = — (10) 
01 9μ £ 

where μ £ is the viscosity of the suspending f l u i d . 
The instantaneous creaming velocities for moderately 

concentrated systems can be expressed in the following form (3): 
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U!= U01(1 " S l A - S2lV ( l l a ) 

U2= U02(1 " S12*l " S22*2> ( U b ) 

where is the particle volume fraction for a particle of radius a^ 
(note: < a n ^ S i j t n e f i r s t order corrections due to 
particle/particle interactions (surface and hydrodynamic). The 
particle volume fractions are related to the particle concentrations 
through : 

•i- !*Φοΐ <12) 

If we assume that the creaming rates are only significantly affected 
by hydrodynamic interactions  then the coefficients can be 
computed from Batchelor an
linear regression, the following empirica  expression

S n = S 2 2 = 6.55 

S 1 2 = 3.42exp(O.497X) (O.25 < λ < 4.0, Γ2=O.998) 

5 2 1(λ) = S^iX" 1) (13) 

where Γ is the computed correlation coefficient. 
The assumption that hydrodynamic forces dominate the effect of 

interparticle forces on the instantaneous creaming velocities is 
reasonable when one considers the following rationale. If the 
particles are close enough for the interparticle forces to be 
significant, the particles will undergo what can only be described 
as a sedimentation flocculation encounter and, therefore, would be 
accounted for in R. . 

Gr 
By combining Equations (4)-(7) with Equations (10)-(13), one 

finds that the ratio of creaming to sedimentation flocculation rates 
β can be computed from: 

2f(a ,Ν ,λ,ΐΟ 
<R = —2= ï-r— (14) 

3πΗΰ 0 Γ(1-λ 2)(1+λ)^ 

where 

f ( a 2 # N 0 2 f X r R N ) = X 2 R N { ~ T 14.3exp(.497A) - 27.4X^1 
a2 N02 

+ -γ 14.3X3RNexp(.497X) - 27.4 (15) 
a2 N02 

with H=h/a2 and R
N = N

0 1 / N
0 2 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



29. MELIK AND FOGLER Colloidal Stability 467 

Results and Discussion 

Of the various parameters which affect the particle loss ratio (R 
defined in Equation (6), under conditions of negligible 
electrostatic repulsion, we have found that the total i n i t i a l 
particle concentration N T Q T (where N T Q T = N01 + N02^' t h e s i z e o f t h e 

larger particle a 2, and the particle size ratio λ give the most 
interesting results. The effect of each of these parameters is 
discussed next. 

Figure 2 shows the effect of the total particle concentration 
NTOT o n ^ e r e ^ a t ^ - v e r a t e s of creaming to gravity-induced 
flocculation. (Note: v=2\ /(a.+a0) is the dimensionless 

L 1 c. 

electromagnetic retardation parameter in which the characteristic 
London wavelength of th
parameter H is the dimensionless electrostatic number with /l̂ R=0 
indicating the absence of electrostatic forces. See reference 4 for 
complete details.) As expected, the higher the particle 
concentration the more significant the process of sedimentation 
flocculation becomes. What is interesting to note is the 
sensitivity of Λ to changes in N T Q T. For low particle 
concentrations, a 10-fold increase in N T Q T results in approximately 
a 10-fold decrease in fi. However, for higher particle 

g 
concentrations this is not the case. Increasing Ν from 10 to 

9 3 4 χ 10 particles/cm results in a 6.7-fold decrease in fi, 
indicating that the higher particle concentrations are more 
sensitive to changes in N T Q T than the lower particle concentrations. 
The presence of a minimum in Figure 2 is also to be expected. For 
small values of R^, N Q 2 » N Q 1 and for large values of 
N02 K < N01* I n e a c h o f t h e s e extremes the effect of gravity-induced 
flocculation is reduced since there is either not enough collectors 
( a ^ for the given number of particles (a 2), or there are too many 
collectors. In either case, creaming begins to dominate the 
colloidal breaking process. When N Q 2 = N Q 1, the effect of gravity-
induced flocculation attains i t s maximum contribution to the 
breaking process. 

Figure 3 shows the effect of increasing particle size on the 
relative rates of creaming and gravity-induced flocculation. As the 
particle size increases, the rate of flocculation increases faster 
than the creaming rate of the particles. This is a result which, at 
f i r s t , one wouldn't expect. According to Equations (4), (10), and 
(11), the total rate of particle loss due to creaming R is 

2 
approximately proportional to a 2 for a constant particle size ratio 
λ. On the other hand, combining Equations (5) and (7)-(10), one 
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Figure 3. Effect of increasing particle size on the relative rates 
of creaming and gravity-induced flocculation 
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finds that Rp « a * for constant λ. Therefore, the ratio Λ is 
-12 

approximately proportional to a 2 , indicating that as the 
particle size increases, the rate of gravity-induced flocculation 
increases more rapidly than the rate of creaming. 

Figure 4 shows how changes in the particle size ratio affect 
the relative rates of creaming and gravity-induced flocculation. 
When the concentration of smaller particles is less than the 
concentration of larger particles (R^ < 1), the larger of the two 
particle size ratios reduces the rate of gravity*-induced 
flocculation as compared to the creaming rate of the particles. On 
the other hand, when the concentration of the smaller particles is a 
bit greater than that of the larger particles (R^ > &3.2), the 
situation is reversed. Smaller particle size ratios favor gravity-
induced flocculation over creaming more than larger particle size 
ratios. 

Summary 

We have presented a simple procedure whereby one can estimate the 
stabi l i t y of a colloidal system undergoing simultaneous creaming and 
gravity-induced flocculation. This procedure is by no means 
restricted to only this case. One can easily take into account 
other particle loss mechanisms, such as shear-induced flocculation 
or Brownian flocculation. What is required in these cases are the 
appropriate particle/particle c o l l i s i o n kernels, which can be 
computed by solving the governing convective-diffusion equation. 

I I I I I I I 

lo'r 

ι ο ί 

R 

i d ' f 

Ζ Δ/3 =.2g/cm3 

- A = 10"Mergs 
a2 = 2/xm 

- Ν γ ο γ =109 Particles/cm3 

h = 1 cm 
ν = .1 

- 3 - 2 - 1 0 1 2 3 4 

log R N 

Figure 4. Effect of the particle size ratio on the relative rates 
of creaming and gravity-induced flocculation 
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30 
Rheology of Concentrated Viscous Crude 
Oil-in-Water Emulsions 

YEIN MING LEE, SYLVAN G. FRANK, and JACQUES L. ZAKIN 
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Economic pipeline transport of viscous crudes as concentrated oil-in-
water emulsions has been demonstrated in at least two commercial 
pipelines. The present stud
rheological characteristic
such variables as emulsion formulation and preparation techniques, 
aging, and crude oil viscosity on emulsion properties. 

Two crude oils were used, a California crude with a viscosity of 
24 poise at 25°C and a Canadian crude of 164 poise. Both could be 
emulsified by the addition of NaOH which reacted with the acids 
present in the crude. A series of oil-in-water emulsions containing 
60% (by volume) of oil were prepared. Concentration of NaOH and NaCl 
and mixer speed were varied. Emulsion stability was measured as was 
particle size distribution and viscosity and the effect of aging on 
the latter two. Emulsions of the heavier crude had viscosities 
about 600 times smaller than the crude viscosity. 

With no salt present, moderately stable emulsions of the lower 
viscosity oil could be prepared at NaOH concentrations as low as 3.0 
χ 10-5 moles NaOH/gram oil. In the presence of 1.0% NaCl in the 
water, emulsions with NaOH contents above 5.0 χ 10-5 were less 
stable than those with lower NaOH contents. In general average 
particle diameters decreased as NaOH concentration increased, with 
slightly lower particle sizes when<1.0% NaCl was present. Viscosities 
of the fresh emulsions were lowest at the lowest NaOH contents with 
or without salt. 

Aging generally caused increase in the average particle diameters 
and reduction in the viscosities of salt-free emulsions, and increase 
in the average particle diameters and increase in the viscosities of 
those containing 1.0% NaCl. 

Equations proposed by Sherman for predicting viscosities from 
apparent volume fractions and particle diameters were useful in 
analyzing the effects of formulation and preparation variables and 
aging on emulsion viscosities. 

The immobilization of water by strong charges on the dispersed 
oil droplets or by entrapment by flocculation or by the trapping of 
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472 MACRO- AND MICROEMULSIONS 

small water droplets inside the oil droplets a l l may contribute to 
increase in the value of the apparent volume f r a c t i o n of oil. 
Emulsion v i s c o s i t y is very s e n s i t i v e to t h i s quantity. 

The presence of small amounts of NaCl lowered the^ v i s c o s i t y of <. 
two emulsions of the lower v i s c o s i t y crude (3.0 χ 10~ and 4.0 χ 10~ 
moles NaOH/gram oil) by 13% presumably by reducing the charge on the 
oil droplets and the immobilized water. Both minima occurred at about 
the same Na concentration (NaCl concentrations of O.40% and O.25%, 
respect i v e l y ) . 

S i g n i f i c a n t reserves of heavy viscous crude oil e x i s t in the United 
States, in Venezuela, and in Canada. These crudes are becoming of 
increasing importance as lower v i s c o s i t y crudes are depleted, and the 
production of heavy crudes is expected to increase s i g n i f i c a n t l y in 
the n^xt ten to twenty gears. Because of t h e i r high v i s c o s i t i e s (up 
to 10 cent i p o i s e at 25 C), transport of these crudes cannot be 
accomplished by the usua
for t h e i r transport in p i p e l i n e
d i l u t i o n with l i g h t e r o i l s  preheating  subsequen g
p i p e l i n e , preheating and i n s u l a t i n g the p i p e l i n e , i n j e c t i n g a water 
sheath around the viscous crude, and encapsulation (3, 24, 29). Each 
of these has serious p r a c t i c a l or economic drawbacks as described, for 
example, in References (3) and (16). 

Transport as concentrated oTT-in-water emulsions is another 
promising technique f i r s t described for an Indonesian p i p e l i n e in 1963 
(6). It has also been used in a 13-mile long, 8-inch diameter 
pTpeline by Getty O i l in C a l i f o r n i a . Marsden (7-11) Sifferman (25) 
and others (1^8, 26) have described s p e c i f i c techniques for oil-in-
water transport for p a r t i c u l a r a p p l i c a t i o n s . L i t t l e research has been 
done, however, on concentrated high v i s c o s i t y crude oil-in-water 
emulsions to determine t h e i r r h e o l o g i c a l c h a r a c t e r i s t i c s , the 
va r i a b l e s c o n t r o l l i n g t h e i r rheology, and t h e i r p o t e n t i a l for use for 
crude transport. 

In a d d i t i o n to the a p p l i c a t i o n to p i p e l i n e transport of heavy 
crudes, there is also considerable i n t e r e s t in downhole e m u l s i f i c a t i o n 
for heavy crude oil production (2^, 13, 2J, 28). Here aqueous soluti o n s 
of surfactants are added to the tubing-casing annulus of wells 
producing heavy o i l s and water. Oil-in-water emulsions of r e l a t i v e l y 
low v i s c o s i t y are formed r e s u l t i n g in increased production rates. 

This paper reports r e s u l t s on one phase of a program of study of 
concentrated oil-in-water emulsions, namely the e f f e c t of several 
composition v a r i a b l e s on the apparent v i s c o s i t y of concentrated (60 
volume percent) crude oil-in-water emulsions. In p a r t i c u l a r , the 
e f f e c t s of NaOH content, NaCl content, emulsion preparation technique, 
crude oil v i s c o s i t y and aging of emulsion were studied. 

Experimental 

Two crude o i l s were used; one was a C a l i f o r n i a crude donated^by S h e l l 
with density of O.953 gm/cm and v i s c o s i t y of 24 poise at 25 C., the 
other was a St. Lina (Canada) crude donated by Amoco Production 
Company with a density of O.987 gm/cm and v i s c o s i t y of 164 poise at 
25 C. A l l of the experiments described here were run at 60% volume 
f r a c t i o n of oil. 
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It was observed by S. Westfall (30) that stable oil-in-water 
emulsions of the S h e l l crude could be prepared by ad d i t i o n of NaOH 
which reacted with the acids present in the crude. This was also 
found to be true for the St. Lina crude. Thus, surfactant e m u l s i f i e r s 
were not needed â nd the emulsions studied here were prepared using 
1.0 to 8.0 χ 10~ moles NaOH per gram of crude oil. The procedures 
used were: 

(1) Weigh the oil to - .05 gram and add s u f f i c i e n t volume of the 
aqueous phase to provide a 60% by volume 45.0 ml mixture. Preheat the 
crude oil to 65 C to reduce the v i s c o s i t y and f a c i l i t a t e the mixing 
of oil and water phases. 

(2) Using an Omni Mixer containing the proper amount of heated 
oil, add the water and NaOH s o l u t i o n and s t i r at 9,000 rpm for 180 
seconds. The mixer speed was va r i e d between 7,000 and 11,000 rpm in 
one set of experiments. 

(3) A f t e r homogenization, the emulsion was cooled to room 
temperature. 

(4) In a number of
phase was var i e d to determin
the emulsion. NaCl contents ranged from O.1% to 2.0%. 

(5) For pH measurements, the pH meter was c a l i b r a t e d beforehand 
and the value for the emulsion was measured. 

(6) To determine the emulsion s t a b i l i t y , 60 ml test tubes were 
f i l l e d with 45 ml of emulsion and separation of a lower layer was 
monitored up to 10 days. Stable emulsions showed only one or two 
m i l l i l i t e r s of separation in 10 days; unstable emulsions showed 15 or 
more m i l l i l i t e r s of separation a f t e r 10 days. 

(7) For p a r t i c l e s i z e a n a l y s i s , one drop of concentrated 
emulsion was added to 25 ml of d o u b l e - d i s t i l l e d water. P a r t i c l e s i z e 
analyses were made using a "Micro-Computerized Elzone/ADC-80 XY", 
which is operated by passing the p a r t i c l e s through an o r i f i c e and 
measuring c o n d u c t i v i t y changes. A detector can count the number of 
p a r t i c l e s of each size range. The number of p a r t i c l e s in each of 128 
d i v i s i o n s of the size range is read and a histogram and various 
averages can be obtained. Approximately 8000 p a r t i c l e s were 
measured f o r each sample. 

Contamination w i l l r e s u l t in s i g n i f i c a n t e r r o r , so the f i n a l 
d i l u t i o n water (50:1) and the O.9% s a l t water used for increasing 
the c o n d u c t i v i t y for t h i s a n a l y s i s must be t r i p l e f i l t e r e d through 
O.22 micron f i l t e r paper to obtain p a r t i c l e - f r e e water. This water 
was checked by passing it through the o r i f i c e before using it and 
observing any p a r t i c l e s i z e reading. N i t r i c a c i d , detergent, toluene 
and acetone were used to clean the o r i f i c e . The emulsion sample for 
the test was so d i l u t e that it was almost as c l e a r as water ensuring 
that no two drops would pass through the o r i f i c e simultaneously as 
t h i s would r e s u l t in an over-estimate of the p a r t i c l e s i z e and in 
possible blockage of the o r i f i c e . Each sample was analyzed at least 
three times. 

(8) Viscometric measurements were made with a Haake Rotovisco MV 
1 system with a rotor of diameter 40.08 mm, and length of 60 mm and a 
cup of 42.00 mm ins i d e diameter. The shear stress was detected using 
a Head 50. Before measurements, c a l i b r a t i o n s were made with standard 
o i l s to obtain the instrument constant to convert stress readings to 
shear s t r e s s . Shear rate could be va r i e d over the range of 50.74 to 
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685 r e c i p r o c a l seconds. The temperature of the test parts of the 
Haake was c o n t r o l l e d at 25°C. Low shear (50 seconds"-*-) measurements 
were made f i r s t and shear rate was increased in steps to 685 

— 1 

seconds . Readings were taken at steady state. 

T h e o r e t i c a l 
In d e s c r i b i n g the v i s c o s i t y of an emulsion, the volume f r a c t i o n of 
the dispersed phase is the most important parameter. A model 
suggested by M. Mooney (15) in 1951 for s o l i d suspensions and 
emulsions with highly viscous dispersed phase described the r e l a t i v e 
v i s c o s i t y as a function of volume f r a c t i o n and a c o e f f i c i e n t , k, 
c a l l e d the self-crowding f a c t o r . 

S. Matsumoto and P. Sherman (12.) extended the Mooney model to 
microemulsion systems. They t r i e d to r e l a t e the c o e f f i c i e n t , k, to 
average p a r t i c l e s i z e and developed an empirical c o r r e l a t i o n . The 
numerator of 2.5, in th
va r i a b l e , a, which is a
dispersed phase to the  phase,  predicte y Taylor'
hydrodynamic theory. The value of a can vary from 1.0 to 2.5 
depending on the c i r c u l a t i o n of f l u i d w i t h i n the p a r t i c l e s . The 
value of 2.5 holds for s o l i d p a r t i c l e s and very viscous dispersed 
l i q u i d phases such as those used in these experiments. The r e l a t i v e 
v i s c o s i t y , η is expressed as: 

n R = exp [a(f)/(l-k(J))], φ = φ ο φ 5 ^ 
where a = 2.5 (P+O.4)/P+l.0); Ρ = η./η 

ί ο 2 

k = 1.079 + exp (O.01008/Dm) + exp (O.0029/Dm ) 
Φφ. is the nominal -volume f r a c t i o n of dispersed phase and φ 5 Ϊ 5 volume 
f r a c t i o n of the dispersed phase s o l u b i l i z e d in the mi c e l l e s of excess 
e m u l s i f i e r , η ^ is v i s c o s i t y of the dispersed phase, η 0 is v i s c o s i t y 
of the continuous phase, and Dm is the mean p a r t i c l e s i z e . Since k 
values predicted are always greater than one, t h i s r e l a t i o n s h i p is 
not s u i t a b l e f o r macroemulsions where k values can be less than one (5). 

C . Parkinson et a l . (Γ7) considered the e f f e c t of p a r t i c l e s i z e 
d i s t r i b u t i o n on v i s c o s i t y . They studied suspensions of p o l y m e t h y l 
methacrylate) spheres in Nujol with diameters of O.1, O.6, 1.0 and 
4.0 microns with d i f f e r e n t volume f r a c t i o n s and with d i f f e r e n t 
p a r t i c l e s i z e combinations to determine the influence of size 
d i s t r i b u t i o n on the v i s c o s i t y . Each p a r t i c l e s i z e gave a c e r t a i n 
c o n t r i b u t i o n to the f i n a l v i s c o s i t y based on the volume f r a c t i o n and 
the hydrodynamic c o e f f i c i e n t obtained from the empirical equation for 
that p a r t i c l e s i z e . The cont r i b u t i o n s were expressed in the same 
form as in Mooney 1s model, and the v i s c o s i t y was c a l c u l a t e d from the 
product of each term. 

η 
Τ) = π exp (2.5φ./(1.0-^φ.)) Γ 21 

i=l i i i 
Thus, both volume f r a c t i o n and p a r t i c l e s i z e a f f e c t v i s c o s i t y . 

For a given volume f r a c t i o n , the smaller p a r t i c l e dispersions gave 
higher v i s c o s i t y . This may be due to more p a r t i c l e - p a r t i c l e 
i n t e r a c t i o n s because of the larger i n t e r f a c i a l area. Parkinson et 
a l . , v a r i e d the f r a c t i o n of small p a r t i c l e s (O.1 micron) in 11% by 
volume suspensions. Increasing the concentration of the O.1 micron 
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p a r t i c l e s , above 25% volume f r a c t i o n , increased the v i s c o s i t y . How
ever, when the volume f r a c t i o n of O.1 micron p a r t i c l e s was less than 
25% of the t o t a l in the 11% suspension, increase in the O.1 micron 
volume f r a c t i o n r e s u l t e d in a decrease in v i s c o s i t y . They concluded 
that at low f r a c t i o n of small p a r t i c l e s , they behaved l i k e b a l l 
bearings between the larger p a r t i c l e s . This may explain why emulsions 
with broad p a r t i c l e size d i s t r i b u t i o n s have lower v i s c o s i t i e s than 
those with narrow p a r t i c l e s i z e d i s t r i b u t i o n s and the same average 
p a r t i c l e s i z e (4). 

Sherman (19-22) did a s e r i e s of studies of the r h e o l o g i c a l 
properties of emulsions, which include oil-in-water (0/W) and water-
in-oil (W/0) at both high and low shear rates. The W/0 system was a 
water in Nujol emulsion s t a b i l i z e d by 1.5% (by weight) sorbitan 
monooleate and the 0/W system was Nujol in water s t a b i l i z e d by 
Aerosol OT or sodium oleate. Both systems showed higher v i s c o s i t y 
at low shear rates than at high shear rates probably due to 
f l o c c u l a t i o n e f f e c t s . The W/0 system showed a decrease in v i s c o s i t y 
with aging presumably du
increased to a maximum a f t e
p a r t i c l e s i z e increased continuously), then f e l l sharply to a value 
which changed only slowly with time. 

Sherman concluded that in the 0/W systems a small f r a c t i o n of the 
continuous phase was immobilized by the dispersed phase e i t h e r by 
a t t r a c t i v e forces or by f l o c c u l a t i o n . Therefore, the apparent volume 
f r a c t i o n was greater than the actual volume f r a c t i o n of that component. 
The equations he used to describe the v i s c o s i t i e s of these emulsions 
further extended the approach of Mooney and took account of the 
p a r t i c l e diameter. 

ru = exp (C/Am - O.15) -, 
Am = Da ( ( Φ / Φ )!/3 - 1.0) L J J 

max a 
where Am is a mean distance of separation such that further increase 
in the shear rate causes no change in v i s c o s i t y and C is a function of 
p a r t i c l e diameter, Da. 

log C = O.153 Da - 1.01 for Da greater than 2 microns, 
^max is O.7403, the maximum volume f r a c t i o n f o r uniform spheres, and 
φ ά is the apparent volume f r a c t i o n of the dispersed phase. 

These equations r e l a t e the r e l a t i v e v i s c o s i t y to p a r t i c l e s i z e 
and apparent volume f r a c t i o n and are good for s o l i d spheres in f l u i d 
media as well as for emusions. It should be noted that these 
r e l a t i o n s were derived from data for monodispersed systems with 
diameters greater than one micron. While polydisperse systems which 
have the same average diameter as monodisperse systems show lower C 
values and hence lower v i s c o s i t i e s (23), it is d i f f i c u l t to e s t a b l i s h 
an equation to describe the r e l a t i o n between Da and C f o r non-uniform 
spheres. Therefore, the r e l a t i o n reported by Sherman for uniform 
spheres has been assumed in the present work permitting values of 
to be estimated from experimental values of and D m. Rela t i v e 
v i s c o s i t y as a function of p a r t i c l e diameter with volume f r a c t i o n as a 
parameter computed from Equation 4 is shown in Figure 11. Note that 
v i s c o s i t y is very s e n s i t i v e to small changes in φ 3 and that t h i s model 
doesnot p r e d i c t a monotonie decrease in emulsion v i s c o s i t y as p a r t i c l e 
s i z e increases but rather a minimum value followed by a gradual 
increase. At higher values of φ , i . e . , O.62, the r i s e is quite steep. 
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Results 
A. The E f f e c t of NaOH Concentration o n S h e l l Crude Emulsion Properties 

(1) S t a b i l i t y 
Emulsions were prepared with the S h e l l crude and d i s t i l l e d water with 
sodium hydroxide concentrations varying from 1.0 χ 10 ^ to 8.0 χ 10 ̂  
moles NaOH/gram oil. The emulsions were very stable and no 
separation into two phases occurred when NaOH concentration was above 
4.0 χ 10 5. At 4.0 χ 10 ^ and lower NaOH concentrations, some<-
separation occurred a f t e r one or two days but even at 3.0 χ 10 
moderate s t a b i l i t y was observed. Microscopic examination showed that 
the top layer contained a high f r a c t i o n of oil with large p a r t i c l e 
s i z e s predominating and the bottom layer contained a high f r a c t i o n 
of water with the small p a r t i c l e s i z e oil droplets predominating. 
The oil-rich layer eventually coagulated to form an oil layer; t h i s 
type of separation was described as mi x e d - p a r t i c l e - s i z e emulsion by 
Tadros and Vincent (1 ). The a d d i t i o n of sodium c h l o r i d e to the 
water used in making the emulsions^ gave f a s t e r emulsion separation 
e s p e c i a l l y f o r high NaOH
emulsions. When the NaC
emulsion could be obtained as separation occurred immediately. 

(2) pH value 
pH values of fresh emulsions increased as NaOH concentration 
increased as shown on F i g . 1. The presence of NaCl caused a drop in 
the pH value of fresh emulsions of the same NaOH concentration at a l l 
NaCl concentrations (Figure 2). 

(3) P a r t i c l e Size 
Average p a r t i c l e diameter of fresh emulsion increased as NaOH con
c e n t r a t i o n decreased as shown on F i g . 3 for NaCl-free emulsions. 
Average p a r t i c l e diameters ranged from 2.4 to 3.7 microns. Add i t i o n 
of NaCl r e s u l t e d in a decrease in average p a r t i c l e s i z e of fresh 
emulsion at low NaOH concentration as shown on F i g . 4. 

(4) V i s c o s i t y 
A l l of the emulsions appear to be Newtonian in the range of shear 
rates studied ( F i g . 5). No s i g n i f i c a n t change in the v i s c o s i t y of 
the^fresh emulsions was observed at NaOH concentrations above 6.0 χ 
10 moles NaOH/gram oil, but the v i s c o s i t y did decrease as NaOH 
concentration decreased, p a r t i c u l a r l y below 4 χ 10 , as shown in 
Table I and F i g . 5. 

The a d d i t i o n of increasing amounts of NaCl gave a minimum in 
apparent v i s c o s i t y (685 seconds^ ^) which occurred at concentrations 
of O.25% and O.4% for 4.0 χ 10 and 3.0 χ 1θ" 5 moles NaOH/gram oil 
(fresh) emulsions (see Table II and F i g . 6.). Of p a r t i c u l a r i n t e r e s t 
is the fact that the NaCl concentrations g i v i n g the lowest apparent 
v i s c o s i t i e s for the 3.0 and 4.0 χ 10~^ NaOH emulsions were close to the 
lowest pH values (see Figure 6). At higher NaCl concentrations 
(about O.75% or higher) apparent v i s c o s i t i e s of the emulsions were 
greater than the s a l t - f r e e emulsion (see Table I and Figure 7). 

B. The E f f e c t of Aging on S h e l l Crude Emulsion Properties 
(1) S t a b i l i t y 

Some separation into two layers was observed for a l l samples a f t e r 
ten days aging, but the rate of separation and the amount of 
separation were quite d i f f e r e n t for d i f f e r e n t formulations. Add i t i o n 
of NaCl made the emulsions more unstable and in many cases separation 
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Figure 1. E f f e c t of NaOH Content and Aging on pH Values f o r 60% 
She l l Crude Emulsions. 
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NaOH (*E-5 MOLE/GM-OIL) 
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Figure 2. E f f e c t of NaOH Content and Aging on pH Values for 60% 
She l l Crude Emulsions (NaCl=l.0%). 
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Figure 4. E f f e c t of NaOH Content and Aging on the Average 
Diameters of 60% S h e l l Crude Emulsions (NaCl = 1.0%). 
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Table I. E f f e c t of NaOH, NaCl and Preparation Technique 
on Emulsion Properties 

molesNaOH/ ^ 
gm-oil χ 10 

S t i r r i n g 
Speed 
rpm 

NaCl 
% 

Apparent 
viscosity(<jp) 

685 seconds 

Dm 
microns 

Apparent 
Vo1ume 

8.0 9000 0 20.7 2.41 O.6135 
7.0 9000 0 21.3 2.47 O.6148 
6.0 9000 0 20.9 2.60 O.6148 
5.0 9000 0 20.0 2.70 O.6136 
4.0 9000 0 19.6 2.87 O.6130 
3.0 9000 0 19.0 3.10 O.6115 
2.0 9000 0 16.5 3.35 O.6053 
1.0 9000 0 15.1 3.69 O.6000 

6.0 9000 1.00 25.6 2.60 O.6211 
4.0 9000 
3.0 9000 

4.0 
4.0 
4.0 

7000 
9000 
11000 

0 
0 
0 

19.8 
19.6 
22.3 

3.10 
2.87 
2.80 

O.6128 
O.6130 
O.6173 
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Figure 6. E f f e c t of NaCl Content on V i s c o s i t y and pH for 60% 
She l l Crude Emulsions. 
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Figure 7. E f f e c t of NaCl Content and Aging on V i s c o s i t y of 60% 
She l l Crude Emulsions (6.0 χ 10 moles NaOH/gram oil). 
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occurred within a few hours and in some cases immediately. The 
influence of NaCl on s t a b i l i t y is a c t u a l l y more s i g n i f i c a n t for high 
NaOH systems than for low NaOH systems. For example, emulsions con
t a i n i n g 6 χ 10 moles NaOH/gram oil withal.0% NaCl are less stable 
than emulsions made with 3.0 or 4.0 χ 10 moles NaOH/gram oil and 
1.0% NaCl. 

(2) pH Value 
As shown on F i g . 1 3 pH values decreased during^aging for the emulsions 
made with NaOH concentrations above 3.0 χ 10 moles NaOH/gram oil 
presumably due to further completion of the r e a c t i o n of the NaOH. 2.0 
χ 10 5 emulsion shows the opposite e f f e c t but t h i s emulsion is quite 
unstable and the r e s u l t s are suspect. For emulsions with NaCl, pH 
values decreased during the f i r s t two or three days and then 
increased as shown in F i g . 2. 

(3) P a r t i c l e Size 
For emulsions made with very high NaOH concentration, the average 
p a r t i c l e size increased more r a p i d l y with time than f o r the emulsions 
with NaOH concentration
in F i g . 3. The unstabl
increases in diameter with time. The average p a r t i c l e sizes of 
emulsions with 1.0% NaCl increased most r a p i d l y with time at low NaOH 
contents ( F i g . 4). Since in these cases larger p a r t i c l e s migrated to 
the upper separated layer w i t h i n one or two days, the average p a r t i c l e 
sizes f o r the lower layers reported here are lower than the o v e r a l l 
averages. 

(4) V i s c o s i t y 
Generally speaking, the v i s c o s i t y of the moderate to high NaOH content 
emulsions without s a l t increased s l i g h t l y the f i r s t two to s i x days 
and then decreased (see F i g . 7). For the emulsions made with low 
NaOH content, the v i s c o s i t y of the lower layer increased but 
separation was so great that the aging r e s u l t s are not r e l i a b l e . For 
the emulsions with s a l t , the increase of v i s c o s i t y was continuous for 
the ten days as shown in F i g . 7. 

C. E f f e c t of Mixing Speed on Emulsion 

D i f f e r e n t mixing speeds were used to see the e f f e c t of mechanical 
forces on the emulsion p r o p e r t i e s . As expected, at high speed 
(11,000 rpm), average p a r t i c l e size obtained was smaller than at 
low speed (7,000 rpm) and the v i s c o s i t y was higher, as expected (see 
Table I ) . The lowest v i s c o s i t y was not observed at the lowest mixing 
speed, however, but at 9,000 rpm. This s u r p r i s i n g r e s u l t is 
discussed l a t e r . 

D. E f f e c t of the Nature of Crude O i l 

Two crude o i l s were used in these experiments: S h e l l C a l i f o r n i a oil 
(2400 cp at 25°C) and Amoco St. Lina (Canadian) oil (16,400 cp at 
25°C). For t y p i c a l emulsions, the S h e l l oil (3.0 χ 10 5 moles NaOH/ 
gram oil) gave small average p a r t i c l e s i z e (3.1 microns) and narrow 
size d i s t r i b u t i o n while the Amoco oil (NaOH = 3.0 χ 10 moles NaOH/ 
gram oil) gave large average p a r t i c l e s i z e (7.3 microns) and broad 
size d i s t r i b u t i o n using the same preparation techniques (see F i g . 8). 
Furthermore, the v i s c o s i t i e s of the C a l i f o r n i a crude emulsions were 
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around 21 cp and those of the S t . L ina emulsions were around 30 cp as 
shown in F i g . 9 fo r two formulat ions of each. The d i f f e r e n c e may be 
due to the d i f f e r e n c e in v i s c o s i t y of the two crude o i l s , to d i f f e r 
ences in the average p a r t i c l e s i z e , or to d i f f e r e n t apparent oil 
volumes as d iscussed below. 

D i s c u s s i o n 

For p i p e l i n e t r a n s p o r t , h i g h l y s tab le emulsions are not necessary as 
some r e d i s p e r s i o n w i l l occur due to turbulence in the pipe and to 
passage through booster pumps. Three days down time is the normal 
design c r i t e r i o n (25) (29 ) . Thus, fo r example, the s t a b i l i t y of S h e l l 
crude emulsions without s a l t prepared by a^technique equiva lent to 
that used here wi th about 3.0 to 4.0 χ 10 moles NaOH/gram oil would 
be more than adequate and h igher NaOH concent ra t ions are not needed. 
While the a d d i t i o n of NaCl had a greater adverse e f fec t^on s t a b i l i t y 
at h igher NaOH c o n c e n t r a t i o n s , even at 3.0 or 4.0 χ 10 concen
t r a t i o n s the presence of
marg ina l l y s u i t a b l e . Fo
improved formulat ions would be necessary . For the S t . L ina crude 2.0 
to 3.0 χ 10 ^ moles NaOH/gram oil would be adequate in s a l t - f r e e 
emuls ions. (The S t . L ina crude emulsions without NaCl were unstable 
when NaOH content reached 4.0 χ 10~^ moles NaOH/gram oil. Stable 
emulsions of t h i s crude cou ld not be prepared wi th 1% NaCl . ) 

For emulsions con ta in ing no s a l t the r e l a t i v e v i s c o s i t i e s 
increased and the average p a r t i c l e s i z e s decreased with i n c r e a s i n g 
NaOH content . However, once a s u f f i c i e n t quant i ty of NaOH was 
presented to form s tab le emulsions (4.0 χ 10~^ moles NaOH/gram of oil 
fo r the S h e l l crude) fu r the r increases in NaOH content ^ v e only 
small increases in apparent v i s c o s i t y and moderate decreases in 
p a r t i c l e s i z e . 

The e f f e c t of oil v i s c o s i t y on i n i t i a l emulsion v i s c o s i t y is not 
c l e a r from these experiments. The S t . L i n a crude is about s i x times 
as v i s c o u s as the C a l i f o r n i a crude . The apparent v i s c o s i t y of the 
lower v i s c o s i t y S t . L ina Crude emulsion (2 χ 10~ 5 moles NaOH/gram oil) 
is l e s s than 50% greater than the lowest v i s c o s i t y moderately s tab le 
C a l i f o r n i a crude emulsion (4.0 χ 10~ NaOH). The average p a r t i c l e 
s i z e of the S t . L i n a emulsion is 7 microns whi le that of the S h e l l 
crude emulsion is about 3 microns (see F igure 8 ) . Since p a r t i c l e 
s i z e s , p a r t i c l e s i z e d i s t r i b u t i o n s and types of oil are d i f f e r e n t , no 
c o n c l u s i o n s can be drawn about the in f luence of oil v i s c o s i t y . There 
is, however one fac t which should be emphasized, namely that 
v i s c o s i t i e s 600 times lower than that of the crude were observed fo r 
607o S t . L ina crude emuls ions. 

The presence of NaCl has an important e f f e c t on i n i t i a l 
v i s c o s i t i e s . As seen^in F igure 6 fo r S h e l l crude emulsions c o n t a i n 
ing 3.0 and 4.0 χ 10~ moles NaOH/gram oil, the a d d i t i o n of NaCl 
f i r s t lowers the v i s c o s i t i e s which go through minima and then r i s e 
with fu r ther a d d i t i o n of NaCl . At the optimum NaCl con ten ts , 
v i s c o s i t i e s were about 13% lower than the s a l t - f r e e emuls ions. 

At lower Na+ c o n c e n t r a t i o n , the high negat ive charge (zeta 
p o t e n t i a l s of s a l t - f r e e emulsion drop le ts are 115 mv and above (5)) 
immobil izes a water layer around the d r o p l e t s , thus e f f e c t i v e l y 
i n c r e a s i n g the apparent volume f r a c t i o n . A d d i t i o n of Na+ reduces the 
net charge and some of the immobil ized water is re leased g i v i n g a 
lower apparent volume f r a c t i o n and lower apparent v i s c o s i t y . 
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(She^ll Crude 3.0 χ 1θ" 5 moles NaOH/gram oil, St. Lina Crude 3.0 χ 
10 moles NaOH/gram oil). 
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Beyond the minimum v i s c o s i t y , the increase in v i s c o s i t y with 
a d d i t i o n of NaCl is believed to be r e l a t e d to furt h e r reduction in the 
net (negative) charges on the dispersed droplets. Reduction of the 
net charge on the oil p a r t i c l e s promotes p a r t i c l e - p a r t i c l e i n t e r a c t i o n 
leading to f l o c c u l a t i o n which (as discussed below) w i l l promote 
v i s c o s i t y increase. Hence the t o t a l Na+ content from NaOH and from 
NaCl acts to cause an increase in v i s c o s i t y above the minimum. The 
l o c a t i o n of the minima varied v/ith the i n i t i a l NaOH content of the 
emulsion but occurred at almost the same t o t a l Na+ concentrations 
( F i g . 10). 

At the same t o t a l Na+ concentration, the v i s c o s i t i e s of 
emulsions made from 3.0 χ 10 mole NaOH/gram oil are always lessj:han 
those from 4.0 χ 10 . This may be due to the fact that 4.0 χ 10 
emulsions have a higher concentration of surfactant and smaller 
p a r t i c l e sizes than 3.0 χ 10 emulsions. These two factors induce 
higher apparent volume f r a c t i o n s as shown on Table I I . 

These e f f e c t s can be i l l u s t r a t e d by estimating values of (j^ from 
the Sherman model [3 ] fro
p a r t i c l e diameter. In Tabl
concentration on φ ά for the two emulsions shown in Figure 6. At the 
NaCl concentrations of minimum v i s c o s i t y , values of φ 3 also show minima 

Figure 11 shows a l l of the fresh emulsion data obtained in t h i s 
study compared with Sherman's model. Values of φ 3 for these emulsions 
ranged from O.60 to O.62. The 1.0% NaCl emulsions generally had the 
highest r e l a t i v e v i s c o s i t i e s and the highest φ 3 values; the s a l t - f r e e 
emulsions were intermediate; and the emulsions with NaCl contents 
below O.5% had the lowest values. The l a t t e r were for NaOH l e v e l s of 
3.0 and 4.0 χ 10 moles NaOH/gram oil for which v i s c o s i t y minima 
were observed. 

The fa c t o r s a f f e c t i n g φ 3 are complex. Under d i f f e r e n t conditions 
water immobilization by a t t r a c t i v e forces, trapping of water p a r t i c l e s 
w i t h i n the dispersed oil droplets (photomicrographs ind i c a t e d that in 
some cases water p a r t i c l e s were dispersed in oil droplets), trapping of 
water by f l o c c u l a t i o n , and release of water when oil p a r t i c l e s coalesce 
a l l come into play. Since r e l a t i v e v i s c o s i t y is so s e n s i t i v e to φ 3 , 
small changes in any of these e f f e c t s with composition or with time 
can cause s i g n i f i c a n t v i s c o s i t y changes. 

In the experiment in which mixing speeds were va r i e d , the 
average p a r t i c l e diameter decreased and apparent volume f r a c t i o n 
increased with increasing rpm. The apparent v i s c o s i t y for the 9000 
rpm emulsion, however, was s l i g h t l y lower than that for the 7000 rpm. 
So, as shown by the Sherman model, the v i s c o s i t y depends on both 
p a r t i c l e size and apparent volume f r a c t i o n . Information on both are 
required to p r e d i c t the v i s c o s i t y of a system. 

Conclusions 

1. Stable concentrated oil-in-water emulsions of two viscous crudes 
were made by adding NaOH which reacts with acids present in the oil 

2. NaOH requirements for stable emulsions and the emulsion properties 
are s p e c i f i c to the nature of crude. High NaOH concentrations do 
not give the most desirab l e emulsion c h a r a c t e r i s t i c s . 

3. Emulsions at least 600 times lower in v i s c o s i t y than viscous crudes 
at 60%, oil concentration can be made. It is not c l e a r how oil 
v i s c o s i t y a f f e c t s emulsion p r o p e r t i e s . 
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Figure 10. E f f e c t of Tot a l Sodium Ion Content on V i s c o s i t y for 
Two 60% S h e l l Crude Emulsions with NaCl. 

Table I I . E f f e c t of NaCl Content on Emulsion Properties 

moleSNaOH/ NaCl Visco Dm 
gm-oil χ 10 % (cp) microns <f>a 

4.0 1.50 25.7 3.10 O.6212 
4.0 1.00 23.0 2.84 O.6182 
4.0 O.50 18.5 2.64 O.6109 
4.0 O.40 18.3 2.70 O.6105 
4.0 O.30 17.4 2.70 O.6088 
4.0 O.25 17.0 2.73 O.6080 
4.0 O.20 18.3 2.78 O.6107 
4.0 O.10 19.3 2.80 O.6125 
4.0 O.00 19.6 2.87 O.6130 

3.0 1.00 20.2 2.96 O.6140 
3.0 O.50 17.0 2.73 O.6080 
3.0 O.40 16.5 2.78 O.6069 
3.0 O.30 16.9 2.82 O.6079 
3.0 O.25 17.3 2.94 O.6086 
3.0 O.20 18.4 2.99 O.6107 
3.0 O.00 19.0 3.10 O.6115 
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Figure 11. Rel a t i v e V i s c o s i t y vs. P a r t i c l e Diameter f o r 60% Fresh 
S h e l l Crude Emulsions. 
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4. Average p a r t i c l e s i z e and p a r t i c l e s i z e d i s t r i b u t i o n and s a l t 
concentration are other v a r i a b l e s which a f f e c t emulsion v i s c o s i t y . 
V i s c o s i t i e s can be lowered by proper c o n t r o l of these v a r i a b l e s . 

5. The use of equations proposed by Sherman for p r e d i c t i n g emulsion 
v i s c o s i t i e s from apparent volume f r a c t i o n s and p a r t i c l e diameter 
of the dispersed phase is useful in analyzing the e f f e c t s of 
formulation and preparation v a r i a b l e s and aging on emulsion 
v i s c o s i t i e s . 
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microemulsions, 137,139f,140f,141 

Enthalpy measurements, W/0 
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processes, 161,164f,167 
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angles, 174,175f,176 
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stabilized emulsion, 401f 
effect of cationic 

detergents, 451,452f 
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Flooding, surfactant-polymer, 223-24 
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Flotation—Continued 
Flow curve, multiple 

emulsion, 376,377f 
Fluidity of the interfacial region, 

W/0 microemulsions, 75-85 
Flux of water, multiple emulsions, 370 
Foams 

chain length compatibility 
effects, 87-102 

and emulsions, influence of surfac
tants on formation and 
stability, 87 

surfactant solutions 
photomicrographs, 93,94f 
surface and microscopic 

properties, 93,95f 
Forces of attraction and repulsion, 

emulsions, 400,402 
Free energy 

at a deformation, definition
emulsion formation, 6 
microemulsions, 120,240-42 
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micellar phase, 292,297 
Free energy change vs. droplet size, 

microemulsions, 13,14f 

G 

Gelation, multiple emulsions, 375-76 
Geometric arrangements, reaction of 

DMA with pyrene, 308 
Gravitational instability, oil-water-

surfactant systems, 218 
Gravity-induced collision kernel, 

polydisperse colloidal system, 465 
Gravity-induced flocculation, 

polydisperse colloidal 
system, 461-70 

Gravity parameter, polydisperse col
loidal system, 465 

H 

Hamaker constant, 
microemulsions, 6-7,242,424 

Hard sphere adhesive state 
equation, 114 

Headspace analysis 
aqueous solutions of MMA, 292-94 
MMA microemulsions, 289 

Heat of demicellization, 
definition, 68 

Heat of dilution 
vs. concentration, NaDDS-NaDOC 

systems, 69,70f 
definition, 68 

Helmholtz equation, 400 
Helmholtz free energy, 

microemulsions, 25-28 
Hexadecane 

order profile, 187,191f 
quadrupolar splittings vs. oil 

content, 187,189f 
spectra, 187,188f 

Hexanol, effect on MMA 
microemulsion, 290,291f 

High-salinity diffusion 
phenomena, 211-15,216f 

Hydration, W/0 microemulsions, 141-43 
Hydrocarbon alkanes, solubilized in 

lamellar liquid crystals, 185-92 
Hydrogen bonding effects on chemical 

shifts, 299-300 

Interaction between phases, multiple 
emulsions, 371-72,373f 

Interaction energy 
emulsions, 371-72,402-3 
vs. interparticle distance, 

sulfapyridine-stabilized 
emulsion, 408,410f,411t 

Interaction parameters in two-phase 
domains, microemulsions, 126,127t 

Interaction potential, micelles, 114 
Interfacial area, MMA 

microemulsion, 301 
Interfacial charge and double-layer 

interactions, 
microemulsions, 11-12 

Interfacial effects of electrolytes, 
multiple emulsions, 370-71 

Interfacial film 
disordering of terminal segment of 

alkyl chain, 98,101f 
surfactants in macroemulsions, 4-5 

Interfacial free energy, emulsions, 5 
Interfacial layer visualization, 

miniemulsions, 348-51 
Interfacial molar ratios, MMA 

microemulsion, 300-1 
Interfacial phenomena, 

miniemulsions, 345-55 
Interfacial properties, 

microemulsions, 120-24 
Interfacial tension 

curvature effects, 122 
definition, 11-12,348 
vs. density differences between 

phases, microemulsions, 122-24 
vs. electrophoretic mobility, crude 

oil-caustic solutions, 159,160f 
microemulsions, 10-11,25-29 
miniemulsions, 347-49,351-53 

In Macro- and Microemulsions; Shah, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



496 MACRO- AND MICROEMULSIONS 

Interfacial tension—Continued 
0/W emulsions, 178,179f 
and partition coefficient, effect of 

salinity, 152,155f 
vs. partition coefficient, middle-

phase microemulsions, 174,175f 
role in oil displacement 

process, 152,153f 
vs. salinity, 

microemulsions, 120,121f 
theory, 346-47 

Intermediate-salinity diffusion 
phenomena, oil-water-surfactant 
systems, 201,204-11,212f 

Intermolecular spacing, mixed surfac
tant systems, 91 

Interparticle effects, micellar 
aggregates, 258,260 

Inverse nonionic micelles, temperatur
effects on structure, 253-6

Inversion, multiple 
emulsions, 362,364f 

Irradiated multiple emulsions, 375-78 
Isotropic phase system, 260,262 

Κ 

Kerr constant, W/0 
microemulsions, 80,82-84 

Kinetic parameters, sulfapyridine-
stabilized emulsion, 404,406t 

Kinetics of coagulation, xylene-in-
water emulsion, 447-60 

L 

Lamellar liquid 
crystal, 185-92,255,259f 

Lamellar phase, scheme, 237,238f 
Lamellar structure, microemulsions, 

effect of polymer 
addition, 228,230f,231f 

Laser excitation, crystalline titanium 
dioxide suspensions, 319,320f 

Lifetime, W/0 microemulsions, 84,85t 
Light scattering, 

microemulsions, 331-332f 
Limestone separation from quartz by 

fatty acid, 438,440 
Liquid crystalline phases 

multiple emulsions, 366 
X-ray measurements, 258 

Liquid-liquid extraction, 443 
Liquid membrane permeation 

continuous emulsion breaking, 396 
flow sheet, 381,384f 

Long-range interactions and emulsion 
stability, 7,9-10 

Loss modulus, definition, 44 
Low-salinity diffusion phenomena, 

oil-water-surfactant 
systems, 198-203f, 

M 

Macroemulsions 
applications and classification, 2 
chain length compatibility 

effects, 87-102 
definition and properties, 1 
demulsification, 167,170 
enhanced oil recovery, 149-69 
flooding, 161-69 
mechanisms of formation, 2,4-5 
preparation, 89 
rol f interfacial fil f surfac

stability, 5-10,93,96f 
use in mineral bénéficiâtion, 437-45 

Maxwell model for viscoelastic 
solution, 44 

Mean drop volume, 
phthalylsulfathiazole-stabilized 
emulsions, 448,450 

Mechanical stability of spherical 
interface of globules, 
microemulsions, 30-31 

Methyl methacrylate (MMA) 
microemulsions, micellar structure 
and equilibria, 287-301 

Methyl viologen 
effect on emission intensity of 

cadmium sulfide, 313,315f 
photoreduction on titanium dioxide 

colloids, 319-21 
Micelles 

aggregation number, 260 
coagulation, 341-42 
dependence of interactions on com

position of emulsion, 106 
dependence of structure on water 

mass fraction, 328 
enthalpy of formation in aqueous 

media, 67-74 
factors influencing growth, 55,341 
interaction potential, 114 
interactions, oil-rich 

microemulsions, 112,114 
interparticle effects, 258,260 
rodlike, viscoelastic detergent 

solutions, 41-65 
Microemulsion(s) 

alcohol free, 267-68 
and allied systems, photochemical 

reactions, 303-23 
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Microemulsion(s)—Continued 
chain length compatibility 

effects, 87-102 
chemical potential, 28 
comparison with 

miniemulsions, 345-46 
critical points, 119-31 
definition, 10,75,224,325 
dilution effect, 23 
double-layer interactions and inter-

facial charge, 11-12 
dynamic structure, reaction kinetics 

studies, 325-42 
effect of alcohol and oil chain 

length on water solubilization 
capacity, 98,99f 

effect of oil chain length on the 
oil-alcohol titration 
plots, 100,102f 

effect of salinity on phase 
behavior, 152,153f 

electrical resistance, 15 
enhanced oil recovery, 149-69 
flooding, 161-69 
fluidity of the interfacial 

region, 75-85 
formation 
with minimum amount of 

surfactants, 12 
TRS/C12 system, 205,209f 

free energy change vs. droplet 
size, 13,14f 

Helmholtz free energy, 25-28 
interfacial tension, 10-11,25-28 
mechanical stability of spherical 

interface of globules, 30-31 
mechanism of formation, 10-12 
MMA, micellar structure and 

equilibria, 287-301 
micellar aggregates, 22 
micropressures, 24-31 
middle phase, origin and 

structure, 24-25,28-30 
0/W, transport properties, 275-85 
oil rich, phase diagrams and 

interactions, 105-17 
phase behavior, effects of polymers, 

electrolytes, and pH, 223-49 
phase inversion, 13 
preparation, 22,89,134 
pseudoternary phase map, 267,269f 
role of interfacial film of surfac

tants in formation, 1-16 
salt concentration effect, 23 
self-diffusion, 15 
spherical to chaotic shape 

transition, 21-31 
stability 

effects of droplet interaction and 
curvature, 116 

Microemulsion(s)—Continued 
general discussion, 12-14 
theoretical models, 105 

structural aspects, 13-16 
structural model, 287-88 
structure, effect on transport 

properties, 284,285f 
sulfones as unconventional 

cosurfactants, 265-72 
temperature effects on 

structure, 253-62 
thermal and dielectric behavior of 

free and interfacial 
water, 133-47 

thermodynamics, 23-28 
ultrasonic absorption studies, 15 

Microemulsion-oil interface positions, 
PDM system, 205,206f,211,213f 

Microphotograph 

sulfapyridine-stabilized 
emulsion, 401f 

Micropressures, microemulsions, 24-31 
Microscope assembly, schematic 

diagram, 195,196f 
Middle-phase films surrounding oil 

droplets, diagram, 177,179f 
Middle-phase microemulsions 

effect of surfactant concentration 
on volume, 157,158f 

formation and structure, 152,154-56f 
freeze-fracture electron 

micrograph, 154,156f 
interfacial phenomena, 122-24,125f 
origin and structure, 24-25,28-30 
solubilization, 154,157 
surface charge density, 152 

Mineral beneficiation, use of 
macroemulsions, 437-45 

Miniemulsions 
comparison with 

microemulsions, 345-46 
interfacial phenomena, 345-55 
stability, 346 

Mixed emulsif1er systems, 
stability, 346 

Mixing speed, effect on 
emulsion, 479t,481 

Mixture theories, Maxwell and 
Hanai, 277-78 

Molar ratios 
components of MMA 

microemulsion, 290,292,293f 
interfacial, MMA 

microemulsion, 300-1 
Mole fraction, MMA in aqueous phase of 

microemulsion, 292,294t,300-1 
Monolayers, chain length compatibility 

effects, 87-102 
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Multiple drops, irradiated multiple 
emulsions, 376,378f 

Multiple emulsions 
applications, 360 
stability and stabilization, 359-78 
types, 361-62,364f 

Mutual attractive energy between two 
molecules in vacuum, definition, 6 

Myelinic figures, swelling of liquid 
crystals, 211,212f 

Ν 

Neutron scattering, microemulsion 
studies, 255,257 

NMR data, cetylpyridinium 
salicylates, 55 

Number density of micelle rods
coelastic detergent solutions

0 

Observed chemical shift, 
definition, 299-300 

Octane drop, flattening 
process, 161,164f 

Oil(s) 
multiple emulsions, effect of 

composition, 362 
solubility in micelles and 

microemulsions, 266 
Oil bank 

formation, 150,151f 
injection, enhanced oil 

recovery, 167,168f 
Oil content vs. quadrupolar splittings, 

hexadecane, 187,189f 
Oil displacement process, role of 

surface charge and interfacial 
tension, 150-53 

Oil droplets in soap solution, 
salinity effects, 177-78 

Oil-external microemulsions, 
solubilization, 154,157 

Oil-free microemulsion, 128-31 
Oil-in-water (0/W) emulsions 

contact angles, 178,179f 
interfacial tensions, 178,179f 
rheology, 471-87 
role of the middle phase, 173-82 
transport properties, 275-85 

Oil-layer thinning, W/O/W emulsion 
formation, 421,424-27 

Oil recovery 
effects of surfactant aggregates and 

polymer interactions, 224 
micro- and macroemulsions, 149-69 

Oil-water-surfactant systems, diffu
sion studies with 
videomicroscopy, 193-222 

Optical constant, definition, 327 
Order parameters, aliphatic 

hydrocarbons, 185-92 
Order profile, hexadecane, 187,191f 
Osmotic compressibility 

curves, W/0 
microemulsions, 76,78,79f 

droplets in W/0 microemulsions, 75 
Osmotic effects of electrolytes, 

multiple emulsions, 368-70 
Osmotic permeability of water across 

oil layer, W/O/W emulsions, 429 

Ρ 

, 290,291
Particle concentration, emulsions, 

effect on ratio of creaming to 
gravity-induced 
flocculation, 467,468f 

Particle diameter, emulsions, effect 
on viscosity, 475 

Particle loss rate due to creaming and 
gravity-induced 
flocculation, 464-65 

Particle model, calculation of 
theoretical scattered 
intensity, 256f,257 

Particle size, emulsions 
effect of aging, 478f,481 
effect of NaOH 

concentration, 476,478f 
effect on ratio of creaming to 

gravity-induced 
flocculation, 467-69 

Particle size distribution 
emulsions, effect on 

viscosity, 474-75 
multiple emulsions, 364f 
phthalylsulfathiazole-stabilized 

emulsions, 449f 
sulfapyridine-stabilized 

emulsion, 412f 
Particle volume fractions, 

polydisperse colloidal system, 466 
Partition coefficients vs. interfacial 

tension, middle-phase 
microemulsions, 174,175f 

Peak area vs. concentration, aqueous 
solutions of MMA, 292,293f 

Pentanol, effect on MMA 
microemulsion, 290,291f 

Perfluorosystem, rheological 
properties, 46,53f 
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pH, emulsions 
effect of aging, 477f,481 
effect of NaOH 

concentration, 476,477f 
effect on phase behavior, 223-49 

Phase behavior 
aqueous surfactant solutions, 228- 34 
microemulsions 

on equilibration with 
oil, 234-37,238f 

salinity effects, 246-48 
temperature effects, 246-48 

Phase diagrams 
determination, MMA 

microemulsions, 289 
and interactions, oil-rich 

microemulsions, 105-17 
microemulsions, 255,256f 
water/toluene, SDS, and butano

mixture, 76,77f 
Phase equilibrium between polyme

solution and 0/W 
microemulsions, 240-44,245f 

Phase inversion 
development of W/O/W 

emulsion, 420-23 
microemulsions, 13 

Phase ratio, effect on emulsion 
viscosity, 392,394f 

Phase separation curve, 
microemulsions, 242 

Phase volumes 
multiple emulsions, 366 
phthalylsulfathiazole-stabilized 

emulsions, 448,450 
Photochemical reactions in microemul

sions and allied systems, 303-23 
Photochemical reduction of carbonate 

to formaldehyde, 321-23 
Photoinduced charge transfer reaction, 

pyrene and DMA, 305-6,307f 
Photomicrograph, water-octadecane-

water system, 374f 
Photooxidation of halide ions, 321 
Pfyotoreduction, methyl viologen on 

titanium dioxide colloids, 319-21 
Phthalylsulfathiazole-stabilized 

emulsions, 447-60 
Physicochemical properties of 

microemulsions, 329-40 
Plane of contact, flocculated oil 

droplets, 176-77 
Polarized light screen 

technique, 226,227f 
Polydispersity, W/0 

microemulsions, 145-46 
Poly(ethylene oxide) (POE) solutions, 

transport properties, 275-85 

Polymer(s), effect on microemulsion 
phase behavior, 223-49 

Polymer-aggregate incompatibility 
effect of hydrocarbon chain 

length, 234,237,238f 
effect of temperature, 232-33 
qualitative explanation, 237-40 

Polymer-surfactant 
flooding, 150,151f,223-24 

Polymer-surfactant 
incompatibility, 167,168f 

Polymer-surfactant interactions, 225 
Polymerization, CTAB 

microemulsion, 304 
Polymerized microemulsion systems, 

photochemical 
reactions, 309,311,312f 

Polystyrene emulsions, 

oil-layer thinning, 424,427 
Premicellar aggregates, stability in 

W/0 microemulsions, 33-39 
Pressure-jump relaxation, 

microemulsion, 336-37 
Primary emulsion, properties, multiple 

emulsions, 371-72,373f 
Pseudoternary phase diagrams 

critical point, 106 
oil-rich microemulsions, 106-12 
sulfolane-containing 

microemulsions, 268-70,271f 
Pyrene 

electron transfer 
processes, 305-6,307f 

fluorescence, 306,309,312f 
photolysis, 306,207f 

Q 
Quadrupolar splittings vs. oil 

content, hexadecane, 187,189f 

R 

Radius of micelles, 114-15 
Reaction kinetics and dynamic 

structure, microemulsions, 325-42 
Reagent coating process, 438 
Relative rate constant, 

microemulsion, 328 
Relaxation time 
microemulsion, 336-37 
viscoelastic detergent solutions, 60 

Release mechanisms, multiple 
emulsions, 366,368 
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Residence time, effect on emulsion 
breaking efficiency, 386,389,390f 

Rheology, concentrated viscous crude 
0/W emulsions, 471-87 

RNA and DNA effects, sulfapyridine-
stabilized emulsion, 404-12 

Rodlike micelles 
concentration in solution, 43-44 
viscoelastic detergent 

solutions, 41-65 

S 
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effect on pressure drop-flo
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scans, oil-water-surfactant 
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tolerance, surfactant formulations 
for enhanced oil 
recovery, 157,159,160f 
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pressure, 114-15 
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Self-diffusion coefficient of water, 
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Short-range interactions and emulsion 
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electronic ore sorting, 440t 
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Slab model, polymer-aggregate 
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Soap-acid association structure, 35-39 
Sodium dodecylsulfate-sodium deoxycho-

late (NaDDS-NaDOC) systems, 67-74 
Sodium hydroxide concentration, effect 

on crude emulsion 
properties, 476-80,482,484 

Sodium ion content, effect on emulsion 
viscosity, 484,485f 

Sodium lauryl sulfate, effect of 
concentration on MMA 
microemulsion, 297,298f 

Solubilization 
middle-phase microemulsions, 154,157 
oil-external microemulsions  154,157 

water, 311,314-15 
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concentration range, 42 
growth to rods, 42-43 

Spherical to chaotic shape transition, 
microemulsions, 21-31 

Spinning drop interfacial tensiometer 
studies, 0/W emulsions, 178,180-82 

Spinning drop photographs 
2-ethylhexyl acrylate, 351f 
styrene droplet, 350f,354f 
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breaking efficiency, 386,390f 

Stability 
emulsions 

effect of aging, 476,481 
effect of NaOH concentration, 476 
effect of preparation, 392,395f 
effect of surfactant molecular 

weight and structure, 389,39If 
effect of surfactant type and 

concentration, 389,391f 
influential parameters, 386,388t 

improvement, multiple 
emulsions, 372,374-78 

mechanisms, multiple 
emulsions, 366,368 

microemulsions, 12-14 
miniemulsions, 346 
mixed emulsif1er systems, 346 
phthalysulfathiazole-stabilized 

emulsions, 450 
and stabilization, multiple 

emulsions, 359-78 
theories, emulsions, 382-83 
W/O/W emulsions, 415-34 
xylene-in-water 

emulsion, 399-413 
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surfactants, 383,385f 

Storage modulus, definition, 44 
Styrene droplet, spinning drop 

photographs, 350f,354f 
Sulfapyridine, structure, 404 
Sulfapyridine-stabilized 

emulsions, 399-413 
Sulfolane-containing microemulsions, 
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Surface charge density, middle-phase 
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Surface enthalpy increment and 
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Surfactant(s), multiple 
emulsions, 362-66 

Surfactant aggregates, 
applications, 265 

Surfactant concentration effects 
continuous phase viscosity, 392-93 
emulsion droplet coating, 438-39 
emulsion stability, 389,391f 
emulsion viscosity, 389,391f 
zeta potential, 455-57 

Surfactant formulations for enhanced 
oil recovery 

phase behavior, 157 
salinity tolerance, 157,159,160f 

Surfactant molecular weight and 
structure, effect on emulsion 
stability, 389,391f 

Surfactant molecules, 
cross-linking, 375 

Surfactant-polymer 
flooding, 150,151f,223-24 

Surfactant-polymer 
incompatibility, 167,168f 

Surfactant-polymer interactions, 225 
Swelling of globules, W/O/W 

emulsions, 427-30 

Τ 

Tails, formation on styrene and 
toluene droplets, 349 

Temperature effects 
phase behavior of 

microemulsions, 246-48 
structure of inverse nonionic 

micelles, 253-62 
structure of microemulsions, 253-62 

Ternary phase diagrams, oil-rich 
microemulsions, 112,113f 

Thermal conductivity, microemulsions 
and POE solutions, 276-78,280f 

Thermodynamic model, polymer solution 
and 0/W microemulsions, 240-45 

Thermodynamic pressure, 
microemulsions, 24 

Thermodynamic stability, 
emulsions, 5-6,23-28,382 

Titanium dioxide 
colloids, photochemistry, 318-19 
crystalline suspensions, laser 

excitation, 319,320f 
particulate suspension, emission 

spectrum, 318,320f 
preparation, 304 

Total extent of oil layer, W/O/W 
emulsions, 432-34 

Total free energy, emulsions, 5 

hydration, 283-84 
Transport properties 

effect of microemulsion 
structure, 284,285f 

0/W microemulsions, 275-85 
POE solutions, 275-85 

Tributyl phosphate, as oil phase in 
microemulsion, 268,269f 

Turbidity 
definition, 327 
measurements, phthalysulfathiazole-

stabilized emulsions, 450 

U 

Ultracentrifugation, 
microemulsions, 331,333f 

Ultrasonic absorption, 
microemulsions, 15,80,81f,335-37 

V 

Van der Waals constant 
emulsions, 403-4 
sulfapyridine-stabilized 

emulsion, 408,411,412t 
Van der Waals disjoining pressure, 

oil-layer thining, 424 
Van der Waals forces 

effect on critical points of 
microemulsions, 119-31 

effect on potential energy of 
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stabilization of xylene-in-water 
emulsion, 399-413 
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Vertical sample configuration, diffu
sion studies of oil-water-
surfactant systems, 194-95,196f 

Videomicroscopy, diffusion studies of 
oil-water-surfactant 
systems, 193-222 
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entanglement network, 59 
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concentration, 389,391f 
effect of volume fractions, 474-75 
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W 

Water, self-diffusion coefficient, 
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solutions, 276,278,281f 

Water content vs. viscosity, 
microemulsions, 329,332f 

Water-in-oil (W/0) microemulsions 
attractive potential between 

droplets, 76 
composition, droplet radius, and 
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decay time, 84,85t 
dilution procedure, 76 
electrical conductivity, 78,79f,80 
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Water permeability of oil layers, 
W/O/W emulsions, 427-30 
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X-Ray measurements, liquid crystal 

phase, microemulsions, 258 
Xylene-in-water emulsion 
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Zeta potential 
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concentration, 455,456f,457t 
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