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FOREWORD 
The ACS SYMPOSIU
a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of its predecessor, ADVANCES 
IN CHEMISTRY SERIES, except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

"professors R. D. Void and M. J. Void retired in June 1974 after more 
-*· than 30 yrs at the University of Southern California. The annual 
meeting of the American Chemical Society in April in near-by Los Angeles 
provided an ideal opportunity to pay tribute to these two outstanding 
workers in colloid science by holding a symposium in their honor. 

When the idea for this symposium was broached to me, I accepted 
it without hesitation as I knew of their global popularity and knew that 
such an event would elici
former students and fellow colloid scientists. The response exceeded all 
expectations as 57 papers covering a wide variety of interfacial and col
loidal phenomena by 98 authors from 14 countries were included in the 
program, and two papers were considered later on. Such overwhelming 
response certainly testifies to their popularity as well as versatility in this 
research field. In fact, this symposium turned out to be the second largest 
one at the meeting. In consideration of the contents of this symposium, 
it might be more appropriate to name it the International Symposium on 
Interfacial and Colloidal Phenomena Honoring Professors R. D. and 
M. J. Void. 

This volume of 24 papers chronicles part of the proceedings of this 
symposium. The other part is contained in a companion volume of 20 
papers entitled "Adsorption at Interfaces." The papers in this volume 
deal with the formation, stability, and other aspects of a variety of col
loidal dispersions and micelles in aqueous and nonaqueous media. 

Colloid chemistry, more generally colloid science, has been aptly 
described by the Voids in their book, "Colloid Chemistry" (Reinhold, 
1964) as "the science of large molecules, small particles, and surfaces." 
This description encompasses a variety of phenomena both in the animate 
and inanimate world. 

Colloid science has experienced fluctuations of popularity among 
researchers. To some people, it is an academic stigma to study colloidal 
systems as they think that only researchers with cloudy thinking can 
engage in these cloudy systems. This reminds me of an anecdote which 
happened in 1966. After finishing my M.Sc. hi India in 1966, I had de
cided to join the University of Southern California to carry out my grad
uate research in colloid chemistry. One day one of my professors asked 
me what kind of graduate work I would do at U.S.C. I replied, "Colloid 
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science." He looked at me as though I had said something unpalatable 
and retorted, "Don't you have anything better to do?" Apparently, he 
never bothered to probe into the beauty of the ubiquitous colloidal 
systems. 

Fortunately, the myths about colloid science are now being dispelled, 
and the field has gained respectability both in industrial as well as aca
demic circles. In the last decade, the researchers have increased the 
interest in colloidal systems as is evidenced by the proliferation of journal 
articles, books, and collective volume series, and all available signals 
indicate that this trend will continue. With the advent of sophisticated 
instrumentation and the development of quantitative theories of colloids, 
much progress has been made in understanding colloidal systems. But 
it is still a long way before the World of Neglected Dimensions is fully 
understood. 

The Voids have been active in a spectrum of research activities. He 
made his research debut in the study of the solubility of organic com
pounds in aqueous and nonaqueous media while she published her first 
paper on the mechanism of substitution reactions. After this, Robert 
worked in industry where he became acutely aware of the inadequacies 
of the theories of simple systems to practical industrial problems and 
decided to study the intricacies of colloidal systems. Subsequently, Mar-
jorie became very interested in studying colloids. They actively pursued 
the phase rule studies of association colloids (soaps, greases, etc.) in 
aqueous and nonaqueous media employing surface chemical, electron 
microscopic, x-ray diffraction, and thermal analytical (DTA) techniques; 
adsorption at various interfaces; stability of colloidal dispersions; and 
calculation of van der Waals forces. More recently, their research inter
ests have included understanding of the factors influencing emulsion 
stability using ultracentrifuge; use of computer in floe formation and cal
culation of the dimensions of coiling type polymers; dispersions of carbon 
black; phase behavior of lithium stéarate greases; theories of colloidal 
stability in nonaqueous media; and the hydration of biopolymers like 
DNA. 

Obviously, the Voids' research activities have run the gamut from 
less glamorous colloidal systems like greases to the more fashionable bio
polymers. Their work on the phase behavior and properties of non
aqueous soap systems had a significant impact in the petroleum industry 
(cf. NLGI Spokesman 18, 168 (1964)). Their research investigations 
have culminated in 136 scientific and technical publications. They have 
also written the book mentioned above. This small paperback is an ex
tremely good exposition of the principles and the methods of study of 
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colloidal systems. Owing to its popularity and utility it has been trans
lated into Japanese. 

Apart from their research contributions the Voids have rendered a 
great service to colloid science by popularizing it on a global basis, and 
they were very instrumental, along with Professors Adamson, Mysels, and 
Simha, in establishing an internationally acclaimed center for surface 
and colloid chemistry in the Chemistry Department at the University of 
Southern California. Robert Void organized the Summer Conferences on 
Colloid Chemistry (1961-1964) at U.S.C. sponsored by the National 
Science Foundation. 

The Voids are very meticulous researchers and highly stimulating 
teachers. I have found them very adept at inculcating good research 
habits in the minds of neophytes in research. No student can get away 
with sloppy record keeping. Furthermore, they know how to bring out 
the best in a student. 

Robert D. Void received his A.B. and M.S. degrees at the University 
of Nebraska in 1931 and 1932, respectively, and Ph.D. degree from the 
University of California at Berkeley in 1935. During 1935-1937 he was 
a research chemist with Proctor and Gamble in Cincinnati. He was a 
postdoctoral fellow with Professor J. W. McBain at Stanford University 
from 1937 to 1941. Since 1941 he has been engaged in teaching and re
search at the University of Southern California. In 1953-1954 he held 
a Fulbright Senior Research Fellowship with Professor Overbeek at the 
University of Utrecht, The Netherlands. In 1955-1957 he served as Visit
ing Professor of Physical Chemistry at the Indian Institute of Science, 
Bangalore, India, where he introduced new fields of research and helped 
to establish a Ph.D. program. In 1965 he served as a consultant for the 
Summer Institute at Jadavpur University, Calcutta, India, which is de
signed to improve the teaching of chemistry in Indian colleges. He was 
a member of the advisory board of the Journal of Colloid Science from 
its inception in 1946 until 1960. 

Among the various offices he has held in National Associations in
clude Chairman, Southern California Section, ACS, 1967; Committee on 
Colloid and Surface Chemistry of the National Academy of Sciences, 
1964-1967; Chairman, California Association of Chemistry Teachers, 1961; 
National Colloid Symposium Committee, 1948-1953; and Chairman, Di
vision of Colloid Chemistry, ACS, 1947-1948. He was awarded the 
Tolman medal of the Southern California Section meeting of the American 
Chemical Society for his research contributions and service to the 
profession in 1970. 

Marjorie J. Void received her B.S. in 1934 and Ph.D. in 1936 from 
the University of California at Berkeley at the unusually young age of 23. 
She was University Medallist (Class Valedictorian) at U.C. Berkeley. 
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After brief experience as a lecturer at the University of Cincinnati and 
the University of Southern California, she was a research chemist with the 
Union Oil Co. (1942-1946). Since then she has held various faculty 
appointments in the Department of Chemistry of the University of South
ern California, with the title of Adjunct Professor for the last 14 yrs. She 
was awarded a Guggenheim Fellowship in 1953 which was taken at the 
University of Utrecht, The Netherlands. From 1967 to 1970 she served 
as a member of the Advisory Board of the Journal of Colloid and Interface 
Science. 

She was awarded the Garvan Medal of the American Chemical So
ciety in 1967. Among many other awards and honors include Los Angeles 
Times "Woman of the Year" 1966; National Lubricating Grease Institute 
Authors Award for the "Best Paper" presented at the Annual Meeting 
(in 1967), 1968; and she is listed among the 100 Outstanding Women of 
the U.S. by the Women's
Void was struck with multiple sclerosis in the fall of 1958 and has been 
confined to a wheel chair most of the time since 1960. In spite of her 
poor health and this terrible handicap, she has shown admirable stamina 
to deliver advanced colloid chemistry lectures continuously for two hours. 

On November 19, 1967 an article entitled "Science: A Tie That 
Binds" appeared in Los Angeles Herald Examiner which presented a few 
glimpses of the scientific and social lives of the Voids. A special love 
for science has been maintained in the Void clan for almost a century. 
Individually speaking, the Voids are different in many respects. Mrs. Void 
has put it succinctly, "Robert has a sound almost conservative judgment 
while I tend to go off half-cocked. We complement each other in our 
work and our lives." 

Although the Voids are retiring from active duty, they have no inten
tion of relinquishing their interest for colloid science—a discipline they 
have cherished for about 40 yrs—as they plan to write a text book on 
the subject. 

May we join together on this occasion to wish them a very healthy 
and enjoyable retirement in San Diego. 

Acknowledgments: First, I am grateful to the Division of Colloid 
and Surface Chemistry for sponsoring this event. I am greatly indebted 
to the management of the IBM Corp., both at San Jose and at Pough-
keepsie, for permitting me to organize this symposium and edit the 
volumes. Special thanks are due to my manager, E . L. Joba, for his 
patience and understanding. The secretarial assistance of Carol Smith is 
gratefully acknowledged. Special thanks are also due to M. J. Dvorocsik 
and Elizabeth M. Ragnone for helping to prepare this volume for pub
lication. The able guidance and ready and willing help of Paul Becher 
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above all for tolerating, without complaint, the frequent privations of an 
editor's wife. It would be remiss on my part if I failed to also acknowledge 
the enthusiasm and cooperation of all the participants, especially the 
delegates from overseas countries. 

K . L.  MITTAL 

IBM Corp. 
Poughkeepsie, N.Y. 
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A Third of a Century of Colloid Chemistry 

ROBERT D. VOLD and MARJORIE J. VOLD 

Department of Chemistry, University of Southern California, Los Angeles, Calif. 90007 

Our work in colloid chemistry began in 1936 at the Procter 
and Gamble Company. Th
seen many changes, very considerable progress, and a great in
crease in our knowledge and understanding of colloidal systems. 
In this paper an attempt wil l be made to contrast the present 
state of the science with that existing in the middle thirt ies, 
and sketch some of the changes which have occurred. Although 
we arrived on the scene too late to meet the founders we were 
privileged to have a warm personal acquaintance with many of 
their immediate successors, since colloid and surface chemistry 
is still a relatively young science. Among these should be men
tioned Holmes, Hauser, LaMer, Debye, Bartel l , Jerome Alexander, 
Weiser, and most of al l McBain, none of whom are any longer with 
us. These were great men as well as great scientists. We shall 
never forget Hauser's consideration at a Colloid Symposium in 
lunching with a couple of then unknown young sprouts, and intro
ducing us to the leaders in the f ie ld , or McBain's talent for 
raising the self-esteem and bringing out the best in even the 
least gifted of his students. 

It is dif f icult now to put one's self back into the environ
ment of 1935. Then there was no BET equation, no general method 
for determining molecular weight by light scattering, no DLVO 
theory of stabi l i ty, and considerable uncertainty as to whether 
colloidal behavior could be described completely by the usual 
relations of physical chemistry, or whether special new vari
ables would have to be introduced. The ultracentrifuge and the 
electron microscope were in their infancy, and unavailable ex
cept in a very few specialized centers. In fact there was 
l i t t l e commercially available instrumentation suitable for col
loidal studies, as contrasted with the present time when the 
limitation is usually financial rather than lack of availabil ity. 
In the old days one had to improvise and construct out of what
ever components could be located. Now, provided one has funds, 
one can simply buy a differential scanning calorimeter or a zeta 
meter, or a BET apparatus, or a scanning electron microscope, 
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2 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

etc. 
Since i t is impossible in the available space to cover the 

whole f ie ld , the present article wil l be primarily a personal 
odyssey describing research in fields in which we have been 
active at the Procter and Gamble Company to 1937, at Stanford to 
1941, and subsequently at the University of Southern California 
except for Marjorie Void's wartime employment at the Union Oil 
Company, a year in Professor Overbeek's laboratory in Utrecht, 
two years at the Indian Institute of Science in Bangalore, and 
nine months at the California Institute of Technology (RDV). At 
Procter and Gamble and at Stanford our concern was primarily with 
the phase behavior of soap-salt-water systems with peripheral in
volvement in the nature and properties of surfactant solutions. 
At U.S.C. we were f i rs t interested in the phase behavior of heavy 
metal soap-hydrocarbon systems, with a later expansion to study 
their colloidal structur
tion phenomena, and laying a foundation for understanding the be
havior of lubricating greases. Simultaneously studies were com
menced on adsorption of surfactants at the water-solid interface 
with particular reference to detergency, suspendability, and 
electrical double layer theory. 

The year in The Netherlands focussed attention on the over
riding importance of obtaining an understanding of the nature and 
magnitude of the attractive and repulsive forces operative between 
colloidal particles suspended in a medium, a problem which is 
s t i l l not completely solved but on which rapid progress is being 
made at the present time. Studies of adsorption of surfactants 
at the oil-water interface were then undertaken as a necessary 
prerequisite for investigating quantitatively the stabil ity of 
emulsions. At the same time an active program on the stabil i ty of 
suspensions was undertaken, the zeta potential being the most im
portant variable in the case of aqueous suspensions, with entropie 
and enthalpic effects the important factors with non-aqueous sus
pensions. The latter could be investigated most frui t ful ly 
through a study of flocculation kinetics, while a computer simu
lation of the sedimentation process further increased our under
standing. With the availability of an ultracentrifuge for study
ing emulsion stabi l i ty, i t was also possible to undertake a study 
of the physical chemistry of DNA in magnesium salt solutions, with 
particular interest in the fate of the water of hydration of the 
magnesium ion on binding to the DNA, and to changes in conforma
tion of the DNA molecule, resulting from the binding of magnesium 
ion or changes in the thermodynamic activity of the water. 

Simultaneously we have been much concerned with the status of 
the teaching of colloid chemistry in American universities. Des
pite its importance in industry, biology, and fundamental theory, 
the f ield has been relatively neglected for the last several years 
because of the glamorous excitement attending recent developments 
in the unravelling of molecular structure, as has been eloquently 
pointed out by several authors (1.2^2). The mother is in danger 
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1. VOLD A N D v o L D Colloid Chemistry 3 

of being devoured by her offspring. Material scientists, bio-
physicists, polymer chemists, theoreticians dealing with inter-
particle forces, catalyst chemists, and many others, are al l 
dealing with colloidal phenomena but al l too often have no con
cept of the central organization of the whole f ield which is pro
vided by a series of coherent courses in colloid, surface and 
polymer chemistry. Many former centers, such as that at Colum
bia, have declined because of neglect due to running after the 
latest fashion. However, there is hope for the future as evi
denced by the rapid recent growth of new centers such as those at 
Clarkson and Lehigh. But at most universities, unfortunately, 
colloid and surface chemistry are regarded as being too special
ized and applied by the chemical purists, and too theoretical by 
the chemical engineers. 

Returning to a chronologica
of the art in 1936 is strikingl
that time space was s t i l l found in the Journal of the Aiterican 
Chemical Society for a paper of which the main point was simply 
that the ordinary laws of physical chemistry applied to soap sys
tems. This was an off-shoot of my work at the Procter and Gamble 
Company attempting to apply the phase rule to systems of soaps 
and water. In certain composition regions liquid crystalline 
middle soap exists in equilibrium with isotropic solution, and 
hence the vapor pressure should be independent of composition. 
Although al l now believe that the phase rule applies without ex
ceptions the experimental demonstration left much to be desired, 
since the vapor pressure is near that of water, and variations 
due to changes in temperature tend to be larger than those due to 
variation in composition. 

James W. McBain was one of the giants in the f ield of col
loid chemistry at that time, so I jumped at the opportunity to 
spend four years in his laboratory as a postdoctoral fellow. It 
is of interest to recapitulate the problems under investigation 
in his laboratory in view of its reputation. These included 
development of an air-driven ultracentrifuge, determination of 
the surface area of soap curd by adsorption of methylene blue, 
attempts to measure the range of surface forces from the effect 
of different substrates on the strength of adhesive joints, d i 
rect experimental determination of the surface excess and com
parison with the results predicted by the Gibbs equation, deter
mination of phase diagrams of soap-salt-water systems, character
ization of dodecylsuTfonic acid as a colloidal electrolyte through 
measurement of properties such as diffusion constant, conduc
t iv i ty , osmotic coefficient, etc., and "solubilization" of dyes. 

Tests of the Gibbs adsorption isotherm are perhaps particu
larly interesting. A "railroad" was built on which a spring-
driven cart with a razor edge scoop collected a surface layer 
0.05 mm deep from a trough f i l led with soap solution (1 ml from 
1000 cm2 of surface), with the concentration difference between 
bulk and surface solution determined by interferons try. This was 
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4 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

an attempt to explain what was known as McBain's paradox. All 
curves of surface tension versus concentration of colloidal elec
trolyte known at the time went through a minimum, with the sur
face excess calculated from the Gibbs equation being necessarily 
zero at that concentration. But the surface tension of the water 
was lowered by 50 dynes/cm. or so despite the calculation that 
no soap was adsorbed at the surface. Various experimental dif
f icul t ies, particularly the problem of preventing evaporation 
from the trough, made i t impossible to obtain really definitive 
results. It was not until much later, and after several fanci
ful attempts by other authors to explain the minimum in the sur
face tension-concentration curve theoretically, that i t was 
shown to be an artifact due to the presence of trace impurities, 
lauryl alcohol in the case of sodium lauryl sulfate solutions. 

The electron microscope was a relatively exotic tool in 
1937. It was with considerabl
pared a sample of the curd fiber phase of sodium laurate in water 
for McBain to send to a friend of his in the RCA research labora
tories to be actually photographed with an electron microscope. 
The pictures were duly taken with a direct magnification of 8000 
diameters and returned to us for interpretation. They showed a 
fibrous network with an angle between the branches invariably 
62-65° which is just the angle to be expected i f the fibers 
were crystalline in nature and grown together at junction points 
somewhat like crystal twins. Evidence was also found that their 
widths were simple multiples of the molecular length. 

Our own work at Stanford was concerned primarily with the 
phase diagrams of the sodium soaps with water, and with salt and 
water, and with the polymorphism of the solvent-free soaps. On 
heating sodium palmitate in a sealed tube the f i rs t definite 
visible change is a sintering and increase in trans!ucency at 
256° C. This was often listed as the melting point in the early 
literature, although some of the more persistent investigators 
went right on heating to higher temperatures, and were rewarded 
by being able to observe true melting at 292° to 305° C , with 
a substantial increase in fluidity and transparency. So the 
question arose as to what was really going on. How many phases 
of sodium palmitate were there? Could they dissolve water? 
What is the binary phase diagram like? 

We put samples of sodium palmitate and water in a dilato-
meter to observe changes in slope of the curve of volume versus 
temperature when phase boundaries were crossed, and found that 
the curve was ful l of wiggles. Even with anhydrous sodium pal
mitate flats were found at 117, 135, 208, 253 and 295° C , prov
ing the existence of five polymorphic phases in addition to the 
isotropic l iquid. Microscopic examination between crossed Niçois 
in sealed f lat glass capillaries in a microfurnace confirmed the 
result. This was a rewarding kind of experiment in yet another 
way: the liquid crystalline structures that separate from the 
liquid are beautiful to behold. 
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1. VOLD A N D VOLD Colloid Chemistry 5 

The idea was born that the various polymorphic forms of the 
sodium soaps could be considered to result from the melting pro
cess taking place in steps instead of al l at once at a single 
temperature. So we undertook to measure the heats of transition 
between the various phases. It turned out that some were inde
pendent of the length of the paraffin chain of the soap, indicat
ing that the structural change involved in the transition was 
concerned with interactions of the polar head groups. Others 
were linear functions of the number of carbon atoms in the chain. 
The sum of the heats of a l l the transitions was very nearly the 
same as the heat of fusion of the corresponding fatty acid. 

The method adopted for measuring the heats of transition was 
differential thermal analysis. Now one can purchase DTA appara
tus but this was not the case in 1941. Sample and reference 
material were sealed in pear-shaped glass cells into which a 
thermometer well had bee
polyisobutylene to effect good contact between the glass cell 
and the thermometer bulbs. The two cells were placed side by 
side in a furnace made by wrapping resistance wire around a can 
insulated with asbestos paper. The rate of heating was con
trolled manually, readings of sample and reference thermometers 
were taken at frequent intervals on heating, and their difference 
plotted as a function of the temperature of the reference ce l l . 
Despite the crudity of the equipment, the thermograms obtained 
were not too bad compared to those obtained today with apparatus 
provided with an electronically controlled rate of heating and 
continuous automatic recording of the differential temperature. 

In 1941 I joined the faculty of the University of Southern 
California where, among other things, I had the responsibility 
for organizing and teaching a course in colloid chemistry. For
tunately, while at Stanford we had attended McBain's lectures on 
the subject. McBain had used no text, drawing on his own wide 
knowledge and personal experience. He had a large number of ex
cellent demonstrations but there was no laboratory associated 
with the course. I did not have sufficient self confidence to 
proceed in this fashion, and after much casting around finally 
settled on "Colloid Chemistry" by Harry B. Weiser for the lecture 
course, and Floyd Bartell 's "Laboratory Manual of Colloid Chemis
try" for the laboratory. 

Looking at Weiser's book today is quite a shock. For ex
ample, of the f i rs t 113 pages devoted to adsorption, less than 
half is concerned with the adsorption of gases. Of these 43 
pages only ten are concerned with adsorption isotherms. The 
Freundlich isotherm is given and the Langmuir isotherm, together 
with its derivation from elementary kinetic considerations. 
Polanyi's theory is mentioned but is essentially dismissed on 
the grounds that i t requires van der Waal's forces to be effec
tive over a considerable distance whereas "everybody knows" they 
can extend only over distances of the order of magnitude of mole
cular sizes, and usually the Freundlich or Langmuir isotherms 
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6 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

generally f i t the data better anyway. Heats of adsorption cal
culated from the Clausius-Clapeyron equation are presented but 
there is no treatment of their variation with surface coverage. 
Although the book was copyrighted in 1939, the BET equation, 
published in 1938, s t i l l had not found its way into the text
books . 

The Gibbs adsorption equation, relating adsorption and the 
concentration dependence of the surface tension, is given, ac
companied by some results of McBain's microtome method purpor
ting to show actual adsorption substantially higher than pre
dicted by the equation. It is surmised that the Gibbs equation 
is to be viewed as a "limiting law". 

One might well ask in view of the vast amount of work on 
adsorption since then what could be found to say about i t thirty 
years ago. The answer i
rule about the least solubl
Traube's rule concerning the increase in sorbability as one as
cends a homologous series; Paneth and Fajan's rules regarding 
the adsorbability of ions on ionic solids; and the Schulze-
Hardy rule relating the coagulating power to the valence of the 
ion of opposite charge to that of the colloidal particle. There 
are a host of other intriguing relations, so that one is led to 
wonder a bit uneasily whether the newly acquired and highly 
touted rigor of modern colloid science has been attained at the 
cost of the loss of some of the beauty of the earlier qualitative 
observations. In many practical industrial situations a thorough 
understanding of the qualitative behavior may serve the per
plexed chemist better than knowledge of the details of the mathe
matical derivation of an equation applicable only to simple or 
idealized systems. Actually, for most effective performance, 
familiarity with both approaches is necessary. 

What is true about the treatment of adsorption is also 
true of other topics as well, such as stabil i ty of lyophobic 
sols, lyophilic systems including biocolloids, and association 
colloids. What has been discovered in the last thirty years or 
so makes the best of the treatments of 1941 seem very much out 
of date. There are not only sins of omission but also those of 
commission as well. For instance, Freundlich believed that the 
electric charge on the particles had to be neutralized by ad
sorption of ions of the opposite charge in order to bring about 
coagulation. Weiser surmized that charge neutralization did 
not have to be complete in view of the existence of a non-zero 
value of the zeta potential below which rapid coagulation occur
red, and related the phenomenon to contraction of the double 
layer. But that was as far as he got; there wasn't any quanti
tative description. 

An important feature of academic research in 1941 which 
should be borne in mind is that there was no National Science 
Foundation, no Atomic Energy Commission, no Environmental Pro
tective Agency, etc. By and large most research in the univer-
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1. VOLD A N D VOLD Colloid Chemistry 7 

si ties was unsponsored. Some industrial firms, however, would 
give funds to the university for work under the direction of a 
given individual. There would be no strings on the nature of 
the research, but frequently there was an implied understanding 
that the professor concerned would be interested in the technical 
problems of the company. I was fortunate in having funds to sup
port two such fellowships, one from the Lever Brothers Company, 
and one from the Col gate-Palmolive-Peet Company. So to a con
tinuing interest in soap phases we began also to become interest
ed in the characteristics of dilute soap solutions and the pro
blems of detergency. 

Understanding of the mechanism of detergent action involves 
many of the basic processes of colloid science, such as solu
bi l izat ion, adsorption, wetting, pore structure, the role of 
mechanical action, and th
soils the mechanical agitatio
the dirt from the substrate. The detergent acts by becoming ad
sorbed on the surface of both the dirt and the substrate, thus 
effectively preventing redeposition of the dirt when the agita
tion is stopped. In some of our simpler experiments we merely 
determined the effect of concentration of detergent on the amount 
of powdered manganese dioxide or carbon black remaining in sus
pension in the detergent solution after four hours settling time. 
The amount suspended passed through a maximum with increasing 
concentration of detergent but there was no correlation with 
the cr i t ical micelle concentration of the detergent solution. 
The results could, however, be rationalized in terms of attain
ment of a limiting zeta potential resulting from adsorption of 
the detergent. However, even without the added complexity of 
a fiber-liquid interface, there are s t i l l many unsolved problems. 

For the work with solid sodium soaps we went to x-ray dif
fraction. Since single crystals of these substances recalcitran-
ly refused to form, the x-ray was used essentially as a finger
print device. Several polymorphs can be realized at room temp
erature, unimaginatively labelled as alpha, beta, gamma and 
delta. The alpha form, deposited from aqueous alcohol, turned 
out to be a hemihydrate. Martin Buerger of M.I.T. did succeed 
in growing i t as a single crystal, and determined its space 
group. 

About this time we became enamoured of the idea of studying 
the behavior of metal soaps ( i .e . , a l l the soaps except those of 
sodium and potassium) in oi ls by the techniques which had been 
so relatively successful in unravelling the mysteries of the 
soap-water systems. In the latter case i t had been definitely 
established that such important use properties as formation of 
lather, tendency of a bar to crack on aging, et cetera, are de
termined by which of several polymorphs is actually present; 
moreover, the whole process of soap boiling could be described 
in terms of plotting a course through the phase map of the sys
tem. Lubricating greases are made by dispersing metal soaps in 
o i l , or reacting fats or fatty acids dispersed in o i l with 
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alka l i , diluting the resultant concentrate with more o i l , and 
extensive milling. Just as the art of soap boiling could be 
reduced to a science by determination of soap-salt-water phase 
diagrams, i t seemed possible that the art of grease making would 
be similarly clarif ied by determination of the phases present at 
each stage. By this time the Office of Naval Research had un
dertaken limited support of fundamental research - i t was s t i l l 
prior to the date of the National Science Foundation - and un
derwrote our f i rs t ventures in this f ie ld. 

Even prior to these studies i t had become desirable to re
place our makeshift differential calorimeter with something bet
ter. Differential thermal analysis had been used extensively 
in studying the dehydration of clays, with an apparatus consist
ing of a block of metal with holes bored in i t to contain sample 
and reference materials with thermocouples in each well. But 
very rapid rates of heatin
25° C. per minute - and we needed a much lower rate since phase 
transitions in the soaps can occur fair ly slowly. And we needed 
vapor-tight containers both to prevent oxidation of the soap 
sample and to maintain constancy of composition in use with 
solvent-containing systems. We also wanted to automate the in
strument. 

The time-temperature controller we developed was very d i 
rect. The desired pattern for a given thermal program, say a 
steady rate of heating of 1 1/2° C./min., was plotted in polar 
coordinates and cut out on a thin aluminum cam. A lever arm 
followed the cam as i t turned. The actual temperature of the 
furnace was measured by a thermocouple located in the reference 
sample, and the signal fed to both a circular chart recorder 
and to the controller. Here the difference between the actual 
furnace temperature and the programmed temperature activated 
an air valve and set a pneumatic motor to raise or lower an arm 
which was attached to a cord wound around the stem of a variable 
transformer supplying heating current to the furnace. The 
temperature difference between sample and reference cell was 
measured with a five junction thermopile, and recorded continu
ously on a strip chart recorder. For al l i ts Rube Goldberg ap
pearance, this apparatus, developed with the collaboration of 
Todd Doscher, worked very well. 

With the use of this apparatus, and the polarizing micro
scope, systematic measurements were made of the thermal transi
tions of most of the heavy metal soaps, and the binary phase 
diagrams determined for lithium stéarate in cetane and in de-
calin. The result of al l this work was the definitive, although 
negative, demonstration that the use properties of greases could 
not after al l be explained in terms of phase diagrams. The 
phase diagrams of soap in petroleum oi l are extremely simple. 
Each of the successive phases of the solvent-free soap is some
what soluble in o i l , with the solubility varying from nearly 
zero at room temperature to nearly complete miscibility in some 
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cases at higher temperatures, but the soap phases do not swell 
to an appreciable extent. The physical properties of a grease 
are determined primarily not by what phase or phases are present, 
but by the structure of the mix of colloidal soap fibers with 
the o i l . Thus the problem of explaining such physical proper
ties as resistance to shear breakdown, hardness as related to 
soap and additives present, resistance to syneresis, or consis
tency and other rheological properties, is as complicated as 
the phase diagrams are simple. It appeared that explanations 
would have to be sought in such properties as the type of inter
connected gel network formed, the strength and nature of the 
"bonds" at the contact points, the anisometry of the fibers, the 
size and tortuosity of the channels, etc. These are dif f icult 
to observe and to quantify: an endeavor which is s t i l l far 
from complete although some progress has been made. 

Study of such propertie
plication of a variety of different techniques, including the 
penetrometer for measuring consistency, the electron microscope 
for observing fibers and "structures", the exudation of liquid 
from the gel under pressure, and the effect on properties and 
characteristics of differing thermal pretreatments. Although 
empirical correlations had been developed between the length-
width ratio of the soap fibers recoverable from greases and 
measurable in the electron microscope, i t seemed important to us 
to attempt to characterize the properties of the structural 
skeleton formed by these fibers in the soap-oil gel i tsel f . At 
the time there was s t i l l considerable controversy even as to 
the existence of such a three-dimensional structure, since i t 
was possible to "explain" most observations equally plausibly 
in terms of a solvate shell of variable thickness. The situation 
then is reminiscent of the present situation where phenomena 
otherwise dif f icult to explain are rationalized in terms of a 
change in the structure of water. 

The reality of a three dimensional structure of soap fibers 
held together at contact points by van der Waal's forces was 
beautifully demonstrated by the observation by Browning that the 
oi l in a grease could be replaced by other organic liquids with 
no change in the dimensions of the sample, and l i t t l e change in 
i ts rheological characteristics. Peterson and Bondi confirmed 
and extended this conclusion by making an aerogel from the 
grease by a similar perfusion technique with liquid butylène and 
liquid ethylene successively, followed by heating under pressure 
above the cr i t ical temperature, and allowing the ethylene to 
escape. The resultant aerogel had the same volume and shape 
as the original blob of grease but was very hard and br i t t le , 
certainly a long way from a loose pile of separate soap crystal
l i tes. Electron microscopy showed the presence of an inter
connected brushheap of soap fibers. Oil could be sucked back 
into the aerogel under vacuum, but the reconstituted grease 
was much harder than the original until i t was subjected to 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



10 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

mechanical working, when i t regained its original consistency. 
The observations are consistent with the concept that oi l or ad
ditive molecules separate the individual soap fibers at their 
junction points, and that van der Waal's forces act through the 
oi l layer making flexible joints which deform when the grease 
is made to flow. 

Some further progress was made by borrowing a technique 
from the biologists, i .e. study of thin sections in the electron 
microscope, working with Henry Coffer. By cooling a grease to 
dry ice temperatures i t was possible to prepare sections of 
about 0.1 ym thickness by slicing with a microtome. Marked dif
ferences were found in the appearance of the fibers bound in 
the continuous network as contrasted with those seen in samples 
prepared by the more common solvent extraction and smear techni
que. The difference is
skeleton rather than a pil
with the additional complication of inducement of right-handed 
or left-handed, twisted, rope-like aggreagates in the smears 
dependent on the direction of smearing. However, no one has 
yet been able to prepare sections of sufficient quality to per
mit any quantitative characterization of the colloidal structure. 

A grease may be converted into a suspension of soap crystal
l i tes by diluting i t with a solvent for the o i l , such as benzene 
or heptane. The resulting suspension forms a very weak gel which 
slowly compacts to a final volume containing only a small amount 
of solids. This behavior suggested another approach to charac
terizing the gel structure through calculation of a theoretical 
value for the per cent solids in the settled gel. The method 
employed was a computer simulation of the settling process 
using the Monte Carlo technique. First the sediment volume was 
calculated for a sediment composed of spherical particles treated 
as cohering to each other on f i rs t contact. Then a parameter 
was introduced giving the particles a specified probability of 
cohesion on contact - analogous to the existence of an inter
action potential between the particles - , and otherwise lett
ing them rol l over each other to achieve more efficient packing. 
For moist glass beads settling in a non-polar solvent the ex
perimental value of the volume per cent solids in the sediment 
was 12.9% while the calculated value from the model chosen was 
12.8%. The calculations became more dif f icult and less unam
biguous as the model is altered to conform better to real sys
tems by making the particles anisometric and introducing longer 
range attractive forces, although promising in the sense that 
these alterations reduce the solid content in the sediment to 
lower values coming closer to those found with real greases. 

A book appeared in 1948 which changed the entire state of 
colloid chemistry with respect to understanding of colloidal 
stabil i ty: "Theory of the Stability of Lyophobic Colloids" by 
E.J.W. Verwey and J . Th. G. Overbeek. It set forth the mathe
matical foundation for showing that the tendency of fine parti-
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cles to remain dispersed was due to the mutual repulsion of their 
electrical double layers being sufficient to overcome the van 
der Waal's attractive forces pulling them together. The addition 
of electrolyte reduces the repulsion, thus permitting the van 
der Waal's forces to dominate the interaction so coagulation 
occurs. It was just that simple. It turned out subsequently 
that the Russian investigators, Landau and Derjaguin, had had 
much the same idea, actually publishing the electrical double 
layer repulsion part in 1941, although i t did not become known 
until after the war. So the total treatment is now known as 
the DLVO theory. Hauser had already understood this qualita
tively in 1939 (4), but i t had seemed very contrived to most 
chemists of that period since any desired prediction could be 
obtained by shifting around the position of attraction and re
pulsion curves on a potentia
nor we realized that the
ties. In fact, so great was the scepticism that at one meeting 
of the Colloid Symposium Hauser laid a revolver on the table 
at the beginning of his talk with the remark that people were 
going to have to listen to him whether they wanted to or not. 

At that time i t was s t i l l di f f icult to accept the idea that 
van der Waal's forces could be significant at distances of the 
order of colloidal dimensions. It was in fact not new, having 
been suggested by Willstatter in the early thirties and worked 
out in detail for spherical particles by Hamaker in 1936-37. In 
actual fact i t now turns out that the inverse sixth power at
traction of atoms is not additive, so the Hamaker approach is 
now being replaced by the more complex but more nearly accurate 
Lifshitz treatment. 

The proximate cause of our enlightenment was the Ph.D. 
thesis of Sparnaay working with Overbeek, which purported to 
give a direct experimental measurement of the magnitude of long 
range van der Waal's forces between macroscopic objects; two 
glass plates in a vacuum. The value of the Hamaker constant 
obtained, while a l i t t l e too large, was of the right order of 
magnitude to f i t with the Verwey-Overbeek theory. We found 
the work of Sparnaay and Overbeek exciting - so much so that 
we wanted to make a pilgrimage to Overbeek's laboratory to see 
with our own eyes, and perhaps to repeat and extend the measure
ments. It became feasible for us to go to Utrecht in 1953-54, 
thanks to Guggenheim (MJV) and Fulbright (RDV) Fellowships. 

In Sparnaay's apparatus one glass plate was held on a three 
point support, movable for levelling purposes by air pressure, 
with a very fine micrometer screw to raise i t toward a second 
plate suspended by a spring. The top plate was attached to a 
silvered disc which formed a part of a condenser, the capacity 
of which depended on the distance through which the spring was 
pulled down by the lower plate, thus permitting calculation of 
the effective force. The distance between the plates was deter
mined from the interference colors. 
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The three fold enemies of the measurement were vibrations, 
dust, and stray electrif ication. Vibrations were minimized by 
mounting the apparatus on a tombstone on springs in the base
ment of the building, since the laboratory was only three blocks 
from the central railroad station. Dust was minimized by meti
culous cleanliness and careful polishing. There was always 
some vibration. If i t ceased abruptly one could be sure the 
plates had come to rest with a dust particle between them, ne
cessitating that the set-up be dismantled, the plates cleaned 
once more, and the experiment started over again. An attempt -
not always successful - to avoid stray electrification was made 
by including a radioactive mineral in the vacuum chamber to 
ionize the residual air so as to make i t conducting, thus permit
ting dissipation of static charges. 

Ten months proved t
Sparnaay's apparatus and obtain more accurate results worth 
publishing. The most that we accomplished experimentally was 
to convince ourselves that the attraction between the plates 
was real, and really was due to van der Waal's forces. Probably 
the greatest effect the year in Utrecht had on us, through the 
close collaboration and friendship of Professor Overbeek, was to 
redirect our thinking towards the importance in colloidal sys
tems of the forces operative between colloidal particles on 
close approach or contact, and the effect of the size and shape 
of the particles on the properties of the system. 

So far, this backward look over the growth of colloid 
chemistry has been rather narrowly confined to our own interest. 
What of the rest of the science? In 1954 alone there were some 
715 papers dealing with colloid and surface chemistry, even ex
cluding such prol i f ic branchés as adsorption of gases, high poly
mers, proteins, chromatography, ion exchange, and membrane 
phenomena. These 715 purported to be fundamental work and did 
not include a very extensive trade literature. So how does one 
pick out from these the more significant contributions? One 
way is to let the contemporary investigators do i t for you - by 
examining to see to whom they gave various awards and for what 
kind of work. 

Colloid chemists who have been awarded the Nobel Prize in
clude Zsigmondy, Svedberg for the ultracentrifuge, Tiselius for 
his beautiful work on separation and characterization of proteins 
by electrophoresis, Langmuir for his work on films giving the 
f i rs t definitive measurement of molecular dimensions, and Debye. 
But Debye was recognized primarily for his work in a different 
f ie ld. Further insight into what was regarded as being impor
tant can be gained by looking to see to whom we gave our own Ken
dall Award, a task facil itated by the init iative of Karol J . 
Mysels, who recently arranged for the publication of the Award 
addresses (5) of the last twenty years. A paragraph quoted 
from its Introduction says i t a l l . 

"The variety of topics covered and techniques discussed is 
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enormous. Even when nominally the subject is the same, such as 
the contact angle, the earlier approach of Bartell has l i t t l e in 
common with that of Zisman and, s t i l l later, Zettlemoyer touches 
upon i t again from a different point of view. The solid surface 
has also been treated by Emmett, Brunauer, Halsey and Zettlemoyer, 
but with emphasis on various aspects of i ts interaction with 
gases, its function in catalysis, the importance of proper area 
determinations, the mutual interference of adsorbed molecules, 
and the characteristics of hydrophobic behavior. The liquid-gas 
surfaces are the subjects of Mysels and of Hansen, but one is 
concerned with thin films and the other with ripples on bulk 
l iquid. Aqueous dispersions are studied by Matijevic and serve 
him as a tool to solve problems of inorganic chemistry. The 
f i rs t monodisperse aerosols were discussed by LaMer, and Kerker 
reported recently on advances made by light scattering and other 
modern techniques in thei
tering in general, and especially of x-rays, was the subject of 
Debye. Williams discussed the role of the ultracentrifuge and, 
later, Vinograd its improvement and uses in studying DNA. Mus
cular contraction was the concern of H i l l , and biological prob
lems also were very much on Scatchard's mind. Holmes ranges, 
in his review, from vitamin A to the contraction of the s i l ica 
gels which others use as model surfaces. Ferry and Mason both 
discuss rheology, one from the macroscopic point of view, 
the variety of personalities, areas of interests, approaches and 
points of view, as well as the gradual evolution of the whole 
f ie ld , are manifest from the printed page." 

As has been well said in the preface to the book, during 
the last twenty years "we see the last vestiges of art leave the 
study of colloid and surface chemistry, the technological matur
ity is seen; mathematics, physics and the biological sciences be
come home ground for the colloid and surface chemists and their 
territories now extend to the whole world of science". It is a 
far cry from the opinion in the last century, quoted in J . Chem. 
Educ. 46, 690 (1969) from A. Conte., "Philosophie Positive" 
(1830): "Every attempt to employ mathematical methods in the 
study of chemical questions must be considered profoundly i r ra
tional and contrary to the spir i t of chemistry. If mathematical 
analysis should ever hold a prominent place in chemistry - an 
aberration which is happily almost impossible - i t would occa
sion a rapid and widespread degeneration of that science". 

During the last ten or fifteen years my own work (RDV) has 
involved three major interests; stabil ity of oil-in-water emul
sions, stabil ity of non-aqueous dispersions, and the interaction 
between DNA and magnesium ions. Fundamental work on emulsions 
became possible as a fringe benefit resulting from pressure on 
the Northern Regional Research Laboratory of the Department of 
Agriculture to do something to help the midwestern growers of 
flax when their market for linseed oi l was threatened by the suc
cessful uti l ization of synthetic resin emulsions in paints for 
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exterior use. Limited funds were made available for university 
research in addition to a large coordinated industrial program 
to solve the practical problems. 

The f i rs t diff iculty to be overcome was the lack of a re
l iable, rapid method for measuring stabil ity quantitatively. 
Groot in our laboratory, Rehfeld at the Shell Development Com
pany, and Garrett at the Upjohn Company, independently hit on 
use of the rate of separation and amount of o i l separated from 
an emulsion in an ultracentrifuge for this purpose. This method, 
however, while useful for studying the factors affecting coale
scence, is limited in its application to real emulsions, in 
which both flocculation and coalescence may be important, by the 
fact that in the ultracentrifuge the emulsion is already floccu
lated when measurements begin, and is in a physical state resemb
ling a foam rather than an emulsion. 

The basic question
whether the rate-determining step in demulsification leading to 
coalescence and separation of the oi l phase, involves the rheo-
logical properties of the adsorbed film of emulsifier, or the 
rate of drainage of the aqueous phase from the lamellae separa
ting the deformed oi l "drops". Experiments too extensive to sum
marize in a brief report were carried out with the assistance 
of an able group of collaborators (Robert Groot, Kashmiri Mittal, 
Ulhee Hahn, Milagros Acevedo, Miodrag Maletic) determining the 
dependence of the rate of separation of oi l on the nature of the 
oi l and the emulsifier, the concentration of the emulsifier, the 
temperature, the magnitude of the centrifugal f ie ld , and the con
centration of added electrolyte present, augmented by determina
tion of adsorption isotherms and surface area by adsorption and 
by drop size distribution. It was soon shown that the stabi l i 
zing action of the emulsifier reached its maximum value when the 
equilibrium concentration of surfactant in the aqueous phase 
reached the cr i t ical micelle concentration, and a good correla
tion was found between stabil i ty and fraction of the total o i l -
water interface covered by adsorbed emulsifier. Some of our most 
recent findings in this study are being reported in other papers 
in this symposium. 

Another group (Paul Hiemenz, Pranab Bagchi, Victor Dunn) 
worked in turn on the problem of attempting to develop an experi
mental method capable of testing the various theories which had 
been proposed to account for the stabil i ty of non-aqueous col
loidal suspensions. The unhindered action of van der Waal's 
forces, as in aqueous systems, would soon coagulate them, and 
in these cases the stabilizing effect of interpenetrating elec
tr ical double layers is absent. Possible mechanisms suggested 
in i t ia l ly to account for the stabil i ty of such systems involved, 
besides the possibility of small residual charges, the decrease 
in entropy which would result from decrease in the number of con
figurations available on overlap of the adsorbed layer of sta
bil izing molecules surrounding each particle. Later i t was re-
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cognized that there might also be an enthalpic contribution to 
the stabil ity because of the increased concentration of stabi l i 
zer molecules in the overlap region. Both theory and experiment 
are di f f icult in this problem, since i t is necessary to make 
many assumptions in order to make theoretical calculations, and 
measurements attempting to characterize aggregates as contrasted 
with ultimate particles tend to give results varying with the 
experimental method. Moreover, in the case of "particles" in the 
micron size range mechanical action rather than Brownian motion 
is l ikely to be the dominant force causing coll isions. 

The method we employed essentially is that of determining 
the value of the stabil ity ratio, defined as the ratio of the 
rate of flocculation of the unprotected sol to that of the sta
bilized system. Rates of flocculation were obtained by an opti
cal method, and the result
the Smoluchowski equatio
ing a theoretical calculation of the balance between a van der 
Waal's attraction and a repulsion arising from the decrease in 
entropy occurring on overlap of the adsorbed layers of stabilizer 
molecules. Obviously there are dif f icult problems as to the or i 
entation of the adsorbed molecules, the thickness of the adsorbed 
layer, etc., in addition to the fact that the energy barrier to 
flocculation is a small term determined as the difference between 
the very large and somewhat poorly known attraction and repul
sion energies. Our conclusion was that actual flocculation be
havior could not be predicted by the entropie (or steric hind
rance) theory alone, although kinetics of flocculation data could 
be used to calculate backwards to give a reasonable value for 
the van der Waal's constant. Use of polymeric stabilizers in 
these experiments greatly extend their versati l i ty, since i t is 
then possible to ut i l ize the information available from the ex
tensive work on polymer statistics and change of configuration 
with change of solvent. As is treated in one of the other pa
pers in this symposium, however, there are here too di f f icul t 
experimental problems of attainment of equilibrium and of relat
ing the conformation of the adsorbed polymer to the thickness of 
the adsorbed layer. 

Meanwhile Bheema Vijayendran, Basappa Chincholi, and Anton 
Havlik, successively, were studying the effect on DNA molecules 
of replacement of sodium ions by magnesium ions. Our earlier 
work on this problem involved use of the ultracentrifuge by the 
density gradient method of Meselson, Stahl and Vinograd to de
termine the buoyant density of magnesium DNA, and by the sedi
mentation velocity method to determine its sedimentation coeffi
cient, related to i ts molecular weight. The results obtained 
indicated a qualitative change in behavior commencing at a water 
activity of about 0.90, which was tentatively ascribed to a 
change in the conformation of the molecule resulting from par
t ia l dehydration. Independent support for this hypothesis is 
being sought from light scattering measurements on the same DNA 
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in magnesium salt solutions, since such a change in shape might 
be expected to give rise to a measurable change in the radius 
of gyration obtainable from a Zinm plot of the scattering data. 

But what of the future? What are now regarded as being the 
most important topics for investigation in colloid and surface 
chemistry? Any even remotely complete l ist ing would be impos
sibly long for this review. It seems best merely to summarize 
the conclusions of three authoritative statements which have 
appeared recently. 

Professor Overbeek, reporting for a Science Research Council 
panel of The Chemical Society, recommended the following areas of 
study (6). 

The effects of wetting and adsorption on the energy of sur
face layers on solids. Study of adsorbed layers by spectroscopic 
and optical methods. 

Thermodynamics of colloids
layer theory and theory of interfacial layers, particularly of 
steric stabilizers. 

Direct measurement of forces between surfaces and the effect 
of adsorbed layers on such forces. 

Effects of hydrodynamic factors on stabi l i ty, stabil i ty of 
emulsions and foams, and the effect of polymeric stabilizers. 

Further development of optical and spectroscopic techniques 
for studying colloidal properties; determination of rheological 
properties of model systems. 

Catalysis of chemical or biochemical reactions by colloids. 
Further studies of liquid crystals and association colloids. 
Chemical formation and stabilization of aerosols. 
Study of membranes, and cell and particle adhesion. 
There has just appeared (7) Volume 1 of Colloid Science in 

the new series of Specialist Periodical Reports of the Chemical 
Society. Chapters by specialists reviewing recent important 
literature on the following topics are included: Adsorption at 
the gas-solid interface; Adsorption at the solid-liquid inter
face, non-aqueous systems; Polymer adsorption at the so l id - l i 
quid interface; Capillarity and porous materials, equilibrium 
properties; Particulate dispersions; Emulsions; Non-aqueous sys
tems. Additional volumes are contemplated to cover most of the 
important areas of colloid science. 

Even in this country colloid science is once again becoming 
a more fashionable f ield of research, partly because of i ts in
volvement in numerous biological processes, and partly because 
of the energy cr is is . Thus i t has recently been spotlighted (8) 
by the National Science Foundation as one of the basic research 
areas that wil l receive special attention in the energy research 
and development program. Here attention has been directed pr i 
marily to research on both homogeneous and heterogeneous nu-
cleation, evaporation and growth rates of aerosols, coagulation 
kinetics, chemical reaction in aerosols, the preparation and 
stabil ity of colloidal dispersions, emulsions, and surfactants. 
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With al l this on the immediate agenda i t is surely an excit
ing time to be involved in colloid research. For ourselves, we 
would like to discover the Fountain of Youth, and start al l over 
again. 
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Macrocluster Gas-Liquid and Biliquid Foams and 
Their Biological Significance 

FELIX SEBBA 

Department of Chemistry, University of the Witwatersrand, Johannesburg, South Africa 

Introduct ion 

In a cons idera t ion of s ta tes of matter such as crystals or 
liquids, i t i s usual to assume that they are composed of un i ts 
such as ions , atoms or molecules and to in terpre t the bulk 
property as a co-operat ive summation of the proper t ies of the 
ind iv idua l u n i t s . However, there are a number of physical 
systems which could be bet ter understood by cons ider ing them as 
cons i s t i ng of un i ts which are themselves s tab le or metastable 
aggregates of smal ler units, the molecules, and i t is suggested 
that such systems should be named "macrocluster systems". 
(Unfor tunate ly , the term "cluster" which would be su i t ab le has 
a l ready been appropriated by statistical mechanics with a very 
d i f f e ren t meaning.) Examples of macrocluster systems are gas
-foams, biliquid foams, scums, flocs, concentrated emuls ions, 
living t i s s u e , cell cytoplasm and probably biomembranes. 

A macrocluster system is def ined as a heterogeneous 
assoc ia t i on composed of u n i t s , each capable of independent e x i s t -
encse but organised in such a way that they cons t i tu te a more 
advanced system which has physica l proper t ies add i t iona l to the 
proper t ies of the ind iv idua l u n i t s . Foams provide a useful 
example of a macrocluster system. It w i l l be shown that gas 
foams cons is t of un i ts which are bubbles of gas encapsulated in 
a th in f i l m of sur factant s o l u t i o n . However, ind iv idua l gas 
bubbles are not foams, and do not exh ib i t the semi -so l id 
behaviour of some foams nor t h e i r f low p roper t i es . It i s because 
these bubbles are held together by th in aqueous f i l m s , the 
adhesion being a consequence of such f i l m s , that the advanced 
system, the foam is produced which has proper t ies which are more 
than those of the ind iv idua l u n i t s . 

As def ined in t h i s way, many composite mater ia ls would 
q u a l i f y as macrocluster systems, as would those a l l o y s whose 
proper t ies depend upon interphase deposi ts even i f these be 
metastable s ta tes . On the other hand, emulsions, wi th the 
except ion , perhaps, of very concentrated o i l - i n - w a t e r emulsions, 
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are not macrocluster systems. This Is because the physical 
proper t ies of a d i l u t e emulsion are e s s e n t i a l l y those of the 
continuous aqueous phase. 

Gas Foams 

Many au tho r i t i e s compare gas foams to emulsions c la iming 
that the only d i f fe rence is that the d isperse l i q u i d phase in an 
emulsion is replaced by a gas. This is incorrect and i t w i l l be 
shown that the s t ruc ture of a foam must be very d i f f e ren t from 
that of an emulsion. However, i t is poss ib le to make emulsions 
of a gas in water, but f a l l i n g into the same t r a p , t h i s author 
mis tak ing ly c a l l e d them "microfoams" 0 ) · But, apart from the 
common fac to r that gas is the dispersed phase, t h i s system has no 
foam proper t ies and to avoi
in fu tu re , t h i s system b
Another misconception is that a foam cons is ts of gas separated 
only by a continuous aqueous ske le ton , the l ame l l a , (Figure 1 ) . 
This naive model cannot exp la in some simple fac ts of foam 
behaviour as w i l l be d iscussed . 

It must be recognised that no matter what process is used to 
generate a gas foam, essen t ia l requirements must be f u l f i l l e d . 
F i r s t l y , there must be a sur factant d isso lved in the l i q u i d , and 
secondly the gas has to generate a surface w i th in the l i q u i d and 
then break through a second sur face. Consider the case of a foam 
generated by passing a i r through a narrow o r i f i c e into a d i l u t e 
aqueous so lu t i on of the foaming agent. The f i r s t step is the 
formation of a g a s - f i l l e d hole in the l i q u i d . In the absence of 
a foaming agent, any such holes which c o l l i d e d , whi le s t i l l under 
the surface of the l i q u i d , would immediately coa lesce . This i s 
because the larger hole thus formed would expose a smal ler 
i n t e r f a c i a l area than the sum of the two i n t e r f a c i a l areas of the 
two holes from which i t was formed. However, in the presence of 
a su r fac tan t , coalescence is less probable because of the energy 
ba r r i e r produced by the or ientated molecules at the in ter face and 
consequent double l aye r . The repuls ion of the two double layers 
is the p r inc ipa l component of the so -ca l l ed " d i s j o i n i n g pressure 1 1 

which r e s i s t s th inn ing of the aqueous f i l m jammed between two 
col 1 id ing ho les. 

Under the inf luence of g r a v i t y , the g a s - f i l l e d hole r i ses to 
the surface of the s o l u t i o n . Here i t meets an obstac le to i t s 
progress, because i t has to break through the sur face . If the 
hole is very small so that i t does not have enough k i n e t i c energy 
to penetrate the sur face , i t may be re f lec ted back into the 
i n t e r i o r of the l i q u i d . Usua l l y , however, i t is large enough to 
have s u f f i c i e n t energy to penetrate the sur face. This is not a 
simple break-through because the surface is a l ready covered wi th 
a l i q u i d expanded monolayer of the foaming agent accompanied by 
i t s own double l aye r . Therefore, repu ls ive forces w i l l operate 
preventing the gas from d is rup t ing the surface completely. If 
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It d id so , the gas would simply d isperse into the outer atmos
phere and a foam would not be formed. However, the buoyancy of 
the g a s - f i l l e d hole is enough to form a " b l i s t e r 1 1 on the su r face , 
covered by a th in aqueous f i l m which owes i t s s t a b i l i t y to the 
d i s j o i n i n g forces induced by the proximity o f the charged heads 
of the sur factant molecules, (Figure 2). The net resu l t is that 
the gas encapsulated by the th in aqueous s h e l l , f l o a t s on the 
surface very s l i g h t l y immersed and i t i s proper, at t h i s s tage, to 
re fer to i t as a bubble which is a volume of gas encapsulated in a 
th in f i l m sandwiched between two expanded monolayer su r faces , 
(Figure 3). Should the bubble be large enough, and there be 
enough momentum, i t could leave the sur face as a f ree f l o a t i n g 
bubble of the kind painted by John M i l l a i s , i . e . , a sphere of gas 
encapsulated in a she l l o f sur factant so lu t i on wi th a monolayer of 
sur factant absorbed at both inner and outer surfaces of the s h e l l . 
As the bubble f l o a t s on th
whether the bubble is complete. It would appear to be s o , because 
i f a f ree bubble from a i r i s introduced to the surface of a 
sur factant s o l u t i o n , i t ad justs i t s e l f to f l o a t on the surface 
seemingly in p rec i se l y the same way as a bubble generated d i r e c t l y 
in the bulk of the l i q u i d . Thus the bubble s i t s in a hol low in 
the substrate l i q u i d as shown in Figure 3. 

When two such f l o a t i n g bubbles get c lose enough, they move 
towards each other wi th increasing v e l o c i t y un t i l they almost 
touch, being separated s t i l l by a very th in aqueous f i l m . The 
ex is tence of t h i s f i l m , which is c r i t i c a l to the behaviour of 
foams of a l l types, is dependent upon the d i s j o i n i n g forces which 
must be overcome before the f i l m can be d i s rup ted . The pressure 
d r i v i ng the bubbles together is of ten referred to as the Laplace 
c a p i l l a r y pressure which e x i s t s because o f the tendency fo r any 
l i q u i d surface to expose the minimum surface a rea . This is the 
same pressure as that which causes two p a r t i a l l y immersed p la tes 
to adhere, whereas two completely immersed p la tes show no such 
tendency. In the previous case , the pressure P»2X where γ is the 
surface tension and d is the d is tance between the p la tes . In the 
case of the bubbles which are not spheres, Ρ has not been de r i ved , 
but presumably w i l l s t i l l vary inverse ly wi th d is tance apar t . 
The f i n a l pos i t i on of the bubbles, the re fo re , is determined by the 
balance of three f o r c e s , the Laplace forces which increase as the 
bubbles approach, the long range Vaif der Waal s forces which tend 
to th in the intervening f i l m and the double layer repu ls ive forces 
which r e s i s t these. The resu l tant of the l as t two produces the 
d i s j o i n i n g force which prevents the f i l m th inn ing to disappearance. 

The fac t that Laplace pressure e x i s t between bubbles on water 
leads to an important but unexpected conc lus ion . Because they owe 
t h e i r o r i g i n to the tendency of l i q u i d s to minimise t h e i r surface 
a r e a , there must be an in te r face exposed, such as a meniscus. 
On the other hand, the l i q u i d must adhere to another phase, 
otherwise i t would simply r o l l up into a sphere. When 
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GAS GAS 

ΔΞ=/ GAS 

Figure 1. Conventional representation of foams. 
Ρ represents plateau borders. Hatched areas rep
resent thin aqueous film of surfactant with mono

WATER 

Figure 3. Bubble floating on surface. è repre
sents surfactant molecules. 
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two p lates are completely immersed in a l i q u i d , there is no 
meniscus and thus no Laplace pressure. Immediately, the p lates 
become par t l y immersed, a l i q u i d - a i r in ter face e x i s t s and the 
tendency to minimise t h i s in ter face pu l l s the p la tes together. 
However, the problem of a t t r a c t i o n between two f l o a t i n g bubbles 
is not as s imple. The fac t that they do a t t r ac t one another is 
obvious to anyone who has watched the bubbles on h is cup of t ea . 
The water meniscus cannot j us t adhere to the gas, so i t must 
adhere to the f i l m encapsulat ing the bubble. This f i l m , c l e a r l y , 
must have d i f f e ren t intermolecular a t t r ac t i ons operat ing w i th in 
i t than does the bulk water otherwise i t would simply merge wi th 
the bulk and the bubble would burs t . It f o l l o w s , then, that 
e f f e c t i v e l y the encapsulat ing f i l m behaves as though i t were a 
separate phase from bulk water. Though th i s might seem at 
var iance with the usual d e f i n i t i o
e x i s t s that the molecule
d i f f e ren t proper t ies from bulk water. This has been explained as 
being due to a more i c e - l i k e s t ruc ture because of the hydrogen 
bonding induced by the i n te r f ace , and fur ther evidence is 
provided by the fac t that the surface of a sur factant so lu t i on has 
a very much higher v i s c o s i t y than the bulk phase. As water in a 
th in f i l m would have two i n te r f aces , t h i s e f fec t should be 
enhanced. A surface boundary impl ies an abrupt change of i n t e r -
molecular a t t r a c t i v e f o r ces , and i t might at f i r s t seem strange 
that t h i s could r e s i s t the normal k i n e t i c energy tending to mix 
the molecules. However, once t h i s p o s s i b i l i t y is accepted many 
phenomena to be described l a te r become e x p l i c a b l e , and there are 
two add i t iona l experimental f a c t s , h i t he r to unreported which 
substant ia te the view that surface phases have a r e a l i t y . These 
are the ex is tence of bridges between microgas emulsion bubbles 
and the ex is tence of monolayer membranes. To avoid d i scon t i nu i t y 
these w i l l be discussed as two subsections l a t e r . 

For two equal s o l i d spheres of radius r, and, with a drop of 
water between, the adhesive force is 2πτγ where γ is the surface 
tension of the intervening l i q u i d , but t h i s formula does not 
s a t i s f y the condi t ions of the f l o a t i n g bubbles as they are 
f la t tened underneath and the undersurface is completely 
surrounded by a l i q u i d . A lso the spheres are not r i g i d , but 
deformable gas. However, as an approximation, i t can be assumed 
that when they get c lose enough together, the approaching 
surfaces w i l l be deformed enough to become p a r a l l e l s ides i . e . 
s im i l a r to two wet p l a t e s , pa r t l y immersed, so the adhesional 
pressure w i l l be γ / d where d i s the d is tance apar t . This w i l l be 
res is ted by the d i s j o i n i n g fo rces . If the bubbles are very s m a l l , 
the in ternal pressure in the bubbles which is inverse ly 
proport ional to t he i r r a d i i , w i l l become g rea te r , so d i s t o r t i o n 
w i l l be less than in the case of the larger bubbles. 

The behaviour of monolayers of such bubbles is e a s i l y seen 
on a blackened Langmuir t rough, by blowing a i r through a small 
je t under the sur face. The sheet of bubbles is almost mono-
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d isperse . Though they adhere l oose l y , such f l o a t i n g bubbles do 
not yet cons t i tu te a foam. In order to convert them into a 
t yp ica l polyederschaum, i t is necessary to crowd the bubbles, and 
t h i s can read i l y be achieved by compressing them between b a r r i e r s , 
when the bubbles w i l l c l imb over one another forming a mu l t i - l aye r 
o f bubbles which soon d i s t o r t s to a foam. More u s u a l l y , a foam is 
formed because the vessel in which the bubbles are being formed 
has a l im i ted a rea . A foam w i l l not s ta r t to form un t i l the 
surface is completely covered by a layer of bubbles. As the 
bubbles are uns tab le , the average l i f e - t i m e depending in ter a l i a 
on the nature and concentrat ion of sur factants and other so lu tes 
in the water, one of the p re requ is i tes for the production of a 
foam is that the rate of generat ion of bubbles must be greater 
than the rate of des t ruc t ion of bubbles moving from the point of 
generation to the wa l l s o
from the packing of a numbe
space causes the spheres to d i s t o r t to polyhedra and the areas of 
c l oses t approach of two polyhedra are p lanar . The regions of 
l i q u i d confined by these planar in ter faces cons t i t u te the 
lamel lae. It should be noted that t h i s model of independent 
bubbles forming a macrocluster system foam s t i l l re ta ins the 
Plateau borders as regions of low pressure because of the 
curvature. 

If the ba r r i e rs which created a foam on the trough by 
compression are then moved apar t , the foam breaks down, the 
bubbles s l i p back onto the water surface and the monolayer of 
bubbles is r e -es tab l i shed . In other words, there is complete 
r e v e r s i b i l i t y between spher ica l bubbles and the c e l l s in a foam. 
It is d i f f i c u l t to v i s u a l i s e t h i s happening i f the lamel la were 
a s ing le uniform f i l m . While i t is conceivable that the outer 
surface of the two approaching bubbles could be destroyed under 
adhesional pressure and thus produce the homogeneous lamel la 
depicted in textbooks, i t is not easy to see that the reverse 
process could occur spontaneously. However, there is no such 
d i f f i c u l t y i f the encapsulat ing f i l m round each bubble remains 
unbroken, but t h i s does mean that the lamel la is complex and 
cons i s t s of two bubble f i lms separated by a th i rd th in aqueous 
f i l m , (Figure k). 

Further evidence for t h i s model of a foam is provided by the 
fo l lowing experiment. If a v i s c o s i t y increasing substance such 
as POLYOX is added to the sur factant s o l u t i o n , the foam 
s t a b i l i t y is s u f f i c i e n t l y increased for i t to become poss ib le to 
remove ind iv idua l bubbles from the foam wi th a spa tu la , f l o a t 
such bubbles on a c lean surface of the s o l u t i o n , and then replace 
them on the foam. A bubble re - inser ted into i t s o r i g i n a l s i t e 
resumes i t s o r i g i n a l shape. If a small amount of microgas 
emulsion is inserted beneath a foam, the small gas bubbles w i l l 
r i s e through the foam bed, and i f observed i t w i l l be seen that 
they never penetrate a c e l l surface d i r e c t l y , but always r i s e 
through the lamel lae in sp i t e of the fac t that t h i s of ten means 
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a longer path or along paths that are only inc l ined s l i g h t l y from 
the h o r i z o n t a l . The imp l i ca t ion i s that less work is needed to 
separate the bubbles than break c e l l w a l l s . 

When a foam whose foaming agent is an anion ic sur factant is 
contacted wi th one produced using a cat ion ic su r fac tan t , the 
foams mutual ly destroy each other (2). Though th i s is d i f f i c u l t 
to exp la in on the conventional model of the s i ng le l ame l l a , i t is 
easy to see how two bubbles, because of the oppos i te ly charged 
s h e l l s , w i l l a t t r a c t one another, i . e . , w i l l re in fo rce the 
Laplace pressures instead of r e s i s t i n g them as in a normal foam. 

F i n a l l y , there i s a wel l es tab l ished technique fo r con
cen t ra t ing ions known as foam f r a c t i o n a t i o n . This i s i n e x p l i c 
able on the c l a s s i c a l model of a foam but can be e a s i l y under
stood on the macrocluster model. The technique is simply a 
p a r t i t i o n chromatography
round the bubbles, and th
between the bubbles. 

Bridges Between Bubbles. Figure 5 is a microphotograph of a 
microgas emulsions ( U , which is not a macrocluster systems. 
However, the photograph is of an emulsion which is s u f f i c i e n t l y 
concentrated in gas bubbles that they a c t u a l l y touch and i t w i l l 
be observed that whenever two bubbles meet there is seemingly a 
bridge between them. They are always there no matter from what 
point they are i l luminated and a r e , there fo re , not op t i ca l 
i l l u s i o n s . The s t ruc ture has the same appearance as the meniscus 
that would be seen i f two wettable g lass spheres had a drop of 
water between them. The microgas emulsion cons is ts of g a s - f i l l e d 
ho les , w i th the sur factant monolayer at the in ter face between the 
hole and the aqueous phase. However, i f t h i s were s o , there 
would not be the cond i t ions for forming the meniscus. In some 
cases , the bubbles are seen to be d i s to r ted which means that there 
must be an adhesive force strong enough to achieve t h i s . This 
adhesive force can only be the resu l t of Laplace pressures, and 
such pressures can only ex i s t i f there is an in ter face between 
the surface phase and the bulk water phase, and the meniscus is 
formed by the surface phase. By analogy with two equal spheres 
of r ad ius , γ , separated by a drop of l i q u i d , where the adhesive 
force is 2irry, the adhesive force w i l l be 2 ·πτγ. where r is 
radius of bubble and yj the i n t e r f a c i a l tension between surface 
water and bulk water. Since i t is the surface water which is 
producing the meniscus, the a t t r a c t i o n between i t s molecules must 
be greater than that between bulk water molecules. This is 
cons is ten t wi th the suggestion that the surface phase is more 
hydrogen-bonded than bulk water. The i n t e r f a c i a l tension between 
ice and water is of the order of 25 dynes cm" 1 (3) · The i n t e r 
f a c i a l tension between sur face phase and bulk phase must, there
f o re , l i e somewhere between 0 and 25 dynes c m " ' . As the adhesive 
force is proport ional to the radius of the bubble d i s t o r t i o n of 
the bubbles is only observed in the larger bubbles. 
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The interface between shell film and 
continuous film is effectivily a 
bimolecular film layer e.g. 

CONTINUOUS F . L M \ F | G M F E 4 F m m U m d U 

Figure 5. Microgas emulsion 
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It should be noted that there is a d i s t i n c t d i f f e rence 
between f l o a t i n g bubbles and microgas emulsion bubbles. This is 
because the former are encapsulated in a f i l m bounded on both 
faces by monolayer and which is tenacious and e l a s t i c whereas the 
l a t t e r is not. It i s , there fo re , conceivable that in the case of 
the microgas emulsion the meniscus w i l l draw the bubble surface 
wi th i t thus forming a tube between the two gas bubbles. When 
two bubbles of a d i f f e ren t s i z e touch, as the pressure in the 
bubble is inverse ly proport ional to the rad ius , the larger bubble 
grows at the expense of the smal ler one. This growth can 
a c t u a l l y be observed under the microscope. However, the growth 
is not by a coalescence mechanism i . e . the wa l l s between the 
bubbles do not c o l l a p s e . The t rans fe r of gas does not proceed as 
might be expected u n t i l the smal ler bubble van ishes, but i t seems 
to stop at a minimum s i z e
s low ly , i f at a l l . The consequenc
are observed to become coated by a large number of t i ny bubbles, 
which because of t he i r s i z e , must be under higher pressure and, 
there fo re , r e l a t i v e l y r i g i d . This phenomenon might be caused by 
the connecting tube being pinched of f below a ce r ta in s i ze of 
bubble. This is an unusual example of a two uni t macrocluster 
system. 

Monolayer Membranes. The surface of a sur factant so lu t i on 
has s u f f i c i e n t l a t e ra l cohesion to form the basis of membranes 
which can be several cent imetres ac ross , and which are remark
ably pe rs i s t en t . To make such a membrane a sur factant so lu t i on 
has to be placed upon an iden t i ca l so lu t i on without d i s tu rb ing 
the sur face. Microgas emulsions provide one way of achieving 
t h i s , because they are much less dense than water. If a microgas 
emulsion generated from a so lu t i on such a s , for example, 5 x lO '^M 
sodium dodecyl benzene sulphonate conta in ing 1 χ 10"3M sodium 
sulphate is gent ly placed upon an iden t i ca l s o l u t i o n , conta in ing 
a small quant i ty of ind ica tor dye, such as bromocresol b lue , in a 
g lass c y l i n d e r , i t w i l l f l o a t upon i t . The gas s lowly r i ses and 
escapes, un t i l the upper so lu t i on becomes f ree of gas. However, 
i t does not spontaneously mix with the lower s o l u t i o n , as can be 
seen by the existence of a boundary between the dyed lower 
so lu t i on and co lou r less upper s o l u t i o n . What is remarkable is 
the res is tance of the boundary to d isturbance such as t i l t i n g . 
One such membrane lasted three weeks and res is ted t ranspor ta t ion 
from one room to another. The membranes are s l i g h t l y more e a s i l y 
made i f the lower so lu t i on i s made f r a c t i o n a l l y more dense than 
the upper, by incorporat ing s l i g h t l y more s a l t . The s a l t appears 
to s t a b i l i s e the membrane. The membrane is e l a s t i c and i f a g lass 
rod is made to d is rup t the membrane to the depth of about 1 mm., 
on removal of the rod the membrane returns to i t s o r i g i n a l 
p o s i t i o n . As ind icator dyes are themselves surface a c t i v e , 
membranes have been made in which one of the so lu t ions was 
coloured with iodine and s t i l l the iodine did not d i f f use through 
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the membrane. Though these membranes are impermeable to dyes, 
they appear to be slowly permeable to hydroxyl ions. This can 
be demonstrated by adding some a l k a l i to the lower so lu t ion and 
a l i t t l e phenolphtalein to the upper one, and observing the pink 
co lour developing in the upper l aye r . However, the p o s s i b i l i t y 
of creep along the wa l l s of the vessel past the membrane cannot 
be d iscounted. With c a r e , sandwich layers can be made such as 
blue and red separated by a co lou r less s o l u t i o n . The nature of 
the membranes has not yet been determined and i t is impossible 
to say whether they are monomolecular or b imolecu lar , nor is there 
any assurance that the a i r may not cont r ibu te to the s t a b i l i t y . 
What is c l ea r is that they are very impermeable so cannot serve 
as a model for biomembranes. What they do confirm is that 
membranes such as these r e s i s t mechanical d isturbance and k i n e t i c 
bombardment, re in fo rc in
those postulated fo r foam

Bi1 i qu id Foams. In the fo l lowing d i s c u s s i o n s , i t becomes 
necessary to make a c lea r d i s t i n c t i o n between two very d i f f e r e n t 
types of surface ac t i ve agent. On the one hand, there is the 
water so lub le su r fac tan t , usua l ly ionised and t y p i f i e d by the 
a l k a l i soaps and water so lub le detergents. For b r e v i t y , t h i s 
type w i l l be referred to as WATSSA. On the other hand, there are 
the o i l so lub le surface ac t i ve molecules, spar ing ly or inso lub le 
in water, such as f a t t y a c i d s , amines, long chain a lcoho ls and 
c h o l e s t e r o l . These w i l l be referred to as OILSSA. B i l i q u i d 
foams, which d i f f e r from gas foams, only in that the holes are now 
f i l l e d with a l i q u i d , owe the i r s t a b i l i t y to s im i l a r forces to 
those operat ive in gas foams. The technique for t he i r production 
has been descr ibed by Sebba ( i ) . There are two d i s t i n c t types 
depending on whether the hole contains an aqueous so lu t ion or an 
o i l . In order to make a b i l i q u i d foam where the d isperse phase 
is water encapsulated in a th in f i l m of o i l , advantage is taken 
of the fac t that a microgas emulsion w i l l f l o a t on an o i l , so a 
microgas emulsion is placed on top of an o i l such as Nujol or 
keros ine. As the gas leaves the microgas emulsion, i t s dens i ty 
s lowly r i ses and when i t is j us t above that of the o i l i t s inks 
through i t . In doing so , i t penetrates the two in ter faces 
required for forming a foam, f i r s t l y the upper o i l -wa te r i n te r 
face and then on leaving the o i l , i t gets i t s encapsulat ing o i l 
f i l m . This produces a b i l i q u i d bubble, and the macrocluster 
system, held together by the Laplace pressures in a th in water 
f i l m between the bubbles, creates the b i l i q u i d foam. 

It i s poss ib le wi th a hypodermic syr inge to in jec t coloured 
so lu t ions and var ious solutes into the water core of the bubbles, 
but there is no d i f f u s i o n outwards, showing that the o i l she l l 
cons t i tu tes an impermeable ba r r i e r to d i f f u s i o n . Thus, though i t 
was a t f i r s t thought that these foams might serve as a useful 
model for b i o l og i ca l t i s s u e , c l e a r l y the encapsulat ing o i l f i l m 
does not have the permeabi l i ty proper t ies of a bio-membrane. 
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The general behaviour of such water encapsulated b i l i q u i d 
foams resembles that of gas f i l l e d foams so c l ose l y that is 
reasonable to t reat them as s i m i l a r macrocluster systems. There 
is as yet no evidence to decide whether the o i l f i l m is coated 
wi th an aqueous surface layer in contact wi th a th in continuous 
water f i l m or not. The aqueous phase contains WATSSA because 
i t s presence i s essen t ia l for the product ion of the microgas 
emulsion. If a small amount of OILSSA is added to the o i l phase, 
the character of the b i l i q u i d foam changes completely. The 
bubbles are very much smal ler and more d e l i c a t e and the adhesion-
a l strength i s reduced so that the bubbles e a s i l y f l o a t away as 
o i l encapsulated b i l i q u i d bubbles. It was th i s observat ion which 
led to the suggestion that something s i m i l a r , wi th cho les te ro l as 
the OILSSA, was a fac to r in cancer , Sebba {$) . It is not c l ea r 
how the OILSSA reduces the adhesion, but as the Laplace pressure 
i s proport ional to the i n t e r f a c i a
reduce t h i s , the explanat ion may be the simple one of reduction 
of the Laplace pressures and hence the adhesion. 

The second type of b i l i q u i d foam is one in which the d i s 
continuous phase i s o i l and the encapsulat ing phase is aqueous. 
To produce such a foam, a microgas emulsion i s allowed to f l o a t 
on the o i l , j u s t as in the preparat ion of the f i r s t type. I f , 
however, some more of the o i l i s poured onto the microgas 
emulsion, because the o i l i s heavier i t w i l l f a l l through as drops 
which get coated wi th the aqueous s o l u t i o n . At the bottom of the 
microgas emulsion, i t passes through the second i n te r face , and 
completes the requirements for a foam. This now cons is t s of o i l 
c e l l s in a th in aqueous s h e l l , the u n i t s , which have a formal 
resemblance to the gas f i l l e d soap bubble, being separated by a 
th in f i l m of aqueous so lu t i on which resembles the continuous 
aqueous f i l m in a gas f i l l e d foam. Thus, i t is seen that these 
foams are more ak in to g a s - f i l l e d foams than is the f i r s t type 
of b i1 i qu id foam. 

It is necessary to emphasize the d i s t i n c t i o n between o i l -
in-water emulsions and o i l c e l l b i l i q u i d foams. In the former, 
there is a s ing le in ter face between the o i l drop and the c o n t i n 
uous aqueous medium, the emuls i fy ing agent at t h i s in ter face 
provid ing an energy ba r r i e r which prevents coalescence. There 
are none of the condi t ions for a macrocluster system except in 
cases of very concentrated emulsions. In the b i l i q u i d foam, the 
o i l c e l l i s encapsulated by a th in aqueous f i l m producing the 
un i t f o r the macrocluster system, the adhesion now being provided 
by the Laplace pressures across the th in aqueous f i l m which 
cons t i t u tes the continuous phase. 

B i l i q u i d foams of t h i s sor t are of ten met wi th in chemical 
and hydrometal lurg ical processes when o i l as wel l as aqueous 
phases are invo lved. They have been looked upon as emulsions, 
but of ten prove res i s tan t to des t ruc t ion using techniques which 
should destroy emulsions. It would appear that the cor rec t 
procedure would be to use techniques which are known to destroy 
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foams, although th i s is admit tedly an a r t and not always 
p red ic tab le . 

It w i l l be shown present ly that o i l encapsulated b i l i q u i d 
foams may provide a model fo r biomembranes and i n t r a c e l l u l a r 
s t ruc tures may cons is t of non-misc ib le l i q u i d s operat ing according 
to the ru les fo r macrocluster b i l i q u i d foams. 

Macrocluster Systems and L i f e . The behaviour of lenses of 
o i l spreading on water surfaces has been f u l l y dea l t wi th by Lang-
muir (6) and Harkins (7). However, t he i r treatment concerns only 
pure water and the behaviour of lenses when spread on d i l u t e WAT-
SSA so lu t ions is very d i f f e r e n t . The in te rac t ion of two such 
lenses i s an example of a two-unit macrocluster system, and an 
understanding of such behaviour may lead to b i o l o g i c a l i n s i gh t . 

A h ighly v iscous o i
not spread on water or d i l u t
some OILSSA is incorporated into the N u j o l , i t w i l l spread in a 
strange way. The nature of the spreading depends upon the 
concentrat ion of WATSSA in the subst rate and as a l l the cond i t ions 
have not been f u l l y i nves t iga ted , a desc r i p t i on of behaviour under 
only one set of condi t ions is g iven . 

The substrate i s water conta in ing 0.2 g/1 o f sodium benzene 
sulphonate plus 0.1 g/1 of sodium sulphate decahydrate. The 
spreading lens is Nujol conta in ing \0% by volume of the TERGITOL 
15 -S -3 . This is a non- ion ic su r fac tan t , an a l k y l p o l y 
(ethyleneoxy) ethanol of HLB number 9 suppl ied by Union Carbide 
Corporat ion. The behaviour is more dramatic i f the nujol is 
coloured by an o i l so lub le dye such as SUDAN 111 or WAXOLINE 
green, but the same behaviour can be observed in the absence of 
dye. The spreading behaviour is read i l y observed i f the substrate 
is placed in a g lass d i s h , such as a pyrex baking d i s h , which is 
i l luminated from below by a powerful lamp. If a drop of the 
Nujol so lu t i on is placed on a c lean su r face , i t spreads r a p i d l y , 
but not as a c i r c u l a r lens but much more i r r e g u l a r l y . If now, a 
second drop is placed on the su r face , which presumably now has a 
f i l m of OILSSA on i t s su r face , i t w i l l spread wi th low contact 
angle more s lowly to a f a i r l y regular d i s c , a couple of c e n t i 
metres in diameter. Spreading w i l l cont inue for a few moments and 
then suddenly the lens w i l l r e t r a c t , reducing a few m i l l ime te rs 
in diameter and wi th an obvious increase in contact angle. From 
th i s moment, spreading is much slower and very i n t e res t i ng . 
Sometimes, a rhythmic expansion and con t rac t ion w i l l be observed, 
again w i th in a few mi l l ime t res range of diameter. This may 
continue for a w h i l e , but i s of ten so s l i g h t as to be unobserved. 
This is not a new phenomenon. It has been observed with ce ty l 
alcohol on water (8), and was explained as due to a changing 
external sur face pressure due to so lu t i on of the ce ty l a lcohol in 
the subst ra te . As the surface pressure dropped, the contact 
angle became lower, and spreading of the lens could proceed 
r a i s i n g the surface pressure to a point at which the contact angle 
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was ra ised s u f f i c i e n t l y for spreading to stop. When that 
occurred the surface pressure dropped once again because of 
so lu t ion of the ce ty l a lcohol s u f f i c i e n t l y for spreading to be 
recommenced. A s im i l a r mechanism wi11 exp la in the rhythmic 
puls ing of the Nujol l ens . 

Af ter a short t ime, the lens conta in ing OILSSA begins to 
spread aga in , but t h i s time i t does not do so uniformly in a l l 
d i r e c t i o n s . Sometimes, many f u z z y l i k e processes w i l l appear 
g iv ing the lens the appearance of a mu l t i c i 1 i a ted organism. 
These " h a i r s " w i l l g radual ly grow un t i l a f t e r some minutes they 
w i l l have extended from the cent ra l lens to a d is tance of many 
centimetres as f i l a m e n t - l i k e processes of ten wi th branching, 
(Figure 6). The appearance very much resembles r o o t - h a i r s . 
A f te r a t ime, the f i lament begins to d i s i n teg ra te into t iny 
globules of o i l w i th high contact angle. There has thus been an 
enormous increase in i n t e r f a c i a
almost impossible to avoid convect ion currents or s im i l a r 
d is turbance, the pattern soon becomes very i r regu la r and an 
i n f i n i t e va r ie t y of patterns is obta ined, the cent ra l lens 
depart ing markedly from i t s o r i g i n a l c i r c u l a r pa t te rn . Neverthe
l e s s , growth continues and of ten the pu lsa t ion is no t i ceab le , so 
the odd "c rea tu re " f l o a t i n g on the water appears to be a l i v e . 
It is poss ib le to increase the rate at which the outgrowths 
extend by sucking o f f from the surface a considerable d is tance 
away, a t r i c k of ten employed for c leaning contamination from 
sur faces. The e f fec t of t h i s is to reduce the surface pressure 
of the monolayer, thus increasing the rate of spreading of the 
lens . Sometimes, the lens does not grow "wh iske rs " , but 
develops a puckered perimeter. As th i s occurs when the surface 
is o lder and contains a very large number of t i ny g lobu les , 
presumably the diminut ion of surface pressure is s lower, being 
replaced from a l l the small drops, so spreading from the lens is 
reduced, and there is less tendency for outgrowths to appear. 
However, a complete desc r ip t i on and explanat ion of these 
s t ruc tures must await a separate communication as these are not 
themselves macrocluster s t ruc tu res , although they can be the 
un i ts which bu i ld up to macrocluster s t ruc tu res . 

The resemblance of some of the s t ruc tures found in spread
ing lenses to cy to log i ca l patterns may be more than a coincidence 
and of these the most s t r i k i n g are resemblances to the s t e l l a t e 
c e l l s in nerve t i s s u e , the chromosomes and the endoplasmic 
ret iculum systems. Each pattern is determined by a balance of a 
number of fac to rs which have not yet been quan t i t a t i ve l y de te r 
mined, but the fo l lowing are some of them:-
1) Nature of WATSSA 
2) Concentrat ion of WATSSA in substrate 
3) Nature of OILSSA 
k) Concentrat ion of OILSSA in o i l , which determines 
5) Spreading pressure of lens 
6) Equ i l ib r ium surface pressure of OILSSA on substrate which 
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i s determined by 
7) Rate of s o l u b i l i t y or so l ub i1 i sa t i on of OILSSA in WATSSA 

so lu t ion 
8) Nature and concentrat ion of d isso lved s a l t s in substrate 
9) Temperature 
10) V i s c o s i t y of lens mater ial 
11) Convection currents in substrate or a i r currents above 

substrate 
12) Free area between lens and neighbours or other obstac les 
13) Size and shape of lens 
14) Reaction to spreading forces 
15) Age of WATSSA s o l u t i o n . 
With respect to (14), the momentum of these spreading lenses is 
remarkable, and can themselves s t i r up currents of considerable 
magnitude which in turn ca
lenses. When these get c los
c l u s t e r systems which in appearance s t rong ly resemble 
endoplasmic ret iculum s t ruc tu res . 

Perhaps, the most s t r i k i n g macrocluster system is that 
produced by two adjacent lenses , because i f the condi t ions are 
c o r r e c t , they can simulate the b i o l og i ca l phenomenon of endo-
c y t o s i s to a remarkable degree. Endocytosis is the process by 
which a c e l l engulfs fore ign matter and embraces p inocytos is and 
phagocytosis. In the fo l low ing d iscuss ion the term endocytosis 
w i l l be used to descr ibe the phenomenon, although i t does not 
here re fer to l i v i n g c e l l s . The s i g n i f i c a n t property which 
determines th i s behaviour is a d i f fe rence of concentrat ion of 
OILSSA in the two lenses. It is best observed by using d i f f e ren t 
co lours for the two lenses, one of which is c a l l e d the gobbler 
and the other is the prey. For example, a good gobbler is a 10% 
by volume so lu t ion of TERGITOL 15-3-3 in Nu jo l , coloured red with 
a WAXOLINE dye. A good prey is a so lu t i on of Terg i to l in Nujol 
l ess concentrated than the gobbler , coloured green wi th WAXOLINE 
green. A 2% so lu t ion works we l1 , but Nujol without any OILSSA 
w i l l a lso work. A lens of gobbler about 2 cm. diameter is l a i d 
on the WATSSA so lu t ion in water, and when i t has almost reached 
a metastable equ i l i b r ium with the sur face , i . e . spreads s low ly , a 
small drop, about 2 mm. diameter of prey is placed a few m i l l i 
metres away from the gobbler . They begin to a t t r a c t one another, 
and each moves towards the o ther , but because of i t s smal lness, 
the prey moves f a s t e r . As they get c l o s e r , the gobbler may 
extrude some ten tac les , but these are not e s s e n t i a l . The two 
lenses are being drawn towards one another by Laplace pressures 
modif ied by the fac t that the prey, having a lower concentrat ion 
of OILSSA, w i l l absorb OILSSA from the intervening surface on the 
subs t ra te , inducing a lower surface pressure i . e . higher surface 
tens ion , thus increasing the Laplace pressure. When the two 
lenses get very c l o s e , the Laplace pressure is high enough to 
deform the gobbler , so the gobbler envelops the prey which very 
soon is completely engulfed by the gobbler , and moves inwards 
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towards the centre of the gobbler , but does not merge wi th i t . 
Th is shows that there i s an envelope surrounding the prey which 
protects i t . In f a c t , It i s o f ten poss ib le to see a th in res idual 
strand of prey connecting i t w i th the outs ide of the gobbler , 
(Figure 7). If the surface pressure outs ide the gobbler is 
c a r e f u l l y reduced by suc t i on , i t i s poss ib le to open up the 
cav i t y and the prey w i l l re-emerge unscathed. Phi losophers may 
muse on the fac t that when the amoeba eats i t s v i c t i m , i t i s the 
v i c t im which forces i t s way into the amoeba, thus happi ly 
committing s u i c i d e . Figure 8 shows schemat ica l ly the mechanism 
fo r endocytos is . 

If the concentrat ion of OILSSA is the same in the two lenses , 
there is no a t t r a c t i o n , and i f they are placed c lose together , 
they may adhere but do not engul f . The contact angle seems to 
play a part as drop le ts whic
angle i . e . i s not less tha
there i s no s a l t in the s o l u t i o n , i t seems not to occur , but 
add i t ion of 3 x 10~^M sodium sulphate enables i t to proceed. This 
is understandable on the hypothesis that in order fo r the prey to 
d i s t o r t the gobbler the Laplace pressure must be high i . e . the two 
lenses must approach w i th in a minimum d is tance before i t can 
overcome the repu ls ive forces caused by the double l aye r . Sa l t s 
w i l l reduce the th ickness o f the double layer and, there fo re , 
enable the lenses to get c l o s e r . 

The prey does not have to be a l ens . If a platinum wire or 
th in g lass rod i s inserted into the substrate c lose to the 
gobbler , provided the contact angle is c o r r e c t , the gobbler w i l l 
s ta r t moving towards the s o l i d and engulf i t . Presumably even 
the small increase of surface area provided by the platinum or 
g lass is enough to lower the sur face pressure s u f f i c i e n t l y for 
a t t r a c t i o n to occur . Di f ferences of spreading pressures may a l so 
o f f e r a mechanism for the b i o l og i ca l phenomenon of cytoplasmic 
movement. Lenses a f t e r spreading end up as innumerable small 
g lobules immersed in a monolayer of OILSSA, there c l e a r l y being 
equ i l i b r ium between the spreading pressure of the globules and 
the surface pressure of the monolayer. If to such a system, a 
drop of o i l , Nujol or ke ros lne , low in OILSSA Is added, e x t r a 
ord inary a c t i v i t y commences. It s t a r t s wi th the nearest small 
g lobules moving towards the low pressure o i l , but t h i s movement 
soon spreads and even the most d i s tan t globules begin to p a r t i c i 
pate. As movement is ra re l y uniform in a l l d i r e c t i o n , soon a 
streaming movement is observed and t h i s may develop into a s p i r a l 
movement. If there are s t i l l s t r a n d - l i k e lenses on the su r face , 
these fo l l ow the s p i r a l movement, and wind-up l i k e a co i l ed spr ing 
so that concent r ic layers of lens wi th the low pressure o i l at the 
centre r e s u l t . These st rongly resemble the endoplasmic ret iculum 
observed in c e l l s . The motive energy is obviously the movement 
of OILSSA from the higher pressure on the substrate surface into 
the low pressure o i l . What is i n te res t ing is that the small 
g lobules when they reach the centre o i l l e n s , of ten rebound from 
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Figure 6. Lens spreading on water 

Water. 

Figure 7. Model for endocytosis. Hatched 
circle represents victim lens. Note neck to 

periphery. 

WATER 

Figure 8. Mechanism of endocytosis. OILSSA moves from lens I to lens 
II thus tending to increase X , This increases Laplace pressure which is 

8 so lens I and lens II are attracted. Spreading pressure of I > spread
ing pressure of II so when they touch I spreads around II. The higher the 
concentration of WATSSA, the less marked the effect of OILSSA on * so 

attraction is reduced. 
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i t , or enc i r c l e i t but ra re ly merge into i t . In other words, 
although a macrocluster system is formed, i t is not a strong one. 
On the con t ra ry , there is of ten a sudden spurt of a c t i v i t y at one 
po in t , and a l l the e n c i r c l i n g small g lobules get swept to a d i s t a l 
point on the l ens , from which point they again s lowly form a r ing 
around the l ens . The reason for t h i s exp los ive p o l a r i z a t i o n is 
not obvious but i t almost looks at though an enveloping bubble had 
burs t . The general movement is remarkably r a p i d , and is an 
example of conversion of surface energy into movement. It i s , of 
course, the same phenomenon as the camphor c r ys ta l dar t ing about 
the sur face of water. When there are thousands of l i t t l e 
g lobu les , a l l moving and a l l a l so showing r e a c t i o n , i . e . j e t 
p ropu ls ion , as they lose OILSSA, i t i s c l e a r that the movement is 
complex, but i t must in i t s turn cont r ibu te to the pat tern and 
shape of other lenses which are developing or packing into macro-
c l u s t e r systems. 

Not only is endocytosis simulated in t h i s way, but so too is 
exocy tos is . This is bet ter shown by o i l s not as v iscous as N u j o l , 
although the Nujol w i l l show i t more s low ly . If some dyed 
keros ine , conta in ing say 2% o f TERGITOL OILSSA is spread on the 
aqueous subs t ra te , i t forms a typ ica l lens with a f a i r l y even 
ci rcumference. This s lowly deforms, is lands of monolayer appear 
and dark zones on the circumference of the kerosine appear. This 
ind icates th ickening of the l e n s , and i t is in te res t ing that these 
regions of d i f f e r e n t th ickness appear showing that pressure is not 
uni formly d i s t r i b u t e d , (Figure 9). If in the i n t e r i o r of such a 
l ens , a drop of kerosine of d i f f e ren t c o l o u r , but conta in ing a 
higher concentrat ion of OILSSA is p laced, a f t e r a very short 
period the fo l low ing sequence is observed. The new lens rap id ly 
expands and then re t rac ts to form is lands of o i l in a monolayer of 
OILSSA. These is lands may or may not merge. They move towards 
the th innest part of the lens where the monolayer, being at higher 
surface pressure than ou ts i de , causes a bulge and eventua l ly 
breaks through car ry ing the added kerosine as a lens or lenses out 
wi th i t . The lens then reforms to an approximately c i r c u l a r shape 
whi le the added lenses remain outs ide j us t touching the reformed 
lens which they then because of t he i r higher OILSSA content 
attempt to engul f . What is s i g n i f i c a n t is that the surface 
generated w i th in the i n t e r i o r of the l e n s , in the readjustment now 
forms part of the external sur face of the l ens . This is 
p rec i se l y the opposi te to what happens in the endocytos is , and 
simulates what happens in many types of c e l l , (Figure 10). 

To summarise, in te rac t ion of two lenses , and presumably of 
two c e l l s , is in essence the formation of a two un i t macro-
c l u s t e r system, wi th endocytosis occurr ing when the OILSSA 
concentrat ion in gobbler is greater than that in the prey, and 
re jec t ion of the c e l l (exocytosis) when the OILSSA concentrat ion 
is greater in re jected c e l l than in the host c e l l . F e r t i l i s a t i o n 
of an ovum by a spermatozoon is presumably a spec ia l case of 
endocytos is . It i s easy to envisage a s i t u a t i o n in which the 
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Water surface. 

Figure 9. Spreading lens. Lens break
ing up. M represents monolayer. Rest 
of lens is thicker. Note sites of thickening 

at perimeter as lens retracts. 

Figure 10. Mechanism of exocytosis. Note that internal 
surface of A generated near Β becomes part of the external 

surface of A after Β has been ejected. 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



36 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

spermatozoon introduces into the ovum some chemical which i n 
ac t i va tes the OILSSA in the ovum. The e f fec t of that would be 
to reduce the spreading pressure, and hence increase the contact 
ang le , with the consequence that a second spermatozoon would 
not be a t t rac ted to enter the ovum. In a previous communication 
(5) i t was suggested that cancer occurred because the concentrat 
ion of c h o l e s t e r o l , a t yp ica l OILSSA, was above that in normal 
c e l l s due to an Induced genet ic de fec t . It Is easy to see now 
why such c e l l s are Invasive, i t Is because they behave as 
t yp i ca l gobbler c e l l s , normal c e l l s having less OILSSA becoming 
the prey. I f , however, these are not mobi le , but the cancer 
c e l l s a r e , the consequence would be i n f i l t r a t i o n by the cancer 
c e l l along the aqueous lamel lae between the t i ssue c e l l s . 

T w o - D î m e n s i o n a l B i l i q u i
a d i l u t e WATSSA s o l u t i o n
as Nujol conta in ing some OILSSA is re leased , i t does not have 
time to break into drop le ts but usua l l y reaches the surface as 
a thread of o i l . On penetrat ing the su r face , the thread spreads 
to f l a t lenses , and these adhere to form two-dimensional 
b i l i q u i d foams, the cond i t ions of breaking two surfaces apply ing 
in t h i s case as w e l l . A s i m i l a r e f fec t wi th smal ler un i ts is 
obtained by beating a lens Into the subs t ra te . The threads 
produced by an expanding lens w i l l o f ten adhere In the same 
way to form s i m i l a r s t ruc tu res . These foams d i sp lay some of 
the c h a r a c t e r i s t i c s of s i ng le lenses . For example, the endocy
t o s i s process can occur . If the outs ide surface pressure is 
reduced by sucking o f f the sur face , the ind iv idua l lenses w i l l 
move apar t , and reform again on s tanding. 

It i s suggested that biomembranes are spec ia l examples of 
two dimensional b i l i q u i d foams. It i s now bel ieved that the 
Davson-Daniel1i model for a biomembrane is not s a t i s f a c t o r y . 
E lec t ron microscopy reveals the ex is tence of pores. A two-
dimensional b i l i q u i d foam, in which the lenses are very t h i n , 
and may even be b imolecu lar , seems to s a t i s f y some of the 
cond i t i ons . One of the problems of biomembranes is how 
penetrat ion i s regu la ted. It i s suggested that regu la t ion could 
be achieved by metabol ic cont ro l o f OILSSA concent ra t ion , as 
i l l u s t r a t e d In Figure 11 and 12. If the OILSSA concentrat ion 
increases , the lenses w i l l tend to expand and the OILSSA w i l l 
spread to the i n te r - l ens aqueous sur face , un t i l the surface 
pressure equals the hor izonta l component of the spreading 
pressure. If the OILSSA goes into the aqueous phase fas te r than 
i t moves out of the spreading l ens , the lenses w i l l expand and 
the pores w i l l c l o s e . If It Is produced in the lens fas te r 
than i t d i sso l ves In the aqueous phase, the surface pressure 
w i l l bu i ld up, and the lens w i l l r e t r a c t , opening the pores. In 
f a c t , there is s i m i l a r i t y between t h i s mechanism and the opening 
and c los ing of stomata except that in the l a t t e r case i t is three-
dimensional pressures in the guard -ce l l s and not two-dimensional 
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AIR 

Figure 11. Opening of pores. OILSSA moves more slowly 
into aqueous phase so concentration on surface builds up. 
Effect is to decrease V and β rises so lenses contract and 

pores open up. 

AIR 

OILSSA OILSSA 

WATER 

Figure 12. Closing of pores. OILSSA moves via surface into 
aqueous phase faster than it is spread onto surface. Effect is 
to increase # and to compensate & drops, lenses expand and 

pores close. 
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pressures that are invo lved. In another p u b l i c a t i o n , suggestions 
w i l l be made as to the nature of the OILSSA in l i v i n g systems and 
how i t s concentrat ion is c o n t r o l l e d . 

Conclus ions 

In t h i s paper, the attempt is made to show that the 
behaviour of many types of two phase systems can be bet ter 
explained by cons ider ing them as macrocluster systems. In order 
to understand these, i t is necessary to assume that the th in f i l m 
of water adjacent to another phase, gas or l i q u i d , behaves as 
though i t i t s e l f was a d i f f e ren t phase to bulk water. The 
behaviour of lenses , spread on water shows remarkable resemblance 
to cy to log i ca l behaviour. There is no proof that t h i s behaviour 
can necessar i l y be extrapolate
might be useful to assum
spread on water, the th i rd phase is a i r , whereas presumably there 
is not gas in cytoplasm, though the question could be asked 
whether the absence of gas has been unequivocably proven. In 
cytoplasm, the three phases would be an o i l - p h a s e , an aqueous 
phase and the surface phase, but one of the fundamentals of any 
phase study is that thermodynamics is not concerned wi th the 
nature of the phases but only wi th the number of phases. However, 
there is one q u a l i t a t i v e fac t that would j u s t i f y the ex t rapo la t ion 
from two-dimensional to three-dimensional systems and that is that 
when experimenting with b i l i q u i d foams whenever three d i f f e ren t 
f l u i d phases met, there was ext raord inary motion between them 
resembling the simulated protoplasmic motion described in the two-
dimensional model. 

(No attempt has yet been made to exp la in the problems met 
wi th in industry in f l o t a t i o n , f l o c c u l a t i o n , and f i l t r a t i o n in 
terms of the concepts introduced here, but these approaches 
might very wel l prove p r o f i t a b l e ) . 

This paper can only be considered as a pre l iminary 
i n v e s t i g a t i o n , but i t does suggest that the secrets of l i f e l i e in 
the behaviour of immiscible l i qu i ds under the in f luence of t he i r 
i n t e r f a c i a l f o r ces . 
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Mechanical and Surface Coagulation 

W. H E L L E R 

Department of Chemistry, Wayne State University, Detroit, Mich. 48202 

Introduction 

It is well known that colloidal suspensions may coagulate 
partially or even completely under the influence of agitation, 
such as stirring or shaking. In concentrated systems, particu
larly in those of originally uniform more or less pastelike or 
creamy consistency, such as concentrated latices or paints this 
may manifest itself primarily by the formation of microscopic 
or macroscopic lumps or crums and an increase in f luidity of 
the systems. In a more dilute system, separation into a more 
or less water clear upper layer and a concentrated lower layer 
will occur, the latter consisting primarily of coagulated colloid. 
This phenomenon of coagulation of colloidal systems by agitation, 
is generally referred to as "mechanical" coagulation. The 
present article is concerned with this type of coagulation. 

Survey of the Li terature 

The first to point out that agitation should affect the rate of 
coagulation in a system which is already coagulating (as a result 
of the addition of coagulating electrolyte) was Smoluchowski (1_). 
According to his theory, the collision number in a coagulating 
system is increased under the influence of flow and, therefore, 
the number of successful collisions also is increased. The 
actual effect of agitation upon a coagulating system was investi
gated systematically first by Freundlich and Basu who used CuO-
sols of relatively low stability towards electrolyte (2). Figure 1 
shows a sample of the quantitative data obtained by these authors 
on the coagulation of a CuO-sol after addition of a sodium sulfate 
solution so that the mixture contained 0. 125 mmoles per liter 
sol. Curve 1 shows the progress of coagulation in absence of 
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stirring and Curve 2 that observed on stirring the coagulating 
system. (The ordinate gives the actual sol concentration, 
in grams of Cu/l iter sol, the abscissa gives the time in minutes 
elapsed since the electrolyte had been added. ) It is apparent that 
stirring accelerates the coagulation considerably except in its 
final stage. Although no reference was made to this fact, it is 
clear from this figure that the effect of agitation was far too 
large to be accounted for on the basis of the Smoluchowski theory. 
The same authors found subsequently that addition of electrolyte 
made these sols susceptible to coagulation by agitation although 
the amount added was too small to produce coagulation in the 
system at rest. 

Freundlich and Kroch (3) investigated for the first time this 
"pure" mechanical coagulatio
reproduced in Figure 2. Two facts clearly emerge: (1) the co
agulation by stirring is faster the higher the rate of stirring; (2) 
the residual colloid concentration declines linearly with the time 
of agitation suggesting a zero order reaction. The same linear 
relationship was found in a subsequent paper by Freundlich and 
Loebman (4) on the mechanical coagulation of Goethite (a-FeOOH)-
sols. They were the second type of system found to be suscepti
ble to mechanical coagulation. The ordinate in Figure 3, i l lus
trating their results, gives the residual concentration in mg F e / 
liter and the abscissa the time of agitation in hours. The curve 
refers to an α-FeOOH sol which had been stirred at 1000 rpm. 
An intriguing and as yet unexplained new fact, indicated 
by this figure, is that the coagulation by stirring alone may 
not go to completion but may stop after coagulation has progressed 
sufficiently far. 

The original assumption that one was dealing with a purely 
mechanical coagulation did not readily agree with the finding 
already made by Kroch and extensively verified by Freundlich 
and Loebmann that the rate of coagulation increased roughly with 
the square of the velocity of stirring. The latter relation, they 
reasoned, would follow naturally, in the case of a surface coagu
lation if the water-air surface, created in the middle of the 
sample by the revolving st irrer, were cylindrical and if the 
height of this cylinder increased in direct proportion to the speed 
of the st irrer. (The actual contours of the liquid-air interface 
are more complex). This idea of a surface coagulation seemed 
to be reasonable also in view of the interesting effect found by 
Zsigmondy many years earlier (5) that shaking certain aqueous 
sols with inert organic liquids produced coagulation. Further 
support for this explanation of the nature of mechanical coagula-
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Ή 
I ! ι t t i t ι f f 

-*»t 10 ZO 30 HO 50 60 70 SO 90 

Zeitschrift fur Physikalische Chemie 

Figure 1. Acceleration by stirring of coagulation of CuO-sols by elec
trolyte (2). Ordinate: residual sol concentration (g Cu/l.). Abscissa: 
time, t, in minutes, elapsed since addition of Na2SO^ solution without 
stirring (curve 1) and with stirring during entire time, t (curve 2). 

NU^SO* concentration: 0.125 mmol/l. sol. 

n,=mg CuO im Liter 
1W 

10 ZO 30 UO SO 60 70 80 90 
t =Ruhrzeit in δ fun den 

Zeitschrift fur Physikalische Chemie 

Figure 2. Coagulation of CuO-sols by stir
ring alone (3). Ordinate: residual sol con
centration (mg CuO/L). Abscissa: time of 
stirring in hrs. v: number of rotations of 

stirrer/ min. 
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tion as a surface coagulation was provided by subsequent investi
gations by Freundlich and Recklinghausen (6). They compared 
the effect of stirring in presence and absence, respectively, of a 
liquid-air interface at appreciable rates of rotation (700-1000 
rpm). The straight line A in Figure 4 shows that the CuO-sol , 
used again in these experiments did not coagulate at all if the 
stirring was done in absence of a water-air interface. Curve Β 
on the other hand, obtained on admitting one single air bubble 
into the system, shows that coagulation occurred and progressed 
until the air bubble was removed (approximately 10 minutes after 
the start of the experiment) whereupon coagulation stopped com
pletely. 

Freundlich and Recklinghausen furthermore found in verifi
cation of Zsigmondy's qualitativ
occurs also, in absence of a liquid-air surface^on stirring a 
CuO-sol in presence of mechanically emulsified br omnaphthalene, 
i . e . in presence of a liquid-liquid interface only. Representative 
results are shown in Figure 5. Here Curve A pertains to 600 rpm 
and Curve Β to 1000 rpm. The faster rate of coagulation in the 
latter case was explained by assuming the formation of smaller 
emulsion droplets (of br omnaphthalene). 

Further support for the explanation of mechanical coagula
tion as a surface coagulation may be derived from independent 
work carried out about the same time by Stark. This author (7) 
investigated the coagulation produced by bubbling gas through 
especially prepared sols of ferric oxide. He explained the appre
ciable coagulation found not as a surface coagulation, but by 
assuming that the colloid was merely adsorbed at the surface of 
the rising gas bubbles and that coagulation took place after the 
gas bubbles burst, due to a critical increase, in the upper region 
of the sol,of the bulk colloid concentration. Figure 6 gives some 
representative results obtained by Stark with gas bubbles whose 
diameter was somewhere between 1-17 mm. The time indicated 
on the abscissa is the time elapsed after bubbling of gas (probably 
air) had started and the ordinate indicates the residual concen
tration of uncoagulated colloid in grams of iron per liter. Curve 
1 represents the coagulation curve in absence of added electro
lyte. The other curves show the effect of various concentrations 
of potassium sulfate on the rate of coagulation. 

In the quantitative investigations of Freundlich and collabora
tors only two types of sols were coagulated "mechanically", 
those of α-FeOOH and CuO. Both of these, and also the iron 
oxide sols used by Stark, while perfectly stable at rest, required 
only small amounts of electrolyte to cause coagulation even in 
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Kolloid Beihefte 

Figure 3. Coagulation of an a-FeOOH sol by stirring (4). Ordinate: residual sol 
concentration in mg Fe/l. Abscissa: time of stirring in hrs. Rate of stirring: 1000 

rpm. 

Elektrochemische Zeitung 

Figure 4. Effect of stirring upon a CuO-sol in 
presence and absence of a liquid-air interface 
(5). Ordinate: residual sol concentration (mg 
Cu/l). Abscissa: time of stirring in hrs at 1000 
rpm. A: no liquid-air interface is present. B: air 

bubble present during first 10 hrs. 
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Zeitung fur Physikalische Chemie 

Figure 5. Effect of stirring on a CuO sol 
in presence of a liquid-liquid interface 
and absence of a liquid-air interface (6). 
Ordinate: residual sol concentration (mg 
Cu/l). Abscissa: time of stirring in hrs. 

Ο >v 

\ 0 

10 20 30 40 50 
Time in hours. 

Journal of the American Chemical Society 

Figure 6. Coagulation of iron oxide sol prepared ac
cording to Sorum [J. Am. Chem. Soc. (1928) 50,1263] 
by bubbling air through it (7). Ordinate: residual col
loid concentration. Abscissa: duration of bubbling. 
Curve 1: no electrolyte added to sol. Curves 2-6: in
creasing amounts of K2SO,t added to sol at time zero. 
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absence of agitation. This led Heller (8) to suspect that the type 
of coagulation reviewed here may be produced in any colloidal 
solution provided its natural stability is reduced sufficiently. To 
check this, eight colloidal solutions were used whose "coagulation 
value" (9) was systematically reduced from 300 to 2. 0 mmol of 
NaCl per liter. By using differing methods of preparation and 
differing degrees of dialysis it was found that a coagulation value 
of about 20 mmol/ l i ter of a 1:1 electrolyte (such as NaCl) made 
the sols subject to "mechanical" coagulation. These results 
together with subsequent results on freeze coagulation (10) led to 
the following tentative explanation of "mechanical" coagulation 
(10):due to the difference in the dielectric constant in the interior 
of a colloidal solution and in the liquid-air interface, a critically 
reduced sol stability ma
particle collisions in the interior of the sol are successful while 
they may be in the interface. This importance of the dielectric 
constant for sol stability in general, was subsequently verified 
on a quantitative basis by Verwey and Overbeek (11 ). While 
therefore the explanation of the "mechanical" coagulation as a 
surface coagulation appeared reasonable also from the theoretical 
point of view, magneto-optical investigations (still unpublished at 
that time, see Section VIII) made it most likely that strong turbu
lence in the interior of a sol of critically low stability may lead 
to successful particle collisions due to a crit ical momentary 
predominance of the attractive London dispersion forces over the 
repulsive Coulomb forces as a result of a momentary deformation 
of the electrostatic double layer (10). The later quantitative theory(11) 
of colloid stability seemed to give substance also to this alternate 
possible cause of "mechanical" coagulation. 

The proposition that a critically low sol stability is necessary 
and sufficient to make "mechanical" coagulation possible no 
matter whether it may be a surface coagulation or true mechani
cal coagulation resulting from turbulence, was strengthened more 
recently by interesting experiments by Roe and Brass (12). 
These authors added to polystyrene latices which could be coagu
lated mechanically, more potassium palmitate or potassium 
laurate than had been necessary for the purpose of polymeriza
tion. They found that this addition increased the resistance of the 
system to mechanical coagulation appreciably, more the larger 
the soap concentration. This follows from Figure 7 in which 
these authors summarize their results. The ordinate gives a 
measure of the mechanical stability by indicating the time of 
stirring needed (at 14, 000 rpm) in order to produce 100% coagu
lation. It is apparent that not only an increase in concentration 
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of the long chain ions adsorbed at the surface of the polystyrene 
but also an increase in their chain length increased the mechani
cal stability. 

In more recent years the interest in "mechanical" coagula
tion has been limited essentially to exploring the potential 
practical usefulness of the effect in order to remove colloids 
from aqueous systems. Comprehensive studies on this aspect 
were carried out by Mokrushin and collaborators (13-21) who 
concentrated on expanding the work of Stark (7) referred to above. 
The colloid coagulated by bubbling air through the systems was 
collected in a foam produced at the top of the liquid by addition of 
a suitable foaming agent. Further contributions to this practical 
aspect of "microflotation" were made subsequently by Matijevic 
and collaborators (22-24)

Objectives of the Studies Reviewed i n the Following Sections 
of This Paper 

There was little doubt in view of the literature results re 
viewed above that the liquid-gas and liquid-liquid interface, under 
certain conditions, might be capable of promoting coagulation 
(25). In absence of any quantitative theory, a decisive test of 
this reasonable hypothesis was not possible. It appeared most 
desirable to provide such a test. With the aid of such a test it 
could be hoped, in addition, to decide whether and when the 
"mechanical" coagulation may be a pure surface coagulation or a 
bulk coagulation, due for instance to turbulence, or may be a com
bination of the two possibilities. 

A careful scrutiny of the literature data showed that a series 
of results reported appeared contradictory. A resolution of the 
respective problems also appeared mandatory. The first prob
lem here concerns the kinetics of coagulation by stirring, shaking 
or by air bubbles. Figures 2, 3 and 4 show a linear decrease in 
colloid concentration as a function of time of agitation. This 
suggests that the coagulation is a zero order reaction. On the 
other hand, Figures 1, 5 and 6 show more complicated rate 
curves. The fact that Figures 2, 3 and 4 were obtained in absence 
of electrolyte while Figure 1 and all curves except curve 1 of 
Figure 6 were obtained in presence of electrolyte, cannot explain 
the differences because the curves in Figure 5 also were obtained 
in absence of electrolyte. Moreover curve 1 of Figure 6 is not a 
straight line either. Stark believed that the experimental results 
given in Figure 6 indicate that the theory of Smoluchowski applies. 
In this theory the coagulation process is considered as a second 
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order reaction which differs, however, from the conventional 
second order reaction by the fact that the reaction products 
themselves are reactants. In other words, after one individual 
colloidal particle has aggregated with another, this secondary 
particle may in turn aggregate again with either another primary 
or secondary particle and so forth. On scrutinizing closely 
Stark's experimental results, it is seen that the rate constant 
derived on the basis of the Smoluchowski theory is not really a 
constant but varies considerably with the progress of coagulation 
both in presence and absence of additional electrolyte. That the 
Smoluchowski theory is not applicable to mechanical coagulation 
by stirring alone had in fact been found already by Freundlich 
and Kroch. An approach to applicability of the Smoluchowski 
equation was indicated onl
To complicate things even more, it may be mentioned that 
Mokrushin found that the colloid extraction by air bubbles followed 
the rate of a first order reaction (15) and that the Schulze-Hardy 
rule did not apply (15 ). 

A second intriguing problem is the effect of electrolyte 
addition to the stability of a sol which can be coagulated mechani
cally. In the work by Freundlich and Basu (2) and by Freundlich 
and Kroch (3) the addition of electrolyte promoted coagulation. 
In the work by Freundlich and Loebmann (4) on the other hand, 
the rate of mechanical coagulation was found to be reduced at low 
electrolyte concentrations while it was increased at higher ones. 
In the experiments by Stark (7), finally, only promotion of coagu
lation was found on adding electrolyte. 

Theory of Surface Coagulation 

Theoretical equations for the reaction rate expected of the 
surface coagulation were developed by J . Peters and the writer 
(26). The equations arrived at are based on the following 
assumptions: 

1) The coagulation proceeds exclusively in the liquid-air 
surface, and it is a bimolecular reaction. 

2) The contribution of aggregates to the rate of coagulation 
(Smoluchowski rate increment) is neglected. In addition, the 
aggregates, by their return to the bulk, are assumed not to affect 
significantly the surface area available for occupancy by unreac-
ted primary colloidal particles. 

3) There is sufficient convection to exclude diffusion of 
particles to and from the surface as a rate-determining factor in 
surface coagulation. 
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4) There exists a definite steady state for the distribution of 
primary colloidal particles between bulk and surface. This dis
tribution is assumed to follow a Langmuir adsorption isotherm. 

5) The rate of adsorption is assumed to be large enough 
relative to the rate of mechanical surface renewal so that the 
adsorption equilibrium is not affected. 

The resulting differential equation is 

fÈ£ = §. τ*- e 2

 m 

" dt V 0 (Κχ + K 2 c ) 2 * ' 

Here, S is the surface area at constant rate of surface renewal; 
V is the volume of the solution; c is the concentration of the 
colloid in solution (moles/ml)
constants. 

Equation (1) can be rearranged to 

1/2 

(-dc/dt) ™ = ( i ^s ) ( K 1 * K2 C> <2> 

for the purpose of convenient graphical checks of the validity of 
Equation (1). 

Consequently, the plot of [c/(-de/dt)*/2] v s c s n o u i d be 
linear and the ratio of slope to intercept should represent K 2 / K j . 

Equation (1) has the following properties which are of inter
est in connection with the reaction order of surface coagulation: 

-dT = k'CI) i f k 2 C » K I 

This shows that the equation derived for a bimolecular sur
face reaction may also satisfy an apparent zero-order reaction, 
an apparent first-order reaction being an intermediate possibility. 
The apparent reaction order depends therefore, (1) on the colloid 
concentration and (2) on the value of the constants K j and K 2 , 
which depend on the distribution of the colloidal particles between 
bulk and surface. For a given value of K j and K 2 , one would 
expect that the apparent order of reaction increases with increa
sing degree of coagulation, the initial period of an apparent 
zero-order reaction covering a larger portion of the coagulation 
process, the lower the initial colloid concentration, C Q . Moreover 
at equal CQ and c, the probability of an apparent zero-order 
reaction would be higher, the higher the affinity of the colloidal 
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particles is for the liquid-air surface (the more hydrophobic the 
particles are in case of a water-air surface). 

On integrating Equation (1), one obtains on introducing f for 
c / c 0 

i f i + 2 c 0 £ ? i n i ^ ' d - f ) = K . t (3) 

2 
where K g = C 0 K Q S / K | V . F r om this equation it follows readily 
that with an increase in K 2 / K j the reaction rate at any stage of 
the coagulation changes gradually from the typical second-order 
reaction to that of a typica
again the puzzling fact mentioned in the preceding section that 
different authors found different orders for the reaction rate of 
coagulation induced in different systems by mechanical agitation 
or bubbling of gases. 

Experimental Test of the Theory of Surface Coagulation 

The first tests of the theory of surface coagulation were 
carried out by Peters (26) studying the coagulation produced by 
bubbling nitrogen gas through a colloidal solution of a -FeOOH 
prepared in the same manner as the sols used by Freundlich and 
Loebmann (4). The strongly anisometric crystals of a -FeOOH 
had an average length of 83 nm, a width of 10 nm and the stan
dard deviation from these dimensions was sufficiently small to 
characterize the systems as nearly monodisperse, disregarding a 
relatively minor amount of nearly cubical crystals present at the 
same time. Figure 8 in which c r represents the concentration of 
the uncoagulated (residual) colloid in percent of C Q , shows that 
equation (2) satisfies the coagulation process extremely well down 
to a residual concentration of merely 5% of the starting concen
tration. The slope of the straight line increases, as one expects, 
with the rate at which nitrogen gas is bubbled through the colloi
dal solution, the two cases considered being a flow rate of . 65 
and of 1. 65 cm^/sec. On taking into account the difference in the 
experimentally determined bubble sizes in cases I and II and the 
differences of the rate of bubbling in the two cases one arrives at 
a result that is the same within ±4%. This further supports the 
theoretical equation. 

Although the probability of a "mechanically" effective turbu
lence is rather remote on bubbling gas through a solution, special 
tests were carried out (26) where even the possibility of minor 
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Figure 7. Effect of soaps upon the "mechanical sta
bility" of polystyrene latex (12). Abscissa: concentra
tion, in the water—air interface of K-palmitate (O) 
and K-laurate (Δ). Ordinate: number of seconds re
quired to produce complete coagulation by high 
speed stirring (14000 rpm) of a 60 ml sample contain
ing 24 volume percent of polymer. Parameter: par

ticle "size" in Angstrom units. 

I: 0.65 cm 3/SEC. 
JL 1.65 cm 3/SEC. 

Journal of Colloid Science 

Figure 8. Coagulation of a-FeOOH sol by 
nitrogen bubbles. Test of equation (2) (26). 
cr: colloid concentration of residual sol in 
percent of original colloid concentration, c0 

(370 mg Fe/L). Average particle diameter: 
83 nm. pH: 6.5. Parameter: rate of N2-flow. 
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turbulence was eliminated by extending experiments over a period 
of 2000 hrs replacing bubbling of gas through a solution by gentle 
mechanical renewal of the liquid-air interface. These experi
ments also were fully satisfied by the equation of surface coagu
lation given above. 

The same systems were used for coagulation by stirring (27) 
using the same technique used by Freundlich and Loebmann (4). 
The curves obtained were essentially the same (for details refer
ence (27) should be consulted). It is apparent that the equation 
for surface coagulation given above again applies very well as is 
evident from Figure 9. The only deviations occur in the final 
stage of the coagulation when the residual concentration has fallen 
to less than 15% of the starting concentration. The cause of these 
deviations in the final stag
This final stage may represent a manifestation of a coagulating 
effect due to turbulence overshadowed at higher concentrations 
by the effect of surface coagulation. Special experiments [(see 
Figure 4 in reference (27)] excluded the possibility that at this 
stage secondary particles or tertiary particles or still larger 
aggregates may participate in the coagulation process by providing 
an additional reaction locus in the interior of the colloidal 
solution. 

The Role of Turbulence 

In order to detect whether and to what extent turbulent flow 
may actually produce or participate in coagulation - a possible 
theoretical reason for it having been mentioned in Section II -
experiments had to be carried out in which surface coagulation 
could be excluded as a factor. To this effect, the same type of 
colloidal solutions discussed above were circulated, by DeLauder 
(28), in a closed ring of Tygon tubing by means of a Sigma Motor 
Finger pump. Since Tygon tubing was found to contain impurities 
which have a small but distinct stabilizing effect on aqueous 
colloidal solutions, the tubing was subjected to a very rigorous 
cleansing process prior to use. On leaving the same colloidal 
solution, as used for the other experiments, for extended periods 
of time in the thoroughly cleaned and closed circular Tygon tubing 
ring, no coagulation could be detected by checking the turbidity of 
the system. On the other hand, on operating the pump - which 
had no contact whatever with the colloidal solution - a definite 
particle aggregation occurred although the effect was far too 
small to be detectable by any means other than by light scattering 
(turbidity) measurements, the aggregates formed being ultra-
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microscopic in size. Figure 10 shows that the turbidity deter
mined at 6250 A increased by a little more than 10% in 10 hrs of 
pumping. Since air bubbles, however small, had been rigorously 
excluded, the only possible causes of particle aggregation were 
either the turbulence created at the point where the squeezing 
action of the pump at the Tygon tubing took place, or the 
interface between the Tygon tubing and the colloidal solution. It 
could be shown that the solid-liquid interface in fact can be a 
locus of particle aggregation (28). It becomes detectable, how
ever, only if sufficient turbulence is created in the system so 
that the fine skin of coagulum of ultramicros copie thickness 
formed at the solid-liquid interface is removed so as to free the 
solid-liquid interface as a site for further aggregation. Since the 
colloidal solution in the
not show any change in turbidity in absence of pumping, the coag
ulation produced as evident from curve section I in Figure 10, 
was therefore due either to turbulence directly or to the turbulence 
induced removal of a colloidally-thin layer of coagulum from the 
liquid-solid interface. A differentiation between these two possi
bilities is not possible at the present time. No matter whether 
the contribution of turbulence was thus direct or indirect, it is 
evident that the effect is very small compared to the effect of a 
coagulation at the liquid-air interface. This is particularly well 
demonstrated by Section II of the curve in Figure 10. Here, at 
the time t j , a small air bubble was introduced into the system 
and kept at the point of maximum turbulence (where the pumping 
action took place). Immediately a steep increase in turbidity 
was observed. Additional experiments (28) showed that placing 
and keeping the air bubble rather at the top of a vertical section 
of the loop where it remained quiescent and undeformed did not 
produce any increase in turbidity. This, therefore, proved that 
the increase in turbidity observed in Section II of Figure 10 was 
due to the constant removal, due to the turbulence induced continu
ous deformation of the air bubble, of an ultramicroscopic layer 
of aggregates. 
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Figure 9. Coagulation of a-FeOOH sol by stirring. Test 
of equation (2)(27). I: 600 rpm. II: 900 rpm. c0: 205 mg 

Fe/l 

0.29 I 1 1 1 1 I 1 1 1 1 > 1 L. 
0 10 20 

FLOW TIME (HRS.) 
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Figure 10. Coagulation of a-FeOOH sol 
during locally turbulent flow in loop of 
Tygon tubing (28). i . In absence of any 
liquid-gas interface. II. In presence of 
single air bubble in turbulent section of 
flow. tt: time at which bubble is introduced. 

Flowrate: 150 ml/min. 
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Factors which Promote or Impede Surface Coagulation 

Aggregation of two colloidal spheres in a dilute system 
becomes likely when the positive maximum of the potential energy 
curve is less than 15 kT (9 kcal/mol)(l 1). Investigation (27) of the 
temperature-dependence of the coagulation produced by stirring 
in the α-FeOOH sols discussed above led to the result that the 
apparent activation energy of surface coagulation is 8. 93 keal/mol, 
remarkably close to the theoretical value for sphere coagula
tion. The potential energy maximum was evidently lower in the 
water-air interface than in the interior of the sol stable at rest. 
Since a decrease in the height of the potential energy maximum 
occurs on raising the value of the Debye-Huckel c o n s t a n t , χ , it 
was expected in line wit
(8, 10) that in very stable systems in which neither bubbling of 
gases through the solution nor stirring produces coagulation, one 
may bring it about by adding suitable electrolytes in a concentra
tion sufficient to depress the potential energy maximum to the 
critical value in the water-air interface but not yet in the interior 
of the system. This was tested successfully on polychlorostyrene 
and polystyrene latices. Results obtained on the former are 
illustrated by Figure 11 (28a). Up to a concentration of 0. 15 mol 
KC1/liter latex st irring had little effect on the latex whose 
concentration was chosen at 185 mg/l i ter. At still higher KC1 
concentration stirring coagulation occurred, more the larger the 
electrolyte concentration. It is important to note that only from 
about 0. 2 mol/ l i ter KC1 on significant bulk coagulation made 
its appearance, complicating the entire process. Completely 
analogous results were obtained on bubbling nitrogen through the 
latex rather than by employing stirring (28a). The situation is not 
quite this simple in the case of colloidal solutions of inorganic 
crystals. Thus, in the α-FeOOH systems discussed here 
primarily one observes at low Κ CI concentrations first an 
increase in the stability of the systems toward coagulation by 
stirring or bubbling until at a KC1 concentration - which is still 
below that at which bulk coagulation becomes pronounced - the 
trend is reversed. An example of stabilization is given in 
Figure 12 (29). At more than 1. 14 mmol KC1 the trend is 
reversed, i . e. the electrolyte then promotes coagulation by 
stirring. The small increase to 1. 17 mmol KC1 was sufficient 
in this case to reverse the trend at the same rpm (900)* Essen
tially the same results were obtained more recently (30) by 
DeLauderfor other than 1, 1 electrolytes, the only difference 
being that in the case of higher valent gegen-ions the concentra-
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Figure 11. Effect of electrolyte upon the coagu
lation of Dow polychlorostyrene latex by stirring 
at 600 rpm (28a). Parameter: KCl concentration 

in mol/l. latex. c0 of polymer: 135 mg/l. 
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tion range of the electrolyte within which stabilization occurs is 
considerably more limited and the stabilization itself is much less 
pronounced. Responsible for this stabilization in the interface 
may be not only a change in the interfacial electrostatic potential, 
but also competitive adsorption in the interface or hydrophyliza-
tion of the colloidal particles. As regards the effect of competi
tive adsorption and/or hydrophylization, experiments by J . Peters 
on the effect of the addition of DDAO (N, N-dimethyl-n-dodecyl-
amine oxide) proved the importance of the second and/or third 
factor mentioned. This compound, which at the low concentra
tions employed, did not affect the surface tension of the ce-FeOOH 
sol nor lead to foam formation increased the stability of the sol 
toward mechanical action drastically, as is evident from Figure 
13 (31). If the third facto
adsorption of the colloidal crystals in the interface had been 
reduced due to adsorption of DDAO at their surface making them 
thus more hydrophilic and therefore less inclined to go into the 
liquid-air interface (32). Drastic c ompli cation s of this stabilizing 
effect occur if one employs additives which promote foam forma
tion. In that case, the tremendous increase in liquid-air surface 
due to the foam may actually ο ver compensate the stabilizing effect 
of the additive. A good example is that of polyethyleneglycol which 
at extremely low concentrations (10~9 to 10~5 mol/liter) promotes 
the surface coagulation of a.-FeOOH sols but at concentrations in 
excess of 10"^ mol/l iter impedes it (31). 

Morphology of the Aggregates Formed 

A characteristic feature of colloidal systems coagulated by 
either bubbling gases through them or by mechanical agitation or 
shaking is that they exhibit on slight agitation for the purpose of 
homogenizing the system, Schlieren of a strikingly silky charac
ter. The phenomenon at once indicates a strong anisometric 
character of the aggregates which to a large extent are too small 
to settle within less than a few hrs. The phenomenon, first 
observed on the classical sols subjected to mechanical coagulation, 
those of CuO and α-FeOOH, is common to all systems investiga
ted more recently (33), e.g. those of T1O2 and Cr2C>3. In the 
case of the iron oxide systems, the anisotropy of the aggregates 
formed by coagulation by stirring could be investigated easily by 
means of magneto-optics because of the strongly paramagnetic 
character of the colloidal particles which leads to an appreciable 
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Figure 12. Effect of electrolyte upon the coagulation 
of a-FeOOH sol by stirring (29). Abscissa: time of 
stirring (same as time elapsed since addition, if any, 
of electrolyte). I: stirring at 900 rpm in absence of KCl. 
II: stirring at 900 rpm in presence of 1.14 mmol KCl. 
Ill: coagulating effect of 1.14 mmol KCl in absence of 

stirring. 

Journal of Colloid Science 

Figure 13. Effect of surface active agent upon coagulation, by 
1-hr shaking, of a-FeOOH sol (31). DDAO: N,N-dimethyl-n-dode-
cylamine oxide. Frequency of vertical test tube oscillation: 6/sec. 
Amplitude of vertical test tube oscillation: 3.5 cm. Frequency of 
simultaneous horizontal test tube oscilhtion: 1/sec. Amplitude of 

horizontal test tube oscillation: 0.2 cm. 
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orientation in the magnetic field. A few examples are given in 
Table I (34) which pertains to an α - F e O O H sol of the type dis
cussed above. The quantity, β, represents the phase difference 
between the extraordinary component of a linearly polarized 
beam traversing a cell containing a small amount of the sol 
placed into the magnetic field of a field strength of 28, 000 Gauss, 
observation being perpendicular to the direction of the magnetic 
field. This phase difference is directly proportional to the 
birefringence (n e - np). The quantity, 6 , represents the rotation 
of the plane of polarization (strictly speaking, the rotation of the 
major axis of the elliptical vibration), an effect which could be 
due, in part, to linear dichroism and, in part, to dityndallism, 
i . e . to anisotropic light scattering (35). Contribution of the 
dichroism was eliminated
ments at 620 nm where the absorption of o^-FeOOH is negligible. 
The uncoagulated sol is seen to exhibit a significant degree of 
magnetic birefringence but no measurable anisotropic light 
scattering. On shaking the sol in a shaking machine for two hours, 
the oscillation period of the machine being 1/sec - which resulted 
in a 50% coagulation - a major increase in birefringence was 
observed and a small but now well measurable degree of aniso
tropic light scattering manifested itself. On producing a nearly 
100% coagulation by increasing the period of the shaking machine 
to 6/sec and extending the treatment to six hours, a truly tremen
dous ellipticity and in addition, an unusually large rotation of the 
plane of polarization is observed. These very large effects 
which, in virtual absence of any primary particles, are due 
exclusively to aggregates, show that they are highly anisotropic. 
Part of this anisotropy is due to the flake-like character which 
also follows easily from dark-field microscopy but a considerable 
portion of the effect must also be attributed to intrinsic anisotropy, 
i . e. to non-random orientation of the primary particles aggregated 
within a flake, the simple reason being that the negative sign of 
the ellipticity, if due to birefringence, can in these systems, as 
explained elsewhere (36) be due only to predominance of intrinsic 
anisotropy. Part of the extremely large ellipticity may, of 
course, represent an additional effect that of pseudo-birefringence, 
resulting from ellipticity of the light scattered in the forward 
direction - an effect postulated many years ago (35) for aniso-
metric particles not small compared to the wavelength. 
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Table I. Effect of Coagulation by Shaking upon Magnetic 
Birefringence and Magnetic Dityndallism (Anisotropic Light 

Scattering) of An Iron Oxide Sol 
Coagulation Value (9): 2 mmol NaCl / l i ter 

Wavelength Used: 620 nm 
Fieldstrength: 28, 000 Gauss 

No Electrolyte Added 

Treatment β 

Sol at rest 0 - 6 ° 5 0 0 ° 0' 

Shaken for 
2 hours 
(1 period/sec) 

50 ± 2 - 8 ° 1 9 ' < - 0 ° 1 0 ' 

Shaken for 
6 hours 
(6 periods/sec) 

95 ± 2 - 1 7 2 ° 2 0 ' - .22°40' 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



3. H E L L E R Mechanical and Surface Coagulation 61 

Why are the ultramicros copie aggregates flake-like and 
therefore possess form anisotropy? The probable reason follows 
readily on recalling that on the liquid-air surface of many colloi
dal solutions whose natural stability is limited, a very thin 
microscopically or even visually visible skin forms on long 
standing. They are readily observable for instance, on V2O5 
sols prepared according to the well known Biltz method. The 
anisotropic silky aggregates produced by coagulation by gas 
bubbles or by stirring may, therefore, represent fragments of 
the two dimensional coagulum formed at the interfaces at which 
the respective coagulation takes place. This explanation agrees 
with the concept of surface coagulation treated throughout this 
paper. 

It is useful to ad
which may produce and contribute to an intrinsic anisotropy of 
the silky aggregates: one is stress orientation of the primary 
particles within the ultramicros copie flakes under the influence 
of turbulence. This follows from results obtained on colloidal 
solutions of j3-FeOOH prepared according to the well known 
Graham method. In one such case (37) the sol stability was so 
high that only in presence of 270 mmol NaCl visually perceptible 
aggregate formation occurred one day after electrolyte addition. 
Before the addition, vigorous shaking had no effect whatsoever. 
In presence of 1000 mmol NaCl , which led to complete coagulation 
by the time of the optical measurements, β had the value of - 2 ° 4 ' 
in the sample coagulating without shaking and a value of -111 ο20' 
in the sample which had been shaken vigorously while coagulating 
quantitatively (the measurements were made on the samples after 
suspending the aggregates temporarily). The second factor 
which also may be involved, is the tendency of anisometric 
colloidal particles to aggregate in a regular manner if the coagu
lation is sufficiently slow, i . e. when only collisions occurring 
under favorable mutual constellations are effective. This 
results in anisotropic aggregates which have a structure of either 
smectic or nematic character. This "ordered" coagulation is 
described elsewhere (38). It occurs also in ordinary bulk coagu
lation. 
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Kinetics of Ultracentrifugal Demulsification 
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Introduction 

Since the first use of the ultracentrifuge in the study of 
emulsions in 1962 (1,2,3) there has been a considerable volume of 
work devoted to investigating what can be learned about emulsions 
by this technique (4,5,6), as also to discussing its limitations 
(7). Unfortunately there is great variability as to how different 
authors have treated the primary ultracentrifugal data, which pre
cludes quantitative comparison of results obtained by different 
investigators and prevents interpretation in terms of generally 
accepted concepts of physical and colloid chemistry. 

In their published work on Nujol-water-sodium dodecyl sulfate 
(SDS) emulsions Vold and Groot and Mittal reported a nearly con
stant rate of separation of oi l after an in i t ia l ly more rapid sep
aration, and used this constant per cent o i l separated per minute 
as their criterion of stabil i ty (8,9), although alternative modes 
of expression were also attempted (10,11). In cases where the per 
cent oi l separated per minute did not remain constant with time of 
centrifugation an empirical equation was proposed (12, 13) which 
represented the data well in many but not al l cases. Rehfeld (2_, 
14) used the volume fraction of cream remaining after a certain 
time of ultracentrifugation, Φ, as the criterion of stabi l i ty, and 
developed an empirical equation, Φ=Φοΐ t where <j>o is the volume 
fraction at zero time and η is an arbitrary constant. Garrett 
originally described stabil ity in terms of resistance to floccula-
tion (3)> using the slope of the line relating distance of the 
cream-water boundary from the center of rotation to the time of 
ultracentrifugation as i ts measure. Later [5) he adopted resis
tance to separation of oi l as the criterion of stabi l i ty, using 
the slope of the linear relation found between log [volume % oi l 
separated at 115,000 seconds) - (volume % oi l at time t)] and time 
as i ts measure. 

In the present paper earlier data obtained in this laboratory 
are reinterpreted, using either volume of oi l separated, or volume 
per cent of cream remaining, as a measure of the extent of coales-
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cence, rather than per cent oi l separated, as in the earlier 
treatment of the data. When this is done, i t is shown that the 
rate of separation of oi l from a l l the emulsions hitherto studied 
can be represented by the usual rate equations of classical kinet
ics, either zero, f i rs t or second order. This makes possible the 
calculation of specific reaction rate constants, which are of 
great value for attempting to identify the rate determining step 
or steps in demu1 sif ication, since the values can be compared with 
theoretical values dependent on which of the many processes occur
ring before separation of bulk oi l (6,8) actually determine the 
over-all observed rate. The order of" reaction can also be used to 
investigate whether coalescence or flocculation is the more impor
tant process in determining the rate of demulsification of a given 
emulsion (1JL>1Ê). 

One of the more confusin
apparently equally successfu
trifugal separation of oi l from Nujol-water-SDS emulsions as 
either a zero order (1,8,ΤΠ) or a f i rs t order (10,11) process. 
New data obtained witF û l t racen t r i f uge cell centerpieces of dif
fering area are presented which make possible an unambiguous 
choice between these alternatives. 

Experimental 

Nujol from Plough, Inc., New York, was used without further 
purification. The manufacturer's specifications of i ts character
ist ics are: Saybolt viscosity, 360 to 390 at 100°F.; specific 
gravity 0.880 to 0.900 at 60°F. 

The same sample of sodium dodecylsulfate (Eastman Kodak 
#5967) was used as in previous work (9). It was extracted with 
ethyl ether in a Soxhlet extractor for twenty hours to eliminate 
any traces of lauryl alcohol present as an impurity. 

The methods used for preparation and characterization of 
Nujol-water-SDS (0.2 and 0.4% on the basis of the aqueous phase) 
emulsions were the same as described by Void and Groot (J.). Emul
sions were ultracentrifuged at 39,460 r.p.m. at 20°C, and the vol
ume of each layer (o i l , cream, water) calculated from the posi
tions of the boundaries on a photographic plate as described pre
viously (TJ. Four different centerpieces, with sector angles of 
2°, 2.5°, 4° and 6.5°, were used in order to determine the effect 
of different interfacial areas between clear oi l and cream (resi
dual emulsion) on the magnitude of the zero order rate constants. 

The data for 50% Nujol-50% water-Triton X-100 and 50% Nujol-
50% water-Tween 20 emulsions were taken from Mittal's results (U) 
at 25°C, as were also those for 50% olive oil-50% water-SDS emul
sions. Using volume or per cent of cream remaining as a function 
of time as the variable, appropriate plots were constructed to 
test the conformity of the data to either f i rs t or second order 
rate laws. 
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Results 

Nujol-Water-0.4% SDS Emulsions. In order to resolve the contra
dictory treatments of the rate of separation of oil from 50% Nujol 
-50% water-0.4% SDS emulsions as both f i rs t (10) and zero Q) 
order processes, such emulsions were ultracentrifuged in center
pieces with differing areas of interfacial contact between clear 
oi l and residual emulsion (cream). The rate of a zero order reac
tion is independent of the concentration of the reacting material, 
and determined by the area of the surface at which the reaction 
occurs. Accordingly, i f demulsification in this system is occur
ring according to a zero order rate law the values of the rate 
constants calculated from the slopes of the straight lines of vol
ume of oi l separated against time of ultracentrifugation should be 
in the same ratio as th
are directly proportiona

The results obtained are shown in Figure 1. The zero order 
reaction rate constants calculated from the slopes of the straight 
lines obtained are shown in Table I. It is clear from the data 
that the rate of separation of oi l is directly proportional to the 
interfacial area between clear oi l and emulsion, since a constant 
value for the rate constant per unit interfacial area is obtained 
irrespective of the sector angle or the volume of emulsion present 
in the cell in i t ia l l y . This result also supports the hypothesis 
(18) that with these emulsions coalescence is occurring only at 
tiRê interface between creamed emulsion and bulk o i l . That i t is 
not also occurring throughout the emulsion phase but at a slower 
rate would seem also to be ruled out by the fact that i f this were 
the case there would be an increase in the average drop size with 
time. This would have caused an increasing rate of separation of 
oi l with time since i t had been found (18) that the rate of sepa
ration of oi l increased markedly with decreasing specific inter-
facial area of the emulsion. But here the rate remained constant 
over the period of one hour of ultracentrifugation. 

Table 1. Zero Order Rate Constants for 50% Nujol-50% Water-0.4% 
SDS Emulsions 

Sector Init ial Volume Rate of Sepa- Rate Constant 
Angle,0 of Cream, mm.3 ration of Oil mm.3 min"1mm."2 

mm.3/min χ 102 

Emulsion Η033Ώ73 

2 88.5 0.42 1.76 
4 220 0.82 1.71 
6.5 318 1.38 1.78 

" E m û T s T ô n " f l T 2 2 3 7 T * 

2.5 120 0.53 1.78 
4 250 0.85 1.78 
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Groot found (10), however, that a plot of the logarithm of 
the volume of cream remaining against time for a Nujol-water-0.4% 
SDS emulsion was also essentially linear except at very short 
times, which would be indicative of a f i rs t order process. The 
present data likewise give a nearly linear relation when plotted 
as log volume of cream remaining vs. time, much like the results 
for 0.4% SDS in his Figure 5.1. This result comes about because 
of the insensitivity of the log function when the amount of oil 
separated is relatively small, as is the case with 0.4% SDS emul
sions. If y is the % oi l separated at time t, and χ is the volume 
fraction of creamed emulsion remaining, then χ = (100 - y)/100. 
Since log x=(x-l)-l/2 (x-l)2 + l /3(x- l ) 3 , and χ is close to 
unity and does not change greatly over the period of the experi
ment, a plot of log χ against time will apparently be linear, as 
is also the plot of y agains
rate on the interfacial are
that the process is actually zero order even though i t would not 
be possible to reach a definitive conclusion on the basis of the 
kinetic plots alone. 

Nujol-Water-0.2% SDS Emulsions. In previous papers from this lab
oratory (1, 18, 19) the slope of the linear portion of the plot of 
per cent oil separated from 50% Nujol-50% Water-0.2% SDS emulsions 
vs. time was used as a measure of their stabil i ty, which implies 
that demulsification is a zero order process. However, i t was 
also recognized (]_,6) that the relation was not truly linear at 
either short or at relatively long periods of ultracentrifugation. 
In order to establish whether the process is zero order or follows 
a different order, the rate of separation of oi l was determined in 
ultracentrifuge cells of different interfacial area as was done 
with the 0.4% SDS emulsions. 

The results obtained are shown in Figure 2. It is clear that 
the rate of separation of oil is varying with the time of ultra
centrifugation, i .e . , i t is dependent on the volume fraction of 
emulsion remaining, rather than being constant as i t would have to 
be for a zero order process. (Note, however, that over a limited 
time a rather good straight line could be drawn through the points 
obtained with the standard 4° sector, as was done in the earlier 
published work). When the logarithm of the volume of cream re
maining is plotted against time, as in Figure 3, very good 
straight lines are obtained, the slope of which permits calcula
tion of the f i rs t order rate constant. (Note: plots of log per 
cent cream remaining or log volume fraction of cream against time 
would have the same slope.) The values of the f i rs t order rate 
constant obtained for the same emulsion run in cells of sector 
angles 6.5°, 4°, and 2° are respectively 1.23, 1.23, and 1.15 χ 
10"z min-1. The constancy within experimental error independent 
of the difference in interfacial area between emulsion and bulk 
oi l shows definitively that in the case of 50% Nujol-50% water-
0.2% emulsions the rate-determining step in the ultracentrifugal 
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0 16 32 48 64 

TIME IN MINUTES 

Figure 1. Volume of oil separated v s . ultracentrifugation time of 50% Nujol-
50% water-0.4% SDS emuhion 

0-1 1 1 Η 
4 20 36 52 

TIME IN MINUTES 

Figure 2. Volume of oil separated v s . ultracentrifugation time 
of 50% Nujol-50% water-0.2% SDS emulsion 
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separation of oil is a f i rs t order process. 
It is interesting to compare the present rate constants with 

those calculated by Groot (20) and Mittal (1JJ for similar emul
sions. Although the specific interfacial area of the particular 
emulsion on which the present rate data were obtained was not de
termined, i t was made at nearly the same time and by an identical 
procedure (ten passes through the homogenizer) to other 0.2% SDS 
emulsions which were found to have specific interfacial areas of 
1.65 and 1.80 χ 104 cm2 per ml. of emulsified o i l . This is rather 
similar to Groot's emulsions of relatively low values of satura
tion adsorption, his emulsion 2020607 giving an interfacial area« 
of 1.54 χ 104 cm2/ml oi l when calculated on the same basis (54A° 
per adsorbed SDS molecule). On two different 0.2% SDS emulsions2 

Groot reported f i rs t order rate constants of 1.19 and 1.29 χ 10" 
min*"1, at 25°C, which agre
tained in the standard sector cell at 20°C. Likewise Mittal 's 
calculated f i rs t order rate constant becomes 1.15 χ 10"2 min"1 for 
a Nujol-water-0.2% SDS emulsion of specific interfacial area 
1.89 χ 104 cm2/ml oi l at 25°C, when his result is expressed in 
terms of the natural logarithm rather than the logarithm to the 
base ten. 

50% Olive Qil-50% Water-0.2% SDS Emulsions. The rate of separa-
tion of o i l from this emulsion does not remain constant with time, 
but was found (6) to follow the empirical equation 

t/% oil separated = l/b-% oil max + t/% oil max, 

where % oil separated is the quantity separated at time t,% oil 
max is the extrapolated limiting value at infinite time obtained 
from the Lanpuir type equation f i t t ing the data, and b is a con
stant. However, i f Mittal 1s data (17) are treated according to 
classical kinetic theory i t is found, as shown in Figure 4, that 
there is a linear relation between the reciprocal of the % cream 
remaining (volume of emulsion layer at time t χ 100/initial volume 
of emulsion layer) and the period of ultracentrifugation. This is 
exactly the relation expected i f the rate of separation of oi l 
follows a second order rate expression. The specific reaction 
rate constant calculated from the slope of this Tine is 
12.0 χ 10"5 %-l min.-l . 

Figure 4 also shows a plot of the logarithm of the per cent 
cream remaining against time of ultracentrifugation. The distinct 
curvature of the plot rules out a f i rs t order mechanism for this 
emulsion. 

50% Nujol-50% Water-Triton X-100 Emulsions. The data for these 
emulsions, in which the rate of separation of oi l was neither con
stant, nor did i t follow the empirical equation given above, were 
also taken from Mittal's dissertation (6,12,17), As is evident 
from Figure 5, the plot of the logarithm of the percent cream re-
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Figure 3. Log volume of creamed emulsion remaining vs. 
ultracentrifugation time of 50% Nujol-50%) water-0.2%) SDS 

emulsion 
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maining against time of ultracentrifugation is linear, while a 
plot of the reciprocal of the per cent cream remaining against 
time shows a distinct curvature. Hence a second order mechanism 
is excluded, and i t can be concluded that oi l separates from Nujol 
-water-Triton X-100 emulsions in the ultracentrifuge according to 
a f i rs t order process. The rate constants calculated from the 
slopes of these lines are respectively 6.9 χ 10~4 min"' and 
1.28 χ 10"3 min-"1 for 0.20% and 0.15% Triton-stabilized emulsions. 

50% Nujol-50% Water-Tween 20 or Cetyl Pyridinium Chloride Emul
sions. Proceeding similarly, the data for these emulsions (6,T2, 
17) were recalculated and plotted as either log % cream remaining 
or reciprocal of % cream remaining against the time of ultricen-
trifugation. In both cases the rate of separation of oil de
creases steadily with tim
zero order of reaction. Th
of % cream remaining vs. time in Figure 6 establishes that oi l 
separates from Tween 20 emulsions according to a second order rate 
law, while the non-linearity of the log % cream plot excludes a 
f i rs t order mechanism. A similar result was obtained with CPyCl-
stabilized emulsions as shown in Figure 7, the separation of oi l 
here too following a second order rate law. 

The second order rate constants found for emulsions stabilized 
with 0.30%, or 0.15% Tween 20 are respectively 1.23 χ 10"5 %"' 
min-1 and 1.79 χ 10-5 %-l min" 1. The second order rate constant 
found for the Nujol-Water-0.1% CPyCl emulsion is 3.55 χ 10-5 %-' 
min" 1. 

Discussion 

Van den Tempel (15,16) has analyzed very clearly the combined 
effect of flocculation and coalescence in the demulsification pro
cess of free-standing emulsions, and established the limiting con
ditions under which one or the other would be rate-determining. 
Where coalescence is rate-determining demulsification is expected 
to be a f i rs t order process, while i f the rate of flocculation is 
rate-determining, demulsification is expected to follow a second 
order rate law. Sherman (21,22) emphasized that change in the 
number of globules with time is the only valid quantitative c r i 
terion of emulsion stabi l i ty. He showed that in several cases 
plots of the logarithm of the total number of globules present 
varied linearly with time, corresponding to a f i rs t order mechan
ism, and indicating in terms of van den Tempel's analysis that the 
rate of coalescence was the rate-determining step in demulsifica
tion in these cases. Somewhat similar conclusions were reached by 
Srivastava and Haydon (23). 

Before attempting to interpret the present results i t is nec
essary to emphasize again the difference in physical state between 
a free-standing emulsion and an emulsion in an ultracentrifugal 
f ie ld . In the ultracentrifuge, because of the high centrifugal 
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Figure 6. Demulsification of 50% Nu
jol- 50% water - Tween 20 emulsions 
treated by first and second order rate 

equations 
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Figure 7. Demulsification of 50% Nujol-50%) water-0.1% 
cetylpyridinium chloride emulsion treated by first and sec

ond order rate equations 
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force, the emulsified oi l drops are very quickly flocculated and 
distorted into space-filling polyhedra (1,18). Hence the emulsion 
in the ultracentrifuge should be regarded as being already in a 
flocculated state at the beginning of the experiment, with the 
corollary that the rate of appearance of bulk oi l is therefore a 
measure of either the intrinsic rate of coalescence—fusion of in
dividual drops with each other in the bulk of the emulsion to form 
larger drops—or of oil-containing polyhedra at the top of the 
emulsion with the supernatant layer of bulk o i l , or of one or an
other of the transport processes (6) involved in permitting free 
oi l to accumulate at the top of the emulsion system. 

Table II presents a summary of the results obtained in the 
present work, showing the kinetic rate law according to which de
mulsification occurs for each of the emulsion systems investigated 
and the specific reactio
follows a zero order of reactio
determining step in the process is coalescence of oi l drops with 
the bulk oi l phase at the interface between free oi l and emulsion. 
A f i rs t order rate law suggests that coalescence of "drops" within 
the body of the emulsion phase is rate-determining. A second or
der rate law indicates that the rate of some sort of binary c o l l i 
sion process is rate determining. In the case of a free standing 
emulsion this would most l ikely be the rate of flocculation, amen
able to treatment by the DVLO theory of colloidal stabi l i ty. How
ever, in the ultracentrifuge, where the system is already floccu
lated, this can scarcely be the case. Possibly i t is there a mea
sure of the rate of approach of two oi l polyhedra as a consequence 
of the drainage of residual aqueous phase from the interlammelar 
space. 

Further discussion of these various possibil it ies wil l be pre
sented in a subsequent paper. 

Table II. Order of Reaction and Reaction Rate Constant for Ultra
centrifugal Demulsification of 50% Oil-50% Water Oil-in-Water 
Emulsions. 

Oil Initial Cone, of Order Rate Constant 
Emulsifier wt % 

Nujol * 0.4% SDS 
0.2% SDS 
0.2% SDS 
0.15% Triton X-100 
0.20% Triton X-100 
0.15% Tween 20 
0.20% Tween 20 
0.30% Tween 20 
0.10% CPyCl 

0 
1 
2 
1 

0.82 mnr min"1 

1.23 χ Ι Ο - 2 min" 
12.0 χ 10-5 j - l min-1 
1.28 χ 10-3 min-J 
6.91 χ 10~4 min-1 

Nujol 

2 
2 
2 
2 

l.?9 χ 10-5 %-1 min-J 
1.43 χ 10-5 %-} min"1 

1.23 χ Ι Ο " * %'} min"1 

3.55 χ 10"^ min-1 

a. Data at 20°C from the present work 
b. Data at 25°C from Mittal 's investigations (17). 
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5 
Ultracentrifugal Technique in the Study of Emulsions 

K. L. MITTAL 

System Products Division, IBM Corp., Poughkeepsie, N.Y. 12602 

Introduct ion 

In view of the widespread a p p l i c a t i o n s of emulsion 
systems, i t  is  very important to understand t h e i r 
making and breaking phenomena. Thermodynamically 
speaking, every emulsion i s unstable and so i t 
becomes i n c r e a s i n g l y important to comprehend the 
fac tors l eading to its breakdown. The fo l lowing four 
questions are extremely vital and are f requent ly asked 
i n the realm of emulsion science and technology . 
(i) What cons t i tu te s emulsion instability? (ii) What 
are the s u i t a b l e techniques to measure t h i s instability? 
(iii) How can one t e s t the emulsion instability on an 
acce lera ted bas is? and ( iv) Can acce lerated t e s t s pre 
dict the future behavior of emulsions s tored under 
normal storage c o n d i t i o n s , or i n other words, what i s 
the r e l a t i o n s h i p between the acce lera ted instability 
and the shelf-like instability? 

Instability of emulsions signifies a v a r i e t y of 
connotations as expressed e a r l i e r  (1) .  This can mean 
simple creaming, f locculat ion,  coalescence , and the 
ac tua l separat ion of the d i sperse phase. Creaming and 
flocculation do not represent emulsion instability as 
these are r e v e r s i b l e processes , and a creamed or f l o c 
culated emulsion can be reverted to i t s o r i g i n a l form. 
Coalescence and ac tua l separat ion of the disperse phase 
are i r r e v e r s i b l e processes and do manifest emulsion 
i n s t a b i l i t y . 

In order to d i f f e r e n t i a t e between these two phe
nomena, I had suggested (1) us ing the terms "micro-
i n s t a b i l i t y " for coalescence , and " m a c r o i n s t a b i l i t y " 
for the c l e a r separat ion of the d i sperse phase. 
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The d i s c u s s i o n above leads to a perennia l quest ion 
i n emulsion sc ience as to what should be the c r i t e r i o n 
for emulsion i n s t a b i l i t y . Should i t be the decrease i n 
the number of p a r t i c l e s with time or c l e a r separat ion 
of the d isperse phase. There i s no consensus on t h i s 
i ssue as there are proponents of both views. Sherman 
(2,3) emphasized that the change i n the number of 
g lobules with time i s the only v a l i d q u a n t i t a t i v e c r i 
t e r i o n of emulsion i n s t a b i l i t y , whereas M e r r i l l (4) has 
s tressed that the i n s t a b i l i t y of emulsions should be 
expressed e x c l u s i v e l y i n terms of the ac tua l separat ion 
of the d i sperse phase. 

Apparent ly , r e c e n t l y , M e r r i l l f s views have been 
accepted by the i n v e s t i g a t o r
s t a b i l i t y i n the u l t r a c e n t r i f u g e
out that maybe i t i s not wise to p r e s c r i b e one general 
c r i t e r i o n of emulsion i n s t a b i l i t y ra ther the intended 
use of the emulsion should d i c t a t e what i t should be. 

The l i t e r a t u r e i s r e p l e t e with the convent ional 
methods of determining the i n s t a b i l i t y of emulsions. 
Among the most widely used are the determinat ion of the 
s p e c i f i c i n t e r f a c i a l a r e a , p a r t i c l e s i ze d i s t r i b u t i o n , 
mean p a r t i c l e s i z e and the mean p a r t i c l e volume as a 
func t ion of time (3-8) . These methods are qui te t e 
dious as wel l as time consuming, although the a p p l i c a 
t i o n of Coul ter counter ( £ ) g r e a t l y increases t h e i r 
f e a s i b i l i t y . Furthermore, these are not very meaning
f u l with regards to the ac tua l separat ion of the 
d i sperse phase. I f the emulsion i s too s t a b l e , these 
techniques may prove nugatory and furthermore these are 
not s e n s i t i v e to the subt le but important changes 
tak ing place during storage of emulsions (10) . These 
and other methods of studying emulsion d e t e r i o r a t i o n 
have been reviewed (4,11-13) and t h e i r inherent l i m i t a 
t i ons have been d i s c u s s e d . 

On the other hand, emulsion i n s t a b i l i t y has been 
determined by measuring the ra te of creaming and the 
ra te of separat ion of the i n t e r n a l phase, but has 
l a r g e l y been r e s t r i c t e d to normal g r a v i t a t i o n a l c o n d i 
t ions (14-18), which renders these processes very slow. 
Furthermore, there i s u n c e r t a i n t y of complete phase 
s epara t ion , and these are only a p p l i c a b l e to poor and 
unstable emulsions. 

I d e a l l y , one would l i k e to p r e d i c t the future be
havior of an emulsion by conducting acce lerated t e s t i n g , 
and many such techniques have been descr ibed i n the 
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l i t e r a t u r e (13,19-20); these have been r e c e n t l y r e 
viewed by Sherman (20). U n f o r t u n a t e l y , a l l of these 
techniques are beset with undes irable t r a i t s . In 
order to draw meaningful r e s u l t s from acce lera ted 
t e s t i n g i t i s imperat ive that the acce lerated t e s t i n g 
should merely acce l era te the mechanism operat ive at 
normal storage or g r a v i t a t i o n a l condi t ions without 
modifying i t , and i t should not introduce a d d i t i o n a l 
processes . None of the acce lera ted te s t methods f u l 
f i l l a l l these requirements . Apropos, more r e c e n t l y , 
Petrowski (21) has determined emulsion i n s t a b i l i t y by 
microwave i r r a d i a t i o n and observed that a f t e r micro
wave hea t ing , the emulsions e x h i b i t i n g the highest 
surface temperature y i e l d e d the lowest amount o f 
coalesced o i l a f t e r c e n t r i f u g a t i o n
of microwave heat ing
storage s t a b i l i t y has yet to be e s t a b l i s h e d . 

It i s obvious from the d i s c u s s i o n above that a 
r a p i d q u a n t i t a t i v e method of measuring emulsion i n 
s t a b i l i t y i s a desideratum and i t i s with t h i s need i n 
mind that the u l t r a c e n t r i f u g e has been used. 

E v o l u t i o n of the U l t r a c e n t r i f u g a l Technique 

As po inted out e a r l i e r , M e r r i l l (4) s tressed that 
the s t a b i l i t y of emulsions should be expressed ex
c l u s i v e l y i n terms of the a c t u a l separat ion of the 
d i sperse phase and he developed a c e n t r i f u g a l method 
to study t h i s process q u a n t i t a t i v e l y . He s tudied a 
v a r i e t y of emulsions (both o/w and w/o, and i n the 
former both high and low dens i ty o i l s ) and observed 
that the amount of o i l separated ( in o/w emulsions) 
was l i n e a r with time of c e n t r i f u g a t i o n , and he ex
pressed the slope of the s t r a i g h t l i n e as a measure of 
the mechanical s t a b i l i t y of emulsions. Furthermore, 
he found some agreement between the rate of o i l 
separat ion by c e n t r i f u g a t i o n with the r e s u l t s us ing 
the method of ra te of decrease i n the i n t e r f a c i a l area . 
C o c k t a i n , et a l . (22) found a r e l a t i o n between log D 
(D i s the root mean cube diameter of the p a r t i c l e s ) 
and the time of c e n t r i f u g a t i o n . The e a r l y s tudies of 
M e r r i l l were fol lowed by a p e r i o d of quiscence u n t i l 
1962 when there was a great resurgence of i n t e r e s t 
and eventua l ly commercial ly a v a i l a b l e untracentr i fuge 
was exp lo i t ed for the q u a n t i t a t i v e determinat ion of 
emulsion i n s t a b i l i t y . 

Three papers (10,23-24) from three d i f f e r e n t groups 
of researchers appeared i n 1962; the emulsion systems 
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i n v e s t i g a t e d were d r a s t i c a l l y d i f f e r e n t with the con
comitant discordance i n t h e i r f i n d i n g s . G a r r e t t (23) 
s tudied h i g h l y s tab le emulsions which were amenable to 
only creaming or sedimentat ion; h i s r e s u l t s adhered to 
Svedberg equat ion . Furthermore, he attempted to cor 
r e l a t e the ra te of creaming i n the u l t r a c e n t r i f u g e to 
that under normal g r a v i t y . Mathemat ica l ly , the c a l 
c u l a t i o n s are v a l i d but no experimental r e s u l t s are 
a v a i l a b l e to corroborate such c o r r e l a t i o n s . In a d d i 
t i o n , he has impl ied that the s h e l f - l i f e s t a b i l i t y 
could be p r e d i c t e d from the u l t r a c e n t r i f u g a l r e s u l t s ; 
t h i s may not be so w i l l be i l l u m i n a t e d l a t e r . 

Furthermore, creaming or sedimentation are not 
the true c r i t e r i a for emulsion i n s t a b i l i t y as d i s 
cussed above. 

On the other hand, Rehfeld (24), and Void and 
Groot (10) used emulsion systems which were t o t a l l y 
creamed during the i n i t i a l per iod requ ired for the 
u l t r a c e n t r i f u g e to a t t a i n the pre - se t speed. The 
emulsions showed breakdown, i . e . , a c l e a r separat ion 
of o i l was d i s c e r n i b l e . Q u a l i t a t i v e l y , both groups 
are i n agreement but the k i n e t i c s of separat ion of 
o i l was found to be d i f f e r e n t . In a subsequent pub
l i c a t i o n , G a r r e t t (25) s tudied a v a r i e t y of emulsions 
and determined the k i n e t i c s of the c l e a r separat ion 
of o i l . However, for some h i g h l y s tab le emulsions, 
he could study only the ra te of creaming or sedimenta
t i o n as was done e a r l i e r . 

In a s er i e s of papers , Void and M i t t a l (26-30) 
have s tudied a v a r i e t y of emulsions and a lso the 
e f fec t of operat ive v a r i a b l e s on the k i n e t i c s of 
separat ion of o i l for o/w emulsions. They have shown 
that depending upon the emulsion system, a v a r i e t y 
of k i n e t i c behaviors are p o s s i b l e (27), i . e . , not only 
the quant i ty and ra te of separat ion of o i l but a lso 
the q u a l i t a t i v e nature of the time dependence of the 
ra te of separat ion of o i l were found to change 
markedly with both the nature of the o i l and the nature 
and a l so the concentrat ion of the emuls i fy ing agent. 

Very r e c e n t l y , Rehfeld (31) has s tudied the u l t r a 
c e n t r i f u g a l s t a b i l i t y of a v a r i e t y of n -a lkanes , 
benzene, and n-alkylbenzenes emulsions. For n-^17 
to n - c 8 - in-water emulsions the r e s u l t s obeyed the 
e m p i r i c a l equation 0 = 0ot" n w n e r e n v a r i e s from 0.14 
to 0.17. 0 i s def ined as the f r a c t i o n of s tab le 
emulsion remaining uncoalesced. 
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Most r e c e n t l y , Void and Hahn (32) have found that 
depending upon the emulsion system, the data for the 
u l t r a c e n t r i f u g a l k i n e t i c s of o i l s eparat ion f i t zero , 
f i r s t , or second order ra te express ion . 

It i s evident from the above d i s c u s s i o n that the 
u l t r a c e n t r i f u g a l technique y i e l d s d i f f e r e n t r e s u l t s 
depending upon a host of f a c t o r s - n a t u r e of the o i l , 
nature of the e m u l s i f i e r , concentrat ion of the emuls i -
f i e r , speed of r o t a t i o n , e t c . The main purpose i n the 
present paper i s to address the fo l lowing quest ions: 
( i ) What aspects of emulsion i n s t a b i l i t y can be 
s tudied us ing u l t r a c e n t r i f u g e ? ( i i ) What i s meant by 
u l t r a c e n t r i f u g a l s t a b i l i t y ? ( i i i ) Is there a c o r r e l a 
t i o n between the u l t r a c e n t r i f u g a
s h e l f - l i f e i n s t a b i l i t y
demerits of the u l t r a c e n t r i f u g a l technique are 
d i s cus sed . 

Behavior of Emulsions i n the U l t r a c e n t r i f u g e 

Before d i s c u s s i n g the d i f f e r e n t behaviors of 
emulsions, i t i s important to understand the var ious 
p o s s i b l e changes which take p lace i n the emulsion 
once i t i s subjected to u l t r a c e n t r i f u g a t i o n . The 
present author has used Beckman Model Ε A n a l y t i c a l 
u l t r a c e n t r i f u g e and a s i m i l a r equipment has been em
ployed by other r e s e a r c h e r s . About 0.7 ml of emulsion 
i s i n j e c t e d in to the hole i n the centerpiece which i s 
contained i n a c e l l hous ing . The l i g h t path i s 12 mm 
and the c e l l i s genera l l y 4 ° sec tor shaped but i t can 
be v a r i e d (32). The f a c i l i t i e s are a v a i l a b l e f o r 
s c h l i e r e n o p t i c s but i n emulsion systems the t r a n s 
miss ion of v i s i b l e l i g h t through var ious regions i n 
the c e l l i s g e n e r a l l y used. Once the c e l l i s put i n 
the r 4 t o r and the r o t o r i s connected to the d r i v e 
mechanism, the l i g h t pass ing through the emulsion con
ta ined i n the c e l l presents the p i c t u r e as shown i n 
F igure l a . The p i c t u r e shown represents the true 
p i c t u r e as seen i n the view m i r r o r (a f a c i l i t y a v a i l 
able with the u l t r a c e n t r i f u g e for v i s u a l i n s p e c t i o n ) . 
The var ious regions are explained i n the f i g u r e . 

In the present communication, the d i s c u s s i o n i s 
p r i m a r i l y concerned with o/w emulsions because only 
these emulsions have been s t u d i e d , but the treatment 
should be v a l i d for w/o emulsions a l s o . Moreover, i n 
case of o/w emulsions, both when the o i l i s l i g h t e r or 
heavier than water should be amenable to u l t r a c e n t r i 
f u g a t i o n , but for s i m p l i c i t y the behavior of emulsions 
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conta in ing l i g h t e r o i l phase i s d e s c r i b e d . 

As the r o t o r i s a c c e l e r a t e d , there are c e r t a i n 
d i s c e r n i b l e changes i n F igure l a depending upon the 
c h a r a c t e r i s t i c s of the emulsion and the speed of 
u l t r a c e n t r i f u g a t i o n . The changes i n F igure l a depend 
upon whether the emulsion i s undergoing simple cream
ing or coalescence . These two cases are e laborated 
upon i n the f o l l o w i n g paragraphs. 

Case I . Simple Creaming. I f the emulsion i s 
too s tab le to break, i . e . , to separate o i l under the 
app l i ed u l t r a c e n t r i f u g a l s t re s s -a s was the case with 
emulsion systems s tudied by G a r r e t t (23)-then the 
fo l l owing changes occu
shown i n F igure l b
present ing the l i g h t pass ing through the a i r above 
the emulsion i n the c e l l w i l l be v i s i b l e and ( i i ) 
another transparent reg ion w i l l appear s t a r t i n g from 
the boundary G and extending towards the center of 
the r o t o r ; t h i s represents the water l e f t as a r e s u l t 
of the creaming of the emulsion. The r e l a t i o n between 
the length of the reg ion FG and the time of u l t r a 
c e n t r i f u g a t i o n depends upon the c h a r a c t e r i s t i c s of 
the emulsion. The k i n e t i c s of creaming i s d iscussed 
l a t e r . 

Case I I . Coalescence and the Eventual Separat ion 
of C lear O i l Phase. The Case I d iscussed above 

i s an exception whereas Case II i s g e n e r a l l y observed. 
Rehfe ld , Void et a l . , a n d G a r r e t t , i n h i s recent work 
(25), have observed that t h e i r emulsion systems 
showed the behavior descr ibed under Case I I . Once 
the r o t o r i s acce l era ted and assuming that the emul
s ion i s not so s tab le as to show creaming phenomenon 
e x c l u s i v e l y , then a v a r i e t y of behavior patterns are 
p o s s i b l e depending upon the nature and composit ion 
of the emulsion, temperature, and the u l t r a c e n t r i 
fugal s t r e s s . 

G e n e r a l l y , two d i f f e r e n t regions appear i n v a r i 
ably as shown i n F igure l c . Transparent reg ion CD 
represents the l i g h t pass ing through the a i r above 
the emulsion and t h i s i s s i m i l a r to what i s observed 
i n case of pure creaming (c f . F igure l b ) . The length 
of the reg ion CD depends upon how wel l the hole i s 
f i l l e d with the emulsion, but there i s always some 
a i r l e f t r e s u l t i n g in to t h i s r e g i o n . Second t r a n s 
parent reg ion w i l l s t a r t developing from the boundary 
G and extending towards the center of the r o t o r ; t h i s 
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represents the creaming of the emulsion with the con
comitant separat ion o f the c l e a r l ayer of water. 

It has been observed repeatedly that the c l e a r 
ing o f water i s complete during the time i t takes for 
the r o t o r to a t t a i n the preset speed. Rehfeld noted 
that the c l e a r i n g of water was complete i n 2 min. 
50 sec . (time taken to a t t a i n a speed of 25,980 r . p . m . ) 
and there was no f u r t h e r change i n the length of reg ion 
FG with t ime. S i m i l a r l y , Void et a l . (10,26-30) ob
served the complete c l e a r i n g of water i n about 4 min. 
(time taken to a t t a i n a speed of 39,460 r . p . m . ) for 
a v a r i e t y o f o/w emulsions (see F igure l c ) . 

Fo l lowing the complet
emulsion drop le t s mus
shapes so as to occupy the t o t a l space. This space
f i l l i n g s t r u c t u r e of f l o c c u l a t e d emulsion i s descr ibed 
as foam-l ike or honey-comb s t r u c t u r e . 

Apropos, the complete c l e a r i n g of water does not 
s i g n i f y the absence of water i n the creamed or f l o c 
cu la ted emulsion; o f course , there are water lamel lae 
separat ing the drop le t s i n the f l o c c u l a t e d emulsion 
but t h i s amount of water i s immeasurably s m a l l . 

Now the bas i c quest ion i s : What other changes 
are p o s s i b l e subsequent to the f u l l appearance of 
regions CD and FG? Let i t be added that the boundary 
D i s a f i n e s treak c a l l e d miniscus; i f the miniscus 
i s broad, the boundary D i s reckoned from the mid-point 
of the min i scus . 

The answer to the proposed query i s that depend
ing upon the nature of the emulsion and other opera
t i v e v a r i a b l e s , the fo l l owing changes are p o s s i b l e i n 
reg ion DF. 

The emulsion may be too s tab le to separate any 
o i l during the p e r i o d the r o t o r i s brought to speed 
and furthermore there i s no separat ion of o i l f or some 
time even a f t e r the attainment of the speed. The zero 
time i s reckoned from the time the r o t o r a t ta ins the 
pre - se t speed. This s i t u a t i o n d i c t a t e s the absence of 
the transparent reg ion DE represent ing the separat ion 
of o i l , and the emulsion i s s a i d to have i n d u c t i o n 
p e r i o d . The i n d u c t i o n p e r i o d i s the time elapsed be
fore any separat ion of c l e a r o i l . ( i i ) The emulsion 
may not separate any o i l during the i n i t i a l per iod of 
b r i n g i n g the r o t o r to speed but the separat ion ensues 
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once the speed i s a t t a i n e d . In such c ircumstances , 
the transparent reg ion DE w i l l not be present at zero 
time but w i l l go on cont inuous ly growing a f t e r the zero 
t ime. ( i i i ) The emulsion may be less s tab le r e s u l t i n g 
i n the separat ion of o i l even during the i n i t i a l per iod 
of a c c e l e r a t i o n . This w i l l culminate into the t r a n s 
parent reg ion DE at zero time and i t s extent w i l l 
increase with f u r t h e r time of u l t r a c e n t r i f u g a t i o n 
(Figure Id ) . 

This comprehensive survey of the p o s s i b l e be-
havi4rs of emulsions leads to the d i s c u s s i o n of the 
k i n e t i c s of separat ion of o i l (once the o i l s t a r t s 
s e p a r a t i n g ) , and t h i s i s presented i n the l a t e r 
s e c t i o n . 

Although i n t h i s paper, the two processes of 
creaming and the c l e a r separat ion of o i l are d i s 
cussed s e p a r a t e l y , but i t i s p o s s i b l e that some emul
sions might show a combination of both , as was the 
case with "bad" emulsions of G a r r e t t (25). 

Before l eav ing t h i s subjec t , i t i s appropr iate to 
po int out that although the transparent reg ion FG i n 
both cases (see Figure lb and 1c) r e s u l t from the 
creaming of the o i l drop le t s but i n F igure l c , the 
creaming or f l o c c u l a t i o n i s complete i n such a 
short durat ion as to render the s i t u a t i o n u n q u a n t i f i -
able with respect to k i n e t i c s of creaming. 

What i s U l t r a c e n t r i f u g a l S t a b i l i t y ? 

A f t e r d e s c r i b i n g the var ious modes of behavior of 
emulsion i n the u l t r a c e n t r i f u g e , the quest ion a r i s e s : 
What should be the c r i t e r i o n to represent and compare 
u l t r a c e n t r i f u g a l s t a b i l i t y of var ious emulsions. The 
d i s c u s s i o n here i s p r i m a r i l y concerned with the emul
s ions conforming to Case I I ; the u l t r a c e n t r i f u g a l 
s t a b i l i t y aspects of those emulsions showing behavior 
discussed under Case I , are presented l a t e r . The ex
per imenta l l y measurable q u a n t i t i e s are the lengths of 
the var ious r e g i o n s . As pointed out e a r l i e r , the 
length of reg ion FG (represent ing water) remains con
stant during the experimentation with the r e s u l t that 
the length of the t o t a l reg ion DF (DE + EF) should 
a l so be constant . The regions DE and EF w i l l change 
separate ly as a func t ion of time of u l t r a c e n t r i f u g a t i o n . 
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Void and Groot (10,33-35) adopted the r a t i o D E / E F , 
i . e . , percent o i l separated as a measure of the break
down of the emulsion and a p l o t o f %oil separated 
(% o i l sep) v s . t ime, t , was found i n v a r i a b l y l i n e a r 
over large values of t . The s lope of t h i s p l o t was 
termed the ra te of o i l s eparat ion and the inverse o f 
t h i s was regarded u l t r a c e n t r i f u g a l s t a b i l i t y . On the 
other hand, Rehfeld (24) took the lengths of the r e 
g ion EF at zero and 20 minutes as measures o f emulsion 
breakdown. 

His p l o t s of EF/DF were l i n e a r with time and the 
s lopes of these p l o t s were measure of mechanical s t a b i l 
i t y o f emuls ions, as he has termed i t . Recent ly , Void 
and M i t t a l (27) foun
separated and time i
to the d i f f i c u l t i e s i n the proper choice of the c r i 
t e r i o n f o r u l t r a c e n t r i f u g a l s t a b i l i t y . It should be 
pointed out that the lengths of var ious regions should 
be converted to corresponding volumes, V , by the we l l 
known formula f o r 4 ° sec tor c e l l . 

ïï h . .2 

Where R a i s the d i s tance from the center of r o t a t i o n 
to the top of the c e l l and i n the u l t r a c e n t r i f u g e used 
i t i s 5.70 cm, h i s the th ickness of the c e l l which i s 
12 mm. 

F igure 2 shows p l o t s of % o i l s e p v s . time of 
u l t r a c e n t r i f u g a t i o n f o r four d i f f e r e n t emulsions; and 
a great v a r i a t i o n i n the k i n e t i c behavior of emulsion 
i s evident from t h i s f i g u r e . A summary of the k i n e t i c 
s tudies o f var ious emulsions i s presented i n Table I . , 
and the var ious c r i t e r i a f o r q u a n t i t a t i v e representa 
t i o n and comparison of the u l t r a c e n t r i f u g a l s t a b i l i t y 
of emulsions are compiled i n Table I I . It i s important 
to po int out that d i f f e r e n t order o f emulsion s t a b i l i t y 
i s p o s s i b l e depending not only upon the choice of the 
c r i t e r i o n but a l so upon the time of u l t r a c e n t r i f u g a t i o n 
at which the chosen c r i t e r i o n i s used to compare 
emulsions. This i s shown i n Tables I l i a and I l l b . 
Apparent ly , there i s no s i n g l e u n i v e r s a l l y a p p l i c a b l e 
c r i t e r i o n for represent ing u l t r a c e n t r i f u g a l s t a b i l i t y 
q u a n t i t a t i v e l y , ra ther the choice of the most meaning
f u l c r i t e r i o n w i l l be d i c t a t e d by the p a r t i c u l a r a p p l i 
c a t i o n of an emuls ion. 
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AB - Transparent region, represents light passing through the top reference hole. BC - Dark region, is due to the 
metal of the cell holder. CG - Opaque region, represents emulsion G H - Dark region is due to metal of the cell 
holder. HI - Transparent region, represents light passing through the bottom reference hole. CD - Transparent 
region, represents air. FG - Transparent region, due to the separated water. DF - Opaque region, represents 
totally flocculated emulsion. DE - Transparent Region, represents clear separated oil. EF - Opaque region, due 
to the remaining flocculated emulsion. 

Figure 1. Various possible behavior modes of an emulsion in the ultracentrifugal cell 
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Figure 2. Separation of oil at 39,460 rpm from 50Ψο 
oil-50% water-0.2% surfactant emulsions. Nujol-
SDS emulsions, M111968; olive oil-SDS emuhions, 
M060669; Nujol-Tween 20 emulsions, A 091069; 

Nujol-Triton X-100 emulsions, A 090969 (27). 
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Table I I . Var ious C r i t e r i a for the u l t r a c e n t r i f u g a l 
S t a b i l i t y of Emulsions 

C r i t e r i o n Reference 

Induct ion p e r i o d 8 , 37 
Absolute amount of o i l separated 

at t ime, t 27 
% o i l s e p at t ime, t 27 
Volume t r a c t i o n of creamed emulsion 

remaining at t ime, *t ^ 24 
Extrapo la ted % o i l at zero time 10 
Rate of o i l s eparat ion at t ime, t 27 
Rate of o i l s eparat ion a f t e r 

a given % o i l  2se
Zero order ra te constant 10, 24 
F i r s t order r a t e constant 32, 38, 25 

Second order ra te constant 32 

% o i l d 26,27 max 
Composite constant , b 26,27 
The e m p i r i c a l parameter, η 31 

Note: In case of emulsions undergoing sedimentation 
or creaming, the sedimentation constant can be 
used for comparative purposes . 

a . Induct ion p e r i o d i s the time elapsed before 
separat ion of any o i l . 

b. In many cases , there i s an i n i t i a l r a p i d separa
t i o n of o i l and the extrapolated % o i l at zero 
time represents the e x t r a p o l a t i o n of the curve of 
% o i l v s . time to zero t ime, sep 

c. This i s given by 

d(%oil ) b(%oil - %oil ) 2 
v sep' _ v max sep' 

d t % o i l « a v 
max 

and for d e f i n i t i o n s of var ious terms, r e f e r to the 
e m p i r i c a l equation descr ibed above. The above equa
t i o n permits ready c a l c u l a t i o n of the instantaneous 
ra te of o i l s eparat ion a f t e r separat ion of any given 
f r a c t i o n , much as 10% or 30%. 
d . Th i s represents the l i m i t i n g amount of o i l which 

w i l l separate at i n f i n i t e t ime, and t h i s can be 
determined e i t h e r exper imenta l ly or from the em
p i r i c a l equation (see Table I . ) . 
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Creaming or Sedimentation 

The c l a s s i c a l express ion r e l a t i n g the distancer? 
of the p a r t i c l e from the axis of r o t a t i o n with the 
t ime, t , of c e n t r i f u g a t i o n i s g iven by 

*2 V t p - P 1 ) (r.p m. 2 π ) 2 (t2 - ti) 
log « krj Ρ 

where X2 and x j are the p o s i t i o n s of the p a r t i c l e at 
time t 2 and t i r e s p e c t i v e l y . V i s the volume of the 
creaming p a r t i c l e , ρ and p i are the d e n s i t i e s of the 
p a r t i c l e and the medium, k i s the shape constant of 
the p a r t i c l e , η the c o - e f f i c i e n t of v i s c o s i t y of the 
d i s p e r s i o n medium, an
the r o t o r . 

Equation (1) can be s i m p l i f i e d to Equation (2) 
for a given p a r t i c l e of a given d e n s i t y . 

log X2 = Kt + log x1 

where Κ = Vf ρ - p W V p . m . ) 2 = S (r .p.m.) 2 

S i s s imply the sedimentation constant given i n un i t s 
of Svedberg, t i s the time from the s t a r t o f the cen
t r i f u g e and x 2 i s the p o s i t i o n of the p a r t i c l e at 
time t . 

Garre t t (23,25) i n h i s s tudies o f creaming of 
emulsions found that both Equat ion (2) and (3) were 
obeyed as shown i n F igures 3 and 4. On the other 
hand, Rehfe ld , Void et a l . , could not study the cream
ing according to Equations (2) and (3) as t h e i r emul
s ion systems were t o t a l l y creamed i n 3-4 minutes. 

A few comments regarding the use of Equations 
(2) and (3) and the creaming of emulsions are i n 
order: ( i ) A c t u a l l y these equations are v a l i d at 
constant r . p . m . , and so i n the case of changing speed 
t h i s can cause some e r r o r , and i f the time i s reckoned 
a f t e r the speed i s a t ta ined then there i s uncer ta in ty 
i n es t imat ing the extent of sedimentation dur ing t h i s 
i n i t i a l p e r i o d . ( i i ) The ra te of creaming simply 
measures the ra te of smal les t p a r t i c l e s and so i t can
not p r o f i t a b l y be used to d i f f e r e n t i a t e between d i f 
ferent emulsions. ( i i i ) These equations are v a l i d 
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Figure 3. Example of flotation of oil particles from 
the bottom of 50% toluene-water emulsion prepared 
with 7%d G-2151 surfactant. The logarithm of the dis
tance of the emulsion-water boundary from the 
center of the rotor is plotted against the time in sec

onds of ultracentrifugation at 24,630 rpm (25). 
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Figure 4. Initial flotation rates in sec'1 as a function 
of ultracentrifugal (rpm)2 for a 50% toluene-in-w,ater 
emulsion stabilized with 7% G-2151. The numbers 
indicate age in days of the emulsions at the time of 

centrifugation (25). 
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below a c e r t a i n r . p . m , ( th i s w i l l depend upon the 
emulsion c h a r a c t e r i s t i c s ) and at higher r . p . m . f s , 
c l e a r separat ion of o i l s t a r t s . ( iv) Garre t t found 
that the creaming phenomenon depends upon the concen
t r a t i o n of the e m u l s i f i e r used; i f the concentrat ion 
of the e m u l s i f i e r i s low, then the emulsion may not 
be amenable to q u a n t i f i c a t i o n . 

G a r r e t t (23) has der ived an express ion r e l a t i n g 
the sedimentat ion i n the u l t r a c e n t r i f u g e to that under 
normal g r a v i t y 

= 4e856 x l0~ 6 je (r .p .m) 2 / log ( i + 1) 
to d 

where t g i s the time under normal g r a v i t a t i o n a l c o n d i 
t i o n s ; f c under u l t r a c e n t r i f u g a l c o n d i t i o n s ; 1 i s the 
d i s tance of sedimentat ion; d i s the i n i t i a l distance, 
from the ax is of r o t a t i o n to the u l t r a c e n t r i f u g e . 
Assuming a value of d o f 7.08 cm (between 7.07 cm and 
6.31 cm) and based upon the r . p . m . values ranging from 
12,590 to 35,600, he c a l c u l a t e d that i t w i l l take an 
average of 311 days (range of c a l c u l a t i o n s from 271 to 
376 day) for a sedimentation of 0.77 cm under normal 
g r a v i t a t i o n a l c o n d i t i o n s . 

Mathemat ica l ly , the r e l a t i o n s are v a l i d but cau
t i o n should be exerc ised i n p r e d i c t i n g the future be
hav ior of emulsions based upon the u l t r a c e n t r i f u g a l 
r e s u l t s . Furthermore, creaming i s not a true c r i t e r i o n 
of emulsion i n s t a b i l i t y and so not much i n s i g h t in to 
the breakdown of the emulsions can be gained through 
such s t u d i e s . Moreover, i t i s obvious from the r e s u l t s 
compiled i n Table I , that most of the emulsions s tudied 
are not amenable to creaming phenomenon. 

Comparison of S h e l f - l i f e and U l t r a c e n t r i f u g a l 
S t a b i l i t y of Emulsions 

As pointed out e a r l i e r , there i s a d e f i n i t e need 
f o r an acce l era ted t e s t f o r emulsion i n s t a b i l i t y and 
the r e s u l t s from such t e s t should p r e d i c t the s h e l f -
l i f e behavior of emulsions. Furthermore, the a c c e l e r 
ated te s t should f u l f i l l the requirements set f o r t h 
e a r l i e r . In the f o l l o w i n g paragraphs, a comparison 
between the behavior of an emulsion under normal 
storage condi t ions and i n the u l t r a c e n t r i f u g e i s made, 
( i ) Under normal g r a v i t a t i o n a l c o n d i t i o n s , an emulsion 
cons i s t s of s p h e r i c a l drop le t s suspended i n the d i s 
pers ion medium, whereas i n most cases , the drops are 
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5. M I T T A L Ultracentrifugal Technique 93 

d i s t o r t e d to po lyhedra l or honey-comb s t r u c t u r e i n the 
u l t r a c e n t r i f u g e . ( i i ) Under s h e l f - l i f e , f l o c c u l a t i o n 
maybe ra te determining i n the separat ion of the d i s 
perse phase whereas i n u l t r a c e n t r i f u g e , the emulsion 
i s a lready f l o c c u l a t e d . ( i i i ) Factors i n f l u e n c i n g the 
f l o c c u l a t i o n may be important under normal condi t ions 
whereas i n the u l t r a c e n t r i f u g e , these may p lay no 
important r o l e . ( iv) In normal s torage , steps of 
f l o c c u l a t i o n and coalescence cannot be d i f f e r e n t i a t e d 
whereas i n the u l t r a c e n t r i f u g e coalescence can be 
separated from f l o c c u l a t i o n and can separate ly be 
s t u d i e d . (v) There are subt le changes tak ing p lace i n 
the emulsion during storage and before o i l s e p a r a t i o n , 
but these changes cannot be s tudied i n the u l t r a c e n t r i -
fuge. (v i ) U l t r a c e n t r i f u g a
drainage of water betwee
of the e m u l s i f i e r f i l m s , thereby modifying the mechan
ism of coalescence operat ive under normal g r a v i t a t i o n a l 
c o n d i t i o n s . ( v i i ) Factors a f f e c t i n g the rate of o i l 
s e p a r a t i o n , the k i n e t i c s of o i l s e p a r a t i o n , and the 
e f f ec t s of operat ive v a r i a b l e s may be d i f f e r e n t under 
u l t r a c e n t r i f u g a l and s h e l f - l i f e c o n d i t i o n s . 

Advantages and Disadvantages of the 
U l t r a c e n t r i f u g a l Method 

In s p i t e of the d i f f i c u l t i e s and u n c e r t a i n t i e s 
assoc ia ted with t h i s technique , the method has numer
ous advantages over the convent ional methods. ( i ) The 
technique i s very time sav ing , the p r e p a r a t i o n , u l t r a -
c e n t r i f i g u r a t i o n , and the a n a l y s i s of the r e s u l t s can 
be completed i n two days. ( i i ) The r e s u l t s are r e 
produc ib le (within 3 to 5%)and r e l i a b l e . ( i i i ) E x c e l l e n t 
method to study the e f f ec t of operat ive v a r i a b l e s such 
as concentrat ion of e m u l s i f i e r s , n a t u r e of o i l phase, 
temperature e t c . on the s t a b i l i t y of emulsions, ( iv) 
E x c e l l e n t method f o r comparative purposes . (Emuls ions of 
wide range of s t a b i l i t y can be s t u d i e d . (v i ) The only 
r e l i a b l e method to study the ac tua l breakdown, i . e . , 
c l e a r separat ion of the d i sperse phase ( v i i ) The con
v e n t i o n a l methods s u f f e r from the drawback that the 
processes of f l o c c u l a t i o n and coalescence are d i f f i 
c u l t to be d i f f e r e n t i a t e d , but the u l t r a c e n t r i f u g a l 
technique can be used to study coalescence e x c l u s i v e l y 
and without i n t e r f e r e n c e from f l o c c u l a t i o n . ( v i i i ) 
V a l i d for both o/w and w/o emulsions, ( iv) Only a small 
quant i ty (0.7 ml) of emulsion i s r e q u i r e d , which i s a 
s p e c i a l advantage i n exp lora tory experiments. (x) The 
technique and the equipment can be s o p h i s t i c a t e d to 
determine the concentrat ion of the e m u l s i f i e r i n the 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



94 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

c leared aqueous phase; t h i s can be very h e l p f u l i n 
u n r a v e l l i n g the mechanism of coalescence. 

No method i s per fec t and the u l t r a c e n t r i f u g a l 
technique i s no except ion . The fo l lowing drawbacks 
can be cata loged . ( i ) The equipment i s expensive and 
the technique i s exac t ing . ( i i ) The nature of the 
emulsion i n the u l t r a c e n t r i f u g e i s qu i te d i f f e r e n t 
from that under normal g r a v i t y . ( i i i ) The u l t r a c e n t r i 
fugal r e s u l t s may not be u t i l i z e d d i r e c t l y to p r e d i c t 
s h e l f - l i f e s t a b i l i t y because, as d iscussed above, the 
process of d e m u l s i f i c a t i o n and the f a c t o r s a f f e c t i n g 
t h i s may be qui te d i f f e r e n t from that under normal 
storage c o n d i t i o n s . 

Summary and Conclusions 

1. Depending upon a v a r i e t y of f a c t o r s , i n t e r a l i a , 
concentrat ion of the e m u l s i f i e r and the u l t r a c e n t r i 
fugal s t r e s s , an emulsion may undergo creaming or s e d i 
mentation; or i t may coalesce with the eventual c l e a r 
separat ion of the d i sperse phase. Most of the emulsions 
s tudied are prone to coalescence , but i n some cases the 
emulsion composit ion and other experimental condi t ions 
are such that the emulsion i s amenable to q u a n t i f i a b l e 
creaming r a t e . 

2. Caution should be exerc ised i n p r e d i c t i n g the 
rate of creaming under normal g r a v i t a t i o n a l c o n d i t i o n s , 
from the r e s u l t s obtained i n the u l t r a c e n t r i f u g e . 
Mathemat ica l ly , the r e l a t i o n s are v a l i d but there are 
no experimental r e s u l t s a v a i l a b l e to corroborate such 
r e l a t i o n s . 

3. The p h y s i c a l make-up of the emulsion i n the 
u l t r a c e n t r i f u g e i s d i f f e r e n t from that under normal 
s torage; consequently , one should be c a r e f u l i n e x t r a 
p o l a t i n g r e s u l t s from the u l t r a c e n t r i f u g a l s tudies to 
the p r e d i c t i o n s of emulsion behavior under normal 
g r a v i t a t i o n a l c o n d i t i o n s . The e f fec t s of the operat ive 
v a r i a b l e s may be d i f f e r e n t in two cases . 

4. A host of c r i t e r i a are p o s s i b l e for represent 
ing and comparing u l t r a c e n t r i f u g a l s t a b i l i t y of emul
s i o n s . D i f f e r e n t order of s t a b i l i t y i s pos s ib l e (see 
Table III) depending upon the choice of the c r i t e r i o n 
and the time of u l t r a c e n t r i f u g a t i o n at which the emul
sions are compared. 
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5. The u l t r a c e n t r i f u g a l technique provides an 
i d e a l method to study the e f fec t s of operat ive v a r i a b l e s 
on the process of coalescence and the k i n e t i c s of c l e a r 
separat ion of the d i sperse phase. 

6. A l l of the work reported has been confined to 
o/w emulsions, and the technique should be extended to 
w/o emulsions, and a l so to p a r t i c l e - s t a b l i z e d emulsions. 

7. More work i s needed before the u t i l i t y of the 
u l t r a c e n t r i f u g a l technique as an acce lerated te s t of 
emulsion s t a b i l i t y i s e s t a b l i s h e d . Emphasis should be 
i n the d i r e c t i o n of f i n d i n g a c o r r e l a t i o n between the 
u l t r a c e n t r i f u g a l r e s u l t
of emulsions. 
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Introduction 

Although the d ispers io
been known for a long time (1, 2, 3, 4, 5), it has rare ly been 
used i n p rac t ica l emuls i f icat ion processes. This is because of 
the fact that , except for the emuls i f icat ion of mercury by 
I lkovic (3), the liquid is dispersed in air at first and then in
troduced into another liquid phase containing stabilizing agent. 
In add i t ion , the voltage used is very h igh , ranging from several 
to several ten thousand volts. 

In connection with the studies on e l e c t r o c a p i l l a r y phenomena 
at o i l /water inter faces (6, 7,  8, 9), the present authors have 
succeeded i n producing w/o or o/w type emulsions directly by 
using much lower voltages as compared with the above method. The 
emulsions thus formed are i n general h ighly monodisperse. Since 
phys ica l propert ies of emulsions are strongly dependent on the 
s ize d i s t r i b u t i o n , deta i led studies on the present method appear 
to provide us with a useful means to c l a r i f y the mechanism of 
emuls i f icat ion as wel l as of propert ies of emulsions i n general . 

Experimental 

Mater ia ls . Except for the cases of app l ica t ions , the mate
r i a l s used are as follows : 

The inorganic (KCl) and organic (tetrabutylammonium c h l o 
r i d e , TBAC) e lec t ro ly tes were of Ana ly t i ca l Grade, which were 
used without further p u r i f i c a t i o n . The surfactants , sodium 
dodecylsulfate (SDS) and cetylpyr idinium chlor ide (CPC), were of 
Extra Pure Grade, and Span 80 was of Commercial Grade. The 
organic solvent , methylisobutylketone (MIBK) , of Extra Pure 
Grade, washed by sodium hydroxide aqueous solut ion and pure 
water, was d i s t i l l e d and then saturated with water before use. 
Ion exchange water was r e d i s t i l l e d from an a l l Pyrex apparatus, 
which gave water of s p e c i f i c conduct iv i ty ca . 1 micromho/cm. 
This was used for a l l experiments. 
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I 

Figure 1. Schematic of the apparatus 
for electric emulsification. A: Teflon 

voir, F: D.C. power supply, G, H: Ft elec
trodes, O: Oil phase, V: Voltmeter, W: 

Water phase. 

Figure 2. Photographs of electric emulsification of 
water in MIBK system. A: 0 volt, B: 100 volts, C: 250 

volts, D: 500 volts. 
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A l l glassware was thoroughly cleaned and steamed before use. 

Apparatus. The out l ine of the apparatus for e l e c t r i c emulsi
f i c a t i o n i s shown in Figure 1. The water phase in the syringe Β 
i s introduced into the o i l phase through the Tef lon tube A ( 
inner d i a . , c a . 0.5 mm) at the t i p of the glass syr inge, by d r i v 
ing the motor G . The platinum electrodes G and H i n water and 
o i l phases, respect ive ly , are connected to the var iable D.C. 
supply F. When s u f f i c i e n t l y high voltage i s applied to the o/w 
in ter face , the dispersion of water phase takes place at the t i p 
of the c a p i l l a r y and w/o type emulsion i s produced. 

In the case of formation of o/w type emulsions', the o i l 
phase i s introduced from the syringe into water phase. 

In the present paper the sign of applied voltage Ε i s always 
that of water phase wit

Hycam 16 mm High Spee
the phenomena which occur during the emuls i f ica t ion . 

Results 

Emuls i f ica t ion of 0.01 mol/dm 3 KCl i n MIBK. When the a p p l i 
ed voltage Ε i s zero, large drops are successively formed at the 
t i p as shown by the photograph in Figure 2, A. The s ize of 
drops decreases with increasing Ε (Figure 2, Β ) , and at 250 vo l ts 
a shower of f ine drops i s formed, although r e l a t i v e l y large drops 
are a lso formed simultaneously (Figure 2, C ) . This i s the 
minimum voltage necessary to give r i s e to continuous emuls i f i ca 
t ion and i s ca l led "the c r i t i c a l voltage of emuls i f i ca t ion" , 
E ( c r i t . ) , a measure of the d i f f i c u l t y of emuls i f icat ion (4). At 
500 vo l ts the emuls i f icat ion takes place v i o l e n t l y , presenting a 
f o g - l i k e appearance (Figure 2, D). 

Photographs taken by the high speed camera are shown in 
Figure 3. I t i s noticed that the o/w inter face i s strongly de
formed at high vol tages, with a very sharp protuberance. At the 
c r i t i c a l voltage the dispersion takes place at th is po in t . The 
protuberance moves around rap id ly and i r r e g u l a r l y at th is stage. 

The E f fec t of Composition on the C r i t i c a l Voltage of Emulsi 
f i c a t i o n . The c r i t i c a l voltage of emuls i f icat ion Ε ( e x i t . ) i s 
strongly influenced by the composition of o i l and water phases. 
As an example the ef fect of SDS concentration of o i l phase on 
Ε ( e x i t . ) for w/o type emuls i f icat ion i s shown i n Figure 4 (9), 
where the water phase contains 0.0001 mol/dm 3 or 0.01 mol/dm 3 

K C l . The o i l phase i s MIBK containing various concentrations of 
anionic surfactant SDS. I t i s noticed that , when the SDS con
centrat ion in MIBK i s increased, E ( c r i t . ) decreases at f i r s t . 
This i s ascribed to the adsorption of SDS at the w/o inter face 
and also to the increase in e l e c t r i c conduct iv i ty , that i s the 
decrease in ohmie drop in o i l phase. 

However, for SDS concentrations higher than 0.0001 mol/dm 3 
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Figure 3. Photographs of electric emulsification 
taken by the high speed camera for water in MIBK 
system. A: 0 volt, 200 exposures/sec. B: 150 wits, 
200 exposures/sec. C: 250 volts, 8,000 exposures/sec. 

D: 1,000 volts, 8,000 exposures/sec. 

log [SDS], (M) 

Figure 4. The effect of SDS concentration in oil phase on 
E(crit.). Water phase: KCl concentration, Δ: 0.0001 mol/dm3, 

Q: 0.01 mol/dm3. Oil phase: SDS in MIBK. 
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in the case of 0.0001 mol/dm 3 K C l , E ( c r i t . ) increases again, the 
emuls i f icat ion becoming more d i f f i c u l t . 

More or less the same behavior i s found in the curve for 
0.01 mol/dm 3 K C l . 

It i s in terest ing to f ind that th is behavior i s re la ted to 
the change in the conduct iv i ty of o i l phase. Figure 5 shows the 
r e l a t i o n between E ( c r i t . ) and the s p e c i f i c conduct iv i ty of o i l 
phase κ ( ο ) for w/o type emuls i f i ca t ion , the water phase being 
0.0001 mol/dm 3 KCl aq. and the o i l phase MIBK containing various 
concentrations of SDS. I t i s noticed that E ( c r i t . ) decreases with 
increasing κ ( ο ) , the emuls i f icat ion becoming eas ier . However, 
when κ ( ο ) approaches that of water phase K ( W ) , i . e . 18.4 micro-
mho/cm, no emuls i f icat ion takes place under present experimental 
condi t ions, E ( c r i t . ) increasing i n d e f i n i t e l y . 

Figure 6 shows the
w/o type emuls i f i ca t ion
CPC in MIBK and the water phase containing various concentrations 
of KCl (9). I t i s noticed that E ( c r i t . ) increases with decreas
ing κ ( w ) , and no emuls i f icat ion takes place when the conduct i 
v i t y of water phase approaches that of o i l phase κ ( ο ) , i . e . 
1.04 micromho/cm. 

Opposite re la t ions are found for o/w type emuls i f icat ion as 
shown i n Figure 7, where E ( c r i t . ) i s p lo t ted against κ (w) . The 
water phase contains various concentrations of KCl and the o i l 
phase i s 0.01 mol/dm 3 TBAC in MIBK. I t i s noticed that E ( c r i t . ) 
increases i n d e f i n i t e l y as κ ( w ) approaches κ ( ο ) , i . e . 140 micro
mho/cm (Figure 7) . 

I t i s worth mentioning here that TBAC i s e l e c t r o c a p i l l a r y 
inact ive (JL) , and hence the e l e c t r i c emuls i f icat ion takes place 
even i n the absence of surface act ive mater ia ls . 

These observations lead to the conclusion that the s p e c i f i c 
conduct iv i ty of the discontinuous phase must always be higher 
than that of continuous phase i n order for the e l e c t r i c e m u l s i f i 
cat ion to take p lace . 

P a r t i c l e Size D is t r ibu t ions . The s ize d is t r ibu t ions of 
emulsions thus formed e l e c t r i c a l l y are much narrower than those 
of emulsions prepared mechanically (8). This i s c lear from 
Figure 8, i n which the p a r t i c l e s ize d i s t r i b u t i o n s , measured 
microscopica l ly , are shown for w/o type emulsions of the same 
composition, prepared by e l e c t r i c (A) and mechanical (B) methods. 
The water phase contains 0.01 mol /dm 3 SDS and the o i l phase i s 
0.5 % Span 80 i n toluene, the appl ied voltage being -300 v o l t s i n 
the case of e l e c t r i c emuls i f i ca t ion . 

Emulsions of much higher d i s p e r s i t y , with the average d i a 
meter lower than 0.1 μ m, can be formed by choosing proper sur 
factants at proper concentrat ions. This can be proved by using 
the l i g h t - s c a t t e r i n g technique (10). 

S t a b i l i t y . The emulsions formed e l e c t r i c a l l y are very 
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log κ(ο), (mho/cm) 

Figure 5. The influence of the specific conductivity of oil 
phase on E(crit.). Water phase: 0.0001 mol/dm3. Oil 

phase: SDS in MIBK. 

Figure 6. The influence of the specific conductivity of wa
ter phase on E(crit). Water phase: KCl. Oil phase: 0.00005 

mol/dm3 CFC in MIBK. 
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-600 

log κ(w), (mho/cm) 

Figure 7. The influence of the specific electric conductivity 
of water phase on E(crit.). Water phase: KCl. Oil phase: 

0.01 mol/dm3 TBAC in MIBK. 
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Figure 8. Particle size distributions measured by optical 
microscopy. A: Electric emulsification. B: Mechanical 

emulsification. 
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stable as compared with those prepared mechanically. This i s due 
to the small drop s i z e , high degree of monodispersity and the 
repulsive force between p a r t i c l e charges. The photographs of 
emulsions, prepared by introducing fountainpen ink into MIBK, are 
shown in Figure 9, both of which are taken 60 days af ter prepara
t i o n . The l e f t hand side i s the emulsion formed by using the 
homogenizer and the r ight hand side i s formed e l e c t r i c a l l y . Since 
these emulsions contain no s t a b i l i z e r s other than those i n the 
o r i g i n a l ink , drops begin to s e t t l e i n a few min. a f ter prepara
t ion and separate out completely a f ter 3 days, in the case of 
mechanical emuls i f i ca t ion . However, the emulsion prepared e l e c 
t r i c a l l y i s very s tab le , as shown by the photograph. 

Discussion 

Since the process o
equi l ibr ium phenomenon, as i s c lear from the fact that the o/w 
inter face i s strongly deformed and i n ceaseless v io len t motion, 
there are many factors which govern th is phenomenon. 

In the f i r s t p lace , we must consider the decrease i n (macro
scopic) i n t e r f a c i a l tension by the appl ied potent ia l d i f fe rence , 
the e l e c t r o c a p i l l a r y phenomena at o/w inter faces ((>, 8) . In 
Figure 10 the i n t e r f a c i a l tension γ i s p lo t ted against E , where 
the water phase i s 1 mol /dm 3 KCl and the o i l phase 0.0001 mol / 
dm 3 CPC or SDS i n MIBK. I t i s noticed that γ decreases over the 
negative po la r i za t ion range in the case of ca t ion ic surfactant 
CPC, becoming almost zero at Ε = - 30 v o l t s . For the anionic 
si irfactant SDS, on the other hand, γ decreases over the pos i t i ve 
po la r i za t ion range, becoming almost zero at Ε = + 50 v o l t s . 
These values of Ε for zero γ almost coincide with those of 
E ( c r i t . ) , the c r i t i c a l voltages of emuls i f ica t ion . 

I t has been found, however, that the emuls i f icat ion a lso 
takes place over the po la r i za t ion range i n which γ does not de
crease i n Figure 10 or even in the absence of surfactants , i f a 
s u f f i c i e n t l y high voltage i s appl ied . Since γ i s higher than 
zero at the c r i t i c a l voltage of emuls i f icat ion i n these cases, 
we can conclude that the decrease i n (macroscopic) i n t e r f a c i a l 
tension i s not the necessary condit ion of e l e c t r i c emuls i f ica t ion . 

From microscopic point of view, the f luctuat ion of i n t e r -
f a c i a l tension always takes place by l o c a l changes in curvature 
and concentration and a lso by the uneven d i s t r i b u t i o n of current 
density (11, 12, 13, 14). Hence, there are l o c a l regions in 
which γ i s lower than the average macroscopic value. Hence, i t 
i s expected that a sharp protuberance can grow at such a point on 
the surface of l i q u i d drop and the l o c a l curvature increases. 
Hence, the f luctuat ion i s ampl i f ied there, thus increasing the 
tendency to emuls i f i ca t ion . 

In the second p lace , the strong e l e c t r i c f i e l d at the i n t e r 
face must be taken into account, which helps to break the mechan
i c a l equi l ibr ium at the inter face l o c a l l y . 
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Figure 9. The stability tests of w/o type emulsions. A: 
Electric emulsification. B: Mechanical emulsification by 

using the homogenizer. 

-υ 

200 -200 

Figure 10. Electrocapillary curves at o/w interfaces. 
Water phase: 1 mol/dm3 KCl. Oil phase: 0.0001 

mol/dm3 CPC (Q) or SDS ( · ) . 
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The mechanical force due to the e l e c t r i c f i e l d i s equal to 
the di f ference in the Maxwell stresses at both sides of the i n 
ter face . When the e l e c t r i c f i e l d i s perpendicular to the i n t e r 
face , the normal force f act ing from phase 1 to 2 i s given by 

f = (1/2) [ e 'Cd φ ' / ά χ ) ^ = 0 " ε ( d f / d x ) ^ 1 

where ε and ε 1 are d i e l e c t r i c constants, ψ and ψ 1 e l e c t r i c po
t e n t i a l s , of phases 1 and 2, respect ive ly , and χ i s the distance 
from the inter face i n the d i rec t ion from phase 1 to 2. In the 
absence of ion ic adsorpt ion, we have for χ = 0 

φ = ψ · 

and 

K(di|//dx) = κ · ( ά ψ ' / ( 1 χ ) 

where κ and κ ' are s p e c i f i c conduct iv i t ies of phases 1 and 2, 
respect ive ly . From these three equations we obta in: 

f = 0 for κ //ε = κ V / ε » 

Thus, d i rec t ion of the force f i s governed by the values of κ / / ε 
at both sides of the in ter face . The e f fect of ion ic adsorption 
on the surface potent ia l can be neglected, when a s u f f i c i e n t l y 
high voltage i s appl ied . 

The above discussion i s i n accord with the experimental 
facts mentioned e a r l i e r . Since the change i n s p e c i f i c conduct i 
v i t y dominates under the present experimental condi t ions, the 
square roots of d i e l e c t r i c constants of water and o i l phases be
ing almost equal to each other, the mechanical force i s d i rected 
from the phase of higher to that of lower s p e c i f i c conduct iv i t ies . 
This explains the re la t ion between the type of emulsion formed 
and the s p e c i f i c conduct iv i t ies of water and o i l phases. 

I t i s therefore concluded that the mechanical force due to 
the d iscont inu i ty of e l e c t r i c f i e l d at the in te r face , together 
with the l o c a l f luctuat ion of Υ , acts to break the mechanical 
equi l ibr ium at the inter face and drops are thrown into the other 
phase with complicated motion of the l i q u i d . Then, the deforma
t ion and the ve loc i ty of drop formation increase, and the con
tinuous emuls i f icat ion i s accelerated. 

Appl icat ions 

In the case of ordinary emuls i f icat ion processes, propert ies 
of emulsions, e . g . p a r t i c l e s ize d i s t r i b u t i o n , s t a b i l i t y , are 
usual ly contro l led by se lect ing proper surfactants at high con
centrat ions. This causes i n many cases a considerable disadvan
tage, and i n addit ion the use of synthetic surface act ive mater i -
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als often gives r i s e to various d i f f i c u l t i e s . The present tech
nique has i n th is sense a great advantage, since s tab le , nearly 
monodisperse, f ine emulsions are formed i n the absence o f , or i n 
the presence of very small amounts o f , surface act ive mater ia ls . 

This method has a vast f i e l d of app l ica t ions , for example 
the dyeing, cosmetics, food and pharmaceutical industr ies (16). 
A few examples w i l l be presented here b r i e f l y . 

The emulsion for solvent dyeing can be prepared e l e c t r i c a l l y 
by introducing the aqueous solut ion of dye into te t rach loroethy l -
ene in the presence of sorbitan mono-oleate. The leve l ing e f fec t 
i s good. Moreover, i t i s a lso possible in th is method to contro l 
the p a r t i c l e charge according to the nature of the f ibe r to be 
dyed. 

A cosmetic cream of high qual i ty i s formed e l e c t r i c a l l y by 
introducing water into l i q u i
mono-oleate. The amoun
in ordinary commercial cosmetic creams. 

The e lec t rocap i l l a ry spinning i s a modif icat ion of the 
present procedure (15). For instance, we can spin threads out of 
ge la t in by introducing 20 % aqueous solut ion of ge la t in into 
absolute ethanol through a Tef lon tube of c a . 0.5 mm in inner 
diameter (15). When the appl ied voltage i s zero, the ge la t in 
solut ion passes into the ethanol phase slowly and coagulates 
read i ly . At s u f f i f i e n t l y high vol tages, however, the ge la t in so
lu t ion forms a thread, which moves around v i o l e n t l y at the front 
of the t i p and i s dehydrated rap id ly . In Figure 11 photographs 
taken by the high speed camera at the speed of 200 exposures per 
sec. are shown. The ge la t in powder thus formed has the s p e c i f i c 
area much larger than that of untreated one, and hence d issolves 
in water qu ick ly . The i n i t i a l d isso lu t ion ve loc i ty of the ge la 
t i n sample treated at 1,000 vo l ts i s about ten times larger than 
that of untreated one. This technique of e lec t rocap i l l a ry 
spinning can be applied to any other soluble high polymers, e . g . 
polyv iny la lcohol and gum arabic . 
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Figure 11. Photographs of electrocapillary spinning of gelatin 
taken by the high speed camera at 200 exposures/sec. A: 0 volt, 

B: 250 volts, C: 800 volts, D: 1,000 volts. 
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Macromolecular Emulgents in Emulsion Stability 
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Introduction 

There has been always a lack of complete t h e o r e t i c a l under
standing of emulsion behaviour. E a r l i e r workers (1-6) attempted 
physicohemical interpretat ion of emulsion charac ter i s t i c s i n a 
rather qua l i ta t ive manner. Later on some attempts were made i n 
a semiquantitative way to account for emulsion stability i n terms 
of the rate of decrease of spec i f i c interface with time (7). 
This was not, however, a very sat i s factory theore t i ca l approach 
and gave no c lear insight into the mechanism of emulsion coagu
lation except that it did reflect a semiquantitative corre la t ion 
between film strength and stabilizer concentration. Verwey (8) 
has considered the stability of emulsions in terms of the e lec
trical double layer which exists at the liquid-liquid interface . 
The total potent ia l drop was considered to occur in both the 
phases, the greater drop being i n the oil phase. The D.L.V.O. 
theory of colloid stability should, therefore, be applicable to 
stablished emulsions. Recently th i s theory has been used by 
van den Tempel (9) and Albers and Overbeek (10) to explain the 
behaviour of both O/W and W/O systems using a r b i t r a r y values of 
the van der Waals constant. 

In the present work by the author the s t a b i l i z a t i o n of emul
sion droplets by e l ec tros ta t i c forces and by the v i s c o - e l a s t i c i t y 
of the adsorbed f i l m has been examined. Emulsion globules cov
ered by adsorbed macromolecular emulgent f i lms exhibit apprecia
ble s t a b i l i t y to both f loccu la t ion and coalescence which togeth
er const i tute the o v e r a l l process of separtion of the disperse 
phase. The quantitat ive theory of these phenomena i s examined 
on one hand to explain f l occu la t ion using the D . L . V . O . theory 
and c o n t r o l l i n g the double layer potent ia l through the v a r i a 
t i o n of pH and the bulk phase concentration. On the other hand, 
coalescence which follows f loccu la t ion i s found to be governed by 
the rheology of the f i l m . The funct ional van der Waals constants 
have also been assessed. 

Present address: Unesco Science Centre, Univers i ty of Alexandria 
(A. R. Egypt) 
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Theoret ical 

The f l occu la t ion of an emulsion i s s imi lar to that of a 
lyophobie c o l l o i d . I t may be either i r r e v e r s i b l e occuring in the 
primary minimum or revers ib le occurring in the secondary minimum 
( i f i t s depth i s smal l ) . The quantitat ive aspects of both the 
p o s s i b i l i t i e s have been dealt by the D . L . Y . O . theory. However, 
for the macromolecular s tab i l i z e d emulsion under inves t igat ion , 
having an average p a r t i c l e radius greater than οηβμηι , f l o c c u 
l a t i o n occurs at secondary minima. The p a r t i c l e s in th i s type of 
revers ib le f l occu la t ion are s t i l l separated by a distance of the 
order of 20 nm. This i s diagrammatically depicted i n Figures 1-2. 

In the framework of the D . L . V . O theory (11), the interact ion 
energy of the coated l i q u i d droplets V = V R + V & where V R and V & 
are respect ive ly the repuls io
repuls ive energy was calulate

X T gaifto2 . 7 1 - κ Η (1) 
\ = —f— In (1 + e ) 

where V R i s the energy of repu l s ion , ε , d i e l e c t r i c constant, a , 
the p a r t i c l e radius,, κ , the Debye Huckel parameter and Η the i n -
t e r p a r t i c l e distance; Ψο i s the surface potent ia l assumed to be 
equal to the zeta potent ia l for the present system having κ a 

» 1. 
The a t t rac t ion energy VA symbolizing the p a r t i a l l y retarded 

van der Waals interact ion was ascertained from the fol lowing 
equations : 

2 3 
Aa / 2 . 4 5 λ λ X \ (2) 

Α π ν 120 Η 2 1045 HT 5.62x10 ~H 

valid for H > 15 nm 

3 _ _ 4 4 

valid for H < 15 nm 

The interact ion V can be calculated from the t o t a l number of 
p a r t i c l e s associated with a given p a r t i c l e i . e . the degree of ag
gregation. D, can be computed from 

D = 4 ft n a 3 J S2exp (-V/kT) ds (4) 
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Figure 1. Characteristic interaction energy profiles in 
the light of the D.L.V.O. theory 

*v 25 kT Hydrocarbon Droplet 

Figure 2. Diagrammatic representation of the 
coalescence of the coated emulsion droplets 
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where TIQ i s the number of droplets per unit volume of the suspen
sion and s = 2 + H / a . The intergrand i s evaluated graphica l ly . 

In case of revers ib le f l occu la t ion under study, a s ing le t -
doublet equi l ibrium temporarily exists in the system and the 
extent of f l occu la t ion can be determined from the formula 

J J = number of doublets 
number of singlets + number of doublets 

For the above ca lculat ions the value of the van der Waals cons
tant , A i s needed which was ca lculated from the equation. 

where ^ i s the number of atoms of kind i contained i n 1 c . c . 
of the matter of i th kind and i s the London constant r e l a t i v e 
to the same substance, the l a t t e r being calculated from the f o l 
lowing three equations: 

(a) The London equation, = 3/4 Q> 2 hV^ W 

(b) The Slater-Kirkwood B_ = 11.25 χ ΐ ο " " 2 4 ^ ^ 2 » 3 ^ 2 

S—Κ 
l / 2 2 

(c ) The Slater-Kirkwood-Moelwyn-Hughes Β . = 3/4 (s η) η V α 

S - K - M ' κ
 1 ' e 

where a i s the p o l a r i z a b i l i t y , VQ i s the character i s t i c London ^ 
frequency η i s the number of valency e lectrons, V e the e lectronic 
v ibrat ion frequency and S i the ef fect ive number of dispersion 
electrons i s given by the empirical r e l a t i o n S i = 0.39n. Because 
the emulstion droplets are immersed in an aqueous medium, the net 
constant i s given by 

A = { A , . . + A „ - 2 A _ . I (10) 
\ disperse phase H 2 o disp.ph-B^o J 

A i s thus invar iab ly pos i t ive and hence for two p a r t i c l e s of 
any species embedded i n a second medium there w i l l always be a 
net a t t rac t ive force . 

Employing the above mathematical formulations the i n t e r 
act ion of emulsion droplets s t a b i l i z e d by macromolecular sub
stances such as bovine serum albumin (BSA), pepsin, sodium and 
gum arabic has been examined quant i ta t ive ly in the l i g h t of the 
s t a b i l i t y theory. The orthodox range of c o l l o i d a l dimensions 
( l - 100 nm) has been de l iberate ly excluded and the range of the 
p a r t i c l e s ize chosen i s such that the f l occu la t ion i s revers ib le 
and occurs i n the secondary minima of in teract ion energy p r o f i l e s . 
Since such interact ions may be a l tered by adsorbed macromolecules 
an attempt has also been made to study the influence of adsorption 
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on van der Waals interaction using the following equation from 
Void's mathematical treatment (12) described elswhere (13) 

A MS 2 = " [ < V H P S > A P M ± {( H P- H PS) 2 A PM-< H S + V 2 H P S > ( 1 1> 

< V A P M + 1 2 V f < P ) } ] ^ 

( H S + H P " 2 HPS> 

where A^g is the van der Waals constant of the adsorbed macro-
molecule in aqueous solvent. The H symbols are the so-called 
H functions. 

Thus Hp is the H function of two bare spherical particles, 
Hg that of two coated spherica
bare particle separated b
film thickness) from coated particle. f(p) is the correction 
factor due to retardation. Here 6 « 1.385 nm taken from the 
work of Biswas (ih) and Cockbain (15.). 

Materials and Methods 

A crystallized sample of BSA was obtained from Armour Phar
maceutical Co., London. Pepsin, sodium alginate and gum arable 
were British Drug House products. Analar petroleumether (B.D.H.) 
having a boiling range 120-l60C° and a density of 0.756g cm"* 3 vas 
used after purification through alumina column. Other materials 
were of A. R. grade and were used as such. 

The emulsions were prepared by suspending 1.0% by volume of 
petroleum ether in 0.01$ aqueous solution of the macromolecular 
emulgents and 0.01 MKC1. The mixture was then subjected to homo-
genization for 30 min. in a Fischer homogenizer with stainless 
steel stirrer and Pyrex glass container. The emulsions were then 
allowed to stand for half an hour and sampling was done under 
identical conditions. 

The flocculation was observed haemo cytometric a l ly using an 
improved Neubauer model of haemocytomer and Fischer Tally counter 
under Leitz microscope with 15X95 magnification. The pH adjust
ments were done by a Cambridge pH meter. The electrophoresis 
measurements were carried out in a rectangular Northrupand Kunitz 
flat type microelectrophoretic ce l l which was mounted on the base 
of Carl Zeiss Jena microscope using reversible Ag-AgCl electrodes. 
The details are described elswhere ( l6 ) . 

For the large emulsion particles in the present study having 
κ a » 1 and charge densities < Ι , ϊ χ 10^ e.s.u. per cm2 the 
following equation due to Helmholtz Smoluchowski was used. 

where the notations have the usual meaning. 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



7. SRivASTAVA Macromolecular Emulgents 115 

The e l a s t i c i t i e s (shear moduli) of the macromolecular f i l m 
were determined by the O s c i l l a t i n g bob method. For th i s a tors ion 
pendulum based on the method of Biswas and Haydon ( l £ , 18) was 
used. 

Results and discussion 

The o r i g i n a l samples of emulsions prepared as described be
fore had the fol lowing i n i t i a l character i s t i c s (Table I ) . The 
macromolecule coated emulsion drops were rather large having the i r 
radius greater than Ι μ π ι , a t y p i c a l microphotograph along with 
size d i s t r i b u t i o n curve being shown in Figure 3. Their s t a b i l i t y 
was strongly pH dependent such that at the i s o e l e c t r i c point the 
f l occu la t ion was rap id but at pHs appreciably d i f ferent they ag-
greated only s l i g h t l y . Thi
quasi equi l ibrium state (Figur
existence of monomers and dimers and i s interpreted i n terms of 
revers ib le f l occu la t ion occurring in the secondary minima of ener
gy p r o f i l e s as discussed below. 

In the framework of the D . L . V . O . theory the in teract ion ener
gy curves for the f l occu la t ing emulsions were constructed. They 
are a l l very s imi lar having a high potent ia l energy b a r r i e r 25 kT 
which obviates the p o s s i b i l i t y of the occurrence of the f l o c c u l a 
t i o n in the primary minimum. But they have secondary minima with 
a depth of 8 kT where p a r t i c l e s are eas i l y trapped leading to 
f loccu la t ion {cf. Overbeek et . a l . (19) and Bagchi (20) } 
Therefore, using Equation (k) one could ca lculate the degrees of 
aggregation D which are l i s t e d i n Table II with corresponding zeta 
potent ia ls and c l e a r l y show that aggregation i s low and of the 
order of 20$. 

In the aforesaid i n i t i a l ca lculat ions of the energy p r o f i l e s 
the working value of the van der Waals constant A used was 1.6x 
10.-13 erg , a value for paraf f in ie hydrocarbon reported e a r l i e r 
(21) . However, assuming the general v a l i d i t y of the D . L . V . O . 
theory to ca lculate the t o t a l in teract ion V ( in Equation (k)) for 
a range of A values i t i s possible to f ind the ef fect ive constant 
which best f i t s the observed aggregation data. The procedure i s 
i l l u s t r a t e d i n Figure 6 and the corresponding data are given i n 
the l a s t column of the Table I I . Although these values are of the 
order of 1 0 - 1 3 erg they are appreciably higher than the value 1.6x 
2Q-13» erg for the paraf f in ie hydrocarbon. In fact the two values 
should not be the same because the l a t t e r i s for the s o l i d wax 
p a r t i c l e s and those of the Table II are for the coated petroleum 
ether drops where the macromolecular adsorbate should apparently 
affect the constant. An attempt has been made to estimate a value 
for the material of the macromolecular f i l m using Void's treatment 
(12). The data are given i n Table III. In view of the c a l c u l a 
t ions presented i n Table III, 
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Figure 3a. Microphotograph of sodium Figure 3c. Microphotograph of gum arabic 
alignate emulsion emulsion 

1.50 

Diameter μ m 

Figure 3b. Particle size distribution curve of gum arabic 
emulsion. Mean diameter: 1.2 μηι. 
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t 

Figure 4. Plot of monomers vs. time. 0: B SA, ζ = 
-25 mV, Pb(NOs)2 = 1.75 Χ 10~4Μ. φ: Pepsin ζ = 
-70 mV, U02(NOs)2 = 4 X I0"5M. A: Gwm arable ζ 
= -57 mV, U02(NOs)2 = 5 X I0"5M. X: Sodiuwi 

aliginate ζ = 64 mV, BaCl2 — I X I0"4M. 

Figure 5. Degrees of aggregation of stabilized 
emuhions as a function of van der Waals constant 
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0 I I I I L 
5 10 15 20 

G mNm" 

Figure 6. Comparison of the coalescence rates for the 
emulsions (KÈ X 10s) and the flat interface {(l/tlà) X 
10*}. 0: phenol Q: CHH29SOf + Cî4H„NMes+ (1:1). 

V: n-decanol. Δ: KCl + H\ φ: flat interface. 
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Table I I I . The A for the Macromo1e cular Adsorbates 

Adsorbate in mV Depth of Sec. Min A ] 
kT MS. 

BSA -23 8 5.2 

Pepsin -61 6 3Λ 

Gum arabic -57 9 k.5 

Sodium alginate -6k 

13 

i t w i l l be speculative to comment on these values of A^g except 
that they do seem to represent a correct order of magnitude. 

Coalescence. Once the emulsion has f locculated i rrespect ive 
of the mechanism, coalescence i s bound to occur between the f l o c 
culated frops. Thus assuming that the aggregation has proceeded 
to the formation of dimers only the coalescence rate can be c a l 
culated from the equation (22) 

- v ^ » < 1 3 » 

where k 2 i s the rate constant for coalescence and τΐ]_ and n 2 are 
numbers of monomers and dimers respect ive ly . The estimated v a 
lues of k 2 are given i n Table IV. It may be mentioned here that 
besides the dependence of coalescence on the intervening water 
f i l m between the drops i t also seems to depend on the e l a s t i c i t y 
G of the macromolecular coating of the f i l m . However, i t has to 
be recognized that i n the process of coalescence one has also to 
overcome the s ter i c b a r r i e r p r i o r to coalescence although the 
measured e la s t i c moduli may very wel l r e f l e c t a measure of the 
s ter ic b a r r i e r . This i s indicated from the following table where 
the rheo log ica l parameter G rather than the pos i t ion of secondary 
minimum seems to govern the coalescence. This was further con
firmed when the V i sco -e la s t i c f i lms were presumably displaced or 
thinned by the addit ion of nonionic materials to the i s o e l e c t r i c 
emulsions. The re su l t ing loss of G should give r i s e to increased 
coalescence which i s indicated from the fol lowing table . It 
should, however, be noted that 
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Table V. Influence of Nonionic Detergents on Coalescence 

S t a b i l i z e r I soe lec tr ic Detergent Cone. Coalescence rate 
point 

tt ff ft 
BSA + 0.01 MKC1 5.1 0.05 M Phenol 6.2 

" 2 x 1 0 - % Decanol 6.8 
5.1 1 . 5xlO~6 C 1 ] + H2 9 S0^ + 

C 1 i t H 2 9 K M e 3 ( l : l ) 1.6 

the G values used here ar
outed e a r l i e r (23) the coalescence rates of sper i ca l coated emul
s ion drops and those of the order of 0 .02 ml re s t ing under f l a t 
interfaces seem to be s imi lar (Figure 6 . ) . 

L a s t l y , i n order to have an idea of the extent of f l o c c u l a 
t i o n r e l a t i v e to the conventional Smoluchowski constant, the ef
fect ive rate constant of f l occu la t ion was calculated from the 
fol lowing equation (2h_9 23) 

- " V 2 1 - β <^- n i> - K 2 ( n 2- n i> / 2 ( 1 4 ) 

where β i s the def locculat ion rate constant and i s assumed to be 
neg l ig ib le when the coated droplets are in contact i n r e l a t i v e l y 
deep a t trac t ion energy minima. Hence neglecting β ( η £ n-^) and 
taking the appropriate measured values of other parameters of the 
above equation K, can be evaluated. Some values are given i n the 
la s t column of the Table IV and are of the order of 6 x l 0 1 0 a much 
lower magnitude compared to the theore t i ca l value of 6 x l 0 1 2 . 
This i s , however, expected because of the slow aggregation of the 
system for reasons stated above. 

In conclusion i t may be remarked that although above cons i 
derations give a reasonably c lear picture of the mechanism of the 
separation of disperse phase a deta i led and more accurate study 
of the rheology of the macromolecular adsorbate along with theore
t i c a l ca lcu la t ion of coalescence rate i s des irable . 
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Summary 

Natural macromolecules such as bovine serum albumin, pepsin, 
gum arabic, sodium alginate, etc. , have been used to promote pe
troleum ether-in-water emulsions. The choice of the emulgents 
was rather arbitrarily based on their biological significance. 
The stabil ity of such coated emulsions drops was assessed in the 
light of the D.L.V.O. theory. Flocculation was studied both by 
the addition of electrolytes and some suitable surfactants, using 
haemocytometry. The corresponding electrophoretic measurements 
yielded zeta potentials. With the help of the latter and related 
parameters, interaction energy profiles of the systems under in
vestigation could be constructed. These, when combined with the 
flocculation data, were found to be consistant with the D.L.V.O. 
theory. The functional

This treatment explaine
emulsions which along with the interpretation of coalescence 
gave an insight into the overall process of separation of phases 
of an emulsion. 
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8 
Viscoelastic Properties of W/O Emulsions Containing 
Microcrystalline Wax 

H . K O M A T S U * and P. S H E R M A N 

Department of Food Science and Nutrition, Queen Elizabeth College, 
University of London, Campden Hi l l Road, London W8 7AH, England 

Introduction 

Dispersions of solid particle
when subjected to low shear stress (1-6), provided the volume concen
tration of dispersed phase is not too small, because the three-dimen
sional structure resulting from particle flocculation and flocculate 
growth does not undergo substantial breakdown. Within the flocculated 
structure the particles are held together by weak attraction forces. 
Dispersions of fluid particles in fluid media i.e., emulsions, also 
exhibit viscoelasticity in a similar test situation (7,8). Consequently, 
it was considered of interest to study the viscoelastic properties of 
systems in which dispersions of both solid and fluid particles are 
present simultaneously. Emulsions in which the continuous phase is a 
fluid containing dispersed solid particles can be regarded as representa
tive of such systems. Because of their practical implications, the sys
tems selected for study were water-in-liquid paraffin emulsions con
taining microcrystalline wax. 

Experimental Methods 

1. Preparation of Emulsions. Two series of emulsions were pre
pared in which the oil phase consisted of liquid paraffin (medicinal grade) 
containing microcrystalline wax (Croda Chemicals, Mobilwax No. 2305). 
In the first series all emulsions (samples E 1 - E 5 ) contained 47.6% wt/wt 
distilled water (expressed as % wt/wt of the total emulsion), and the 
microcrystalline wax in the oil phase ranged from 20%-40% (expressed 
as % wt/wt of the oil phase). In the second series of emulsions 
(series Ερ-Ειχ the water content ranges from 0-47.6% (expressed as 
% wt/wt of the total emulsion), and the weight fraction of microcrystal
line wax in the oil phase was kept constant at 30%. The emulsifying 
agent employed was polyoxyethylene oleyl ether (Croda Chemicals, 
Volpo N3). In emulsion series 1 the concentration of emulsifying agent 
was kept constant, but in series 2 the concentration varied from double 

126 
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the level employed in series 1 down to the same level. Table 1 shows 
the detailed composition of all emulsions in series 1 and 2. 

The liquid paraffin was heated to 70° C, and it was maintained at 
this temperature while adding the microcrystalline wax. After all the 
wax had melted and dissolved in the oil the water phase, previously 
heated to 75° C, was slowly added while maintaining a continuous agita
tion with a mixer-homogeniser (Silverson Machines Ltd . , London, 
England). When all the water had been added the emulsions were quickly 
cooled in a bath containing iced water at 0° C. The emulsions were then 
allowed to stand for 3-4 days at 25.0 + 0.1° C before testing. 

2. Rheological evaluation of the emulsions. The viscoelastic 
parameters of the emulsions, and also of the continuous phases 
(samples Οι - O5), were evaluate
(1.26 χ 102 - 2.27 χ 10 3 dyne cm""2) by applying a small air pressure to 
samples deposited in glass U-tubes and measuring the volume displace
ments. Details of the equipment design and of the experimental pro
cedure will be published elsewhere (9). 

The readings were converted into creep compliance-time data 
which were then analysed by conventional methods (10). 

2. Melting characteristics of microcrystalline wax in liquid 
paraffin. Mixtures of microcrystalline wax were prepared in liquid 
paraffin at 75° C, and then cooled in iced water. The wax concentrations 
employed corresponded to those incorporated in the continuous phases of 
the emulsions. 

Two series of solutions were prepared. One series contained the 
appropriate concentration of polyoxyethylene oleyl ether, while the 
other series did not contain any emulsitfying agent. The melting 
characteristics of these mixtures were examined using a Du Pont 900 
Thermal Analyzer with a heating rate of 1.0° C min" 1. 

Results 

1· Rheological data. Analysis of the creep compliance-time data 
for both the emulsions and the microcrystalline wax-liquid paraffin 
mixtures gave only four parameters in each case examined. These were 
an instantaneous elastic modulus (EQ), a retarded elastic modulus (Εχ) 
and an associated viscosity (TJi) and a Newtonian viscosity ( T?N). 

In each case the creep compliance J(t) with time t could be repre
sented by 

J(t)=J o + Jj [ l - exp ( - t/Tj)] + ± ( 1 ) 
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where Jo is the instantaneous elastic compliance, J l is the retarded 
elastic compliance and τχ is the retardation time. 

The data iii Table Π show the following points: a) in the microcry
stalline wax-liquid paraffin mixtures the values of all four rheological 
parameters increase as the concentration of microcrystalline wax in
creases. At the highest concentration of microcrystalline wax employed 
there is a disproportionate increase in the values of E Q and Εχ. 
b) In emulsion series 1 the values of all four rheological parameters 
increase as the concentration of microcrystalline wax increases. The 
effect appears to be particularly noticeable for Εχ and ηχ. 
c) In emulsion series 2 the values of aE four rheological parameters 
decrease as the concentration of water increases. The parameter par
ticularly affected is Eo. 
d) A comparison of the rheologica
microcrystalline wax-liquid paraffin mixtures indicates that the values of 
the rheological parameters are lower for the emulsions when the wt/wt 
concentration of microcrystalline wax, expressed as a % total weight, is 
the same in both cases. 

2· D . T . A . data No significant difference was found between melting 
data obtained for microcrystalline wax-liquid paraffin mixtures with and 
without the addition of emulsifying agent. 

Discussion 

At the emulsification temperature of 70° C the microcrystalline wax 
is completely dissolved in liquid paraffin. Consequently the only process 
which needs to be considered at this stage is the flocculation ^ i . 
deflocculation of the water drops, resulting from the emulsification pro
cedure, under the influence of the shear forces developed by the mixer-
homogeniser. 

Flocculation is a second order process in dispersed systems with a 
heterogeneous particle size distribution while deflocculation is a first 
order process (11), 12, 13). The rate constants for the two processes 
are influenced by the combined effects of Brownian motion and of shear 
due to a velocity gradient, so that the rate of change in the number (N) of 
floes per unit volume of emulsion with time is given by 

where the constants ko and SQ
 a r e shear-independent terms associated 

with flocculation and deflocculation respectively, kx and β\ are the re
spective shear dependent terms and du/dz reflects the velocity gradient 
in the region immediately around the particles. 

(2) 
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Table II. Rheological Data f o r Emulsions (Series 1 
and Series 2) and Continuous Phases 

Ε 
ο 

E l " l *1 
Nm ?x ΙΟ""3) (Nm2 χ 10"3) (mNms- 1χ 10"5)(mNms 

χ 10"1 

E l 1.49 1.55 3.91 8.50 
E2 4.53 2.01 2.74 7.04 

Emul E3 2.97 2.83 6.36 14.21 
sions j 

S e r i e s E 4 5.92 
1 

E 5 
7.52 20.60 45.50 23.5 

E 6 200.0 103.0 311.0 105.0 

Emul E 7 33.6 83.4 211.0 53.3 
sions E 3 18.01 67.8 103.0 66.9 
Series 
2 E 9 7.93 4i.o 71.3 33.6 

E 10 , 2.92 8.4o 16.3 51.9 
E l l 2.97 2.83 6.36 l4.2 

° 1 93.50 54.7 176.0 57.0 
Cont °2 238.0 139.0 295.0 58.4 
inuous 0, 200.0 103.0 311.0 105.0 
phases 3 

103.0 311.0 
phases 

°4 281.0 175.0 536.0 130.0 

°5 
11,300 529.0 772.0 136.0 
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The shear dependent term ft contributing to deflocculation has also 
been defined in another way 

β =2L (3) 
β 1 x 

c 
where λ is the distance over which disruptive forces operate and x c is 
the distance over which the attraction forces between particles in the 
floes extend (14). Hiemenz and Void (11) suggest that λ is proportional 
to the radius (R) of the floes and xc is proportional to the radius (r) of 
the particles within the floes, so that the second term on the right hand 
side of Equation (2) can be written as 

È +0— I— I ( 4 ) 

where ρ is a proportionality factor. The terms quoted in Equation (3) 
indicate that the rate of floe disruption should increase with increasing 
floe size, and also that the deflocculation rate should increase as the 
size of the particles within the floes decreases. Nevertheless, studies 
with dispersions of carbon black-in-heptane indicated that the shear 
independent terms 1^ and j80 in Equation (2) contribute significantly to 
flocculation cut deflocculation when the particle size is well below Ιμηι. 

In the present study both Brownian motion and shear contribute to 
flocculation deflocculation because of the heterogeneous size dis
tribution of the particles produced during emulsification, but the relative 
contribution of the two effects is less important in the present situation 
than the degree of flocculation achieved. The maximum size of floe that 
can be achieved under any shear condition decreases as the intensity of 
agitation increases, because the resistance of a floe to disruption in
creases as (floe diameter)2 increases but the disruptive force arising 
from a shear field increases with (floe diameter)3. The lifetime of 
floes in a shear field does not depend on floe or particle concentration 
because the rate controlling factor is the magnitude of the shear field and 
not floe collision (13). At any intensity of agitation an equilibrium is 
established between flocculation and deflocculation. With increasing 
agitation intensity the rate at which the equilibrium is established in
creases and the equilibrium shifts more in the direction of deflocculation. 

It would appear, therefore, that the shear conditions employed 
during mixing and emulsification in the present study will prevent the 
development of large size floes at the emulsification temperature. 
Subsequently, following the discontinuation of mixing, and while the 
emulsion is cooling down, particle flocculation will predominate. In 
this phase flocculation deflocculation of water drops will be con
trolled by two new effects. The first of these is flocculation in the 
absence of a shear field, and the rate of continued floe growth will 
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decrease as the floes increase in diameter. The second effect is a pro
gressive retardation of floe growth due to increased viscosity of the oil 
phase as the emulsion cools down and the microcrystalline wax crystal
lises out. Overall, there is probably some growth of floes as the emul
sion cools down, but it is most unlikely that it proceeds to such an extent 
that the floes link together to form a three-dimensioned structural net
work. This conclusion is of major importance in explaining the differ
ence between the viscoelastic properties at low shear stress of the W/O 
emulsions in the presence and absence of microcrystalline wax. 

During crystallisation from a liquid paraffin medium and in the ab
sence of water drops, the microcrystalline wax particles will gradually 
form an interlinked, compact, network in three dimensions. Micro-
crystalline wax may be in the form of long needles, but in practice, 
other shapes are also presen
fied (16), so crystalline regions are represented by dark areas. Cry
stallisation will be initiated, in this case, around randomly distributed 
nuclei, and eventually regions of densely packed cores of crystals will 
be linked together by narrow chains of crystals. The final distribution 
of crystals within the interlinked network will probably resemble that 
postulated for spherical particles (17), but the crystals will be able to 
pack more closely together in the cores than would be possible with 
spherical particles. 

Crystallisation of microcrystalline wax from solution when floes of 
water drops are already present cannot be regarded as a truly random 
process. It can occur only in the spaces between floes or water drops. 
Particularly in the case of the W/O emulsions containing 50% wt/wt 
water drops the latter will approach a cubic packing geometry when the 
emulsifier-mixer is switched off, so that crystallisation of micro-
crystalline wax will proceed mainly in the voids between the water drops. 
As crystallization proceeds a pressure will be exerted on the water drops 
so that some distortion is possible and they will no longer retain their 
spherical shape. Under these conditions some crystals may penetrate 
into regions where the surfaces of water drops were originally in con
tact. The vital difference between the arrangements depicted in the ab
sence and presence of water is that in the latter case the small floes of 
water drops act as barriers which prevent the microcrystalline wax 
crystals from forming such a close and compact interlinked network. 
This latter structure (Figure 1) has greater distances between the 
densely packed core regions than would be developed for microcrystal
line wax in liquid paraffin only where the wax/liquid paraffin ratio cor
responds to that in the analagous emulsion. The emulsion has an in
ternal structure similar to that of a foamed polystyrene in the sense 
that the microcrystalline wax network provides the solid framework and 
the water drops occupy the space which in the polystyrene foam is occu
pied by air cells. 
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Figure 1. Structure of W/O emulsion containing micro-
crystalline wax as revealed by polarization microscopy 

(950X) 
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The attraction forces between the emulsified water drops in the 
floes will be lower in magnitude than the attraction forces between the 
microcrystalline wax particles in narrow chains linking the densely 
packed cores of wax crystals together. Attraction forces between the 
wax crystals will be proportional to their size, but for the water drops 
the adsorbed emulsifier layer will also exert a substantial reduction 
(17). Thus, the viscoelastic properties of the emulsions depend pr i 
marily on the physical characteristics of the interlinked microcrystal
line wax network. The floes of water drops (their size and number) play 
a major part in the development of these characteristics since they de
termine the compactness of the crystal network and the distances be
tween its constituent parts. 
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"True" Emulsion Polymerization of Acrylate Esters 
Using Mixed Emulsifiers 

A. R. M. AZAD, R. M. FITCH* and J. UGELSTAD 

Institute for Industrial Chemistry, Norwegian Institute of Technology, 
7034 Trondheim—NTH, Norway 

Introduction 

The term "true" emulsion polymerization s i gn i f i e s the f o r 
mation of a synthetic latex by polymerization of a monomer i n 
the form of a f ine emulsion. It i s dist inguished from "Suspen
sion" or "bead" polymerization in that the monomer droplets are 
sufficiently smal l , so that the polymerization may follow 
classical Smith-Ewart k ine t i c s (1) rather than bulk k i n e t i c s . 
Ugelstad and coworkers have shown that when vinyl chloride i s 
agitated in water with a mixed emulsi f ier system of anionic 
surfactant and a normal long chain fa t ty a lcohol a very f ine 
emulsion is produced, and that the p r i n c i p a l locus of the sub
sequent polymerization appears to be within the monomer drop
lets (2). This was further supported by s imi lar studies on 
styrene (3). The evidence for the mechanism proposed has been 
ind i rec t but compelling, based on two kinds of information: 
(a) p a r t i c l e s ize d i s t r ibut ions of the product latexes and (b) 
the polymerization k i n e t i c s . Ideal ly one would like to compare 
the p a r t i c l e s ize d i s t r ibut ions of the monomer emulsion with 
those of the polymer colloid formed, but the problem has been 
that no sat i s factory method was previously avai lable to mea
sure the liquid monomer droplet s i zes , as many are below the 
reso lut ion of o p t i c a l microscopes. 

In t h i s paper the work has been extended to acrylate es ters . 
Furthermore, some prel iminary resu l t s are given on a new tech
nique for the electron microscopic determination of styrene 
monomer droplet s izes . 

* Permanent address: Department of Chemistry and Ins t i tute 
of Materia ls Science, Univers i ty of 
Connecticut, S torrs , Conn. 06268, USA 
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Experimental 

Mater ia l s . Methyl methacrylate monomer vas vacuum d i s 
t i l l e d twice before using. Fatty alcohols were also twice 
d i s t i l l e d i n vacuo. Other materials have been described pre 
v ious ly (jjTT 

Procedures. A n a l y t i c a l methods and polymerization tech
nique have been reported e a r l i e r (k). 

Samples of the monomer emulsions were prepared by a s t a i n 
ing technique i n which a measured quantity of concentrated 
aqueous OsO^ solut ion was added to the emulsion. After 10 and 
15 minutes samples were dr ied on e lectron microscope grids and 
observed under the microscope. 

Results and Discussion 

Emuls i f i er Adsorption: Methyl methacrylate (MMA) i s much 
more polar than v i n y l chlor ide or styrene, so that emulsi f ier 
adsorption was expected to be less favorable. This was con
firmed i n experiments on the adsorption of sodium hexadecyl 
sul fate (SHS) i n the presence of hexadencanol (HD) as shown i n 
Figure 1. Only about 50% of the ion ic emuls i f ier i s adsorbed 
i n i t i a l l y upon s t i r r i n g with monomer, and t h i s decreases with 
time. Void and Groot showed that the addit ion of sa l t l e d to 
enhanced adsorption of sodium dodecyl sulfate onto Nujol emul
sions along with greater s t a b i l i t y (5.). This i s presumably due 
to the reduction i n l a t e r a l e l ec tros ta t i c repulsions among ad-
sorbate molecules as a resu l t of the increase i n ion ic strength. 
With mixtures of i on ic emuls i f iers and straight chain fa t ty 
alcohols Goddard (6) showed that increased adsorption resulted 
so le ly from hydrophobic interact ions of the long chains. Thus 
we expected that an increase i n ion ic strength i n the mixed 
emulsi f ier system would act independently of the hydrophobic 
in terac t ion to further enhance adsorption of the ion ic emul
s i f i e r . The dramatic experimental confirmation of t h i s i s also 
shown i n Figure 1. Thus the addit ion of sodium chloride to a 
concentration of 10" 2M was suf f i c i ent to cause 91% of the sodium 
hexadecyl sul fate to be adsorbed, although subsequent desorption 
upon continued s t i r r i n g occurred rather r a p i d l y . When the sa l t 
concentration was increased further to 1(H-M, 9&% of the ion ic 
surfactant was adsorbed, and t h i s was accompanied by a marked 
retardat ion i n the k ine t i c s of both the adsorption and subse
quent desorption (Figure l ) . We should ant ic ipate that a 
s imi lar sa l t effect would be experienced upon the addit ion of 
an i on ic i n i t i a t o r such as potassium persul fate . 
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The maximum size of the monomer emulsion droplets vas r e 
duced upon the addit ion of sa l t from ^ 3 ]xm to *1 μιη diameter, as 
determined by oil- immersion l i g h t microscopy. The minimum 
size could not be observed as i t was below the reso lut ion of 
these opt i c s , and because we have been unable to develop an 
electron microscopic s ta ining technique for acrylate esters . 

I f the amount of organic phase i s increased while keeping 
the amount of mixed emulsif ier and water constant, more emul
s i f i e r i s adsorbed. Thus as the phase r a t i o of MMA: H2O i s i n 
creased from 1:3 to 1:1 to 2:1, a s i x - f o l d change, the maximum 
amount of emulsi f ier adsorbed increases from 75% to 99% i n the 
absence of added s a l t . These resul t s are for the system sodium 
hexadecyl sulfate (SHS): octadecanol (OD) (l:k mole ra t io ) and 
are shown i n Figure 2. 

The resu l t s with MMA
e a r l i e r with styrene (39h). The SHS/HD emuls i f i er /a lcohol 
system i s much more strongly adsorbed onto t h i s more hydrophobic 
l i q u i d , such that at a 1:3 mole r a t i o of SHS:HD, 9&% of the 
ion ic surfactant i s adsorbed without added e l ec t ro ly t e . These 
and other resu l t s are shown i n Figure 3. In the presence of 
ion ic i n i t i a t o r we may expect even higher amounts of emuls i f ier 
adsorbed and slower rates of adsorption and desorption. 

I t must be stressed that the processes observed here are 
k i n e t i c a l l y contro l led . The emuls i f ier and fa t ty a lcohol are 
both precent i n the aqueous phase at the s tart of the emulsi
f i c a t i o n process. 

Small droplets formed i n the region of high shear rate 
near the moving paddles are s t a b i l i z e d by the formation of a 
complex layer of emulsif ier and fa t ty alcohol at the surface of 
the droplets . The r a t i o of fa t ty a lcohol to emuls i f ier i s thus 
i n i t i a l l y r e l a t i v e l y high and gives a high degree of s t a b i l i z a 
t i o n towards coalescence. With time, the fa t ty alcohol i s 
p a r t l y transferred to the i n t e r i o r of the droplets so that the 
amount remaining at the interface i s apparently in su f f i c i en t to 
maintain s t a b i l i t y towards coalescence and consequent desorption 
of i on ic emuls i f ier . The qua l i ta t ive aspects of the i n t e r 
actions between ion ic emulsi f ier and alcohol at the interface 
have been described by Void and M i t t a l ( £ ) . 

"True" Emulsion Polymerization: Ugelstad and coworkers 
have provided evidence that when free rad ica l s are formed i n 
the presence of these very f ine p a r t i c l e s ize monomer emulsions, 
polymerization occurs almost exclus ive ly i n the emulsif ied 
monomer droplets (2_,3_,h). In favorable cases few i f any new 
p a r t i c l e s are nucleated i n the aqueous phase. This behavior can 
be understood i n terms of the theory of homogeneous nucleation 
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Figure 1. Kinetics of adsorption of sodium hexadecyl sulfate (SHS) 
(2g Γ1 of H20) in the presence of twice as many moles of hexa-
decanol (WD) in methyl methacrylate emulsions containing various 

amounts of salt at 60° C; stirring rate, 600 rpm 

T o t a l SHS Added 

100 200 300 

Figure 2. Kinetics of adsorption of sodium hexadecyl sulfate (SHS) 
(2g Γ1 of H20) in the presence of four times as many moles of n\-octa-
decanol (OD) in methyl methacrylate emulsions, at various phase ratios 

of MMA:H20 as shown at 60°C; stirring rate, 600 rpm 
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of polymer co l l o ids i n which i t i s postulated that new polymer 
p a r t i c l e s are formed by the s e l f nucleation of growing primary 
oligomeric free rad ica l s i n the continuous phase. P a r t i c l e 
nucleation only occurs where a primary r a d i c a l i s not previously 
captured by a monomer droplet . The p r o b a b i l i t y of capture i s 
proport ional to the product of the number concentration and the 
radius (N-r) of the monomer droplets (8). In conventional 
emulsion polymerization the value of N«r i s so low that the 
number of primary rad ica l s captured by emulsif ied monomer drop
l e t s i s neg l ig ib le ( £ ) . In "true" emulsion polymerizat ion, on 
the contrary, the value of N*r i s so large that most, i f not 
a l l , the primary oligomeric rad ica l s are captured by monomer 
droplets and no or very l i t t l e aqueous phase nucleation of new 
polymer p a r t i c l e s occurs. 

This p ic ture i s complicate
c o l l o i d a l s t a b i l i t y of
new p a r t i c l e s are formed, they may not be observed because they 
are unstable and coagulate into the larger p a r t i c l e s or drop
l e t s ( l l ) . Thus the presence of even small amounts of emuls i f ier 
i n the aqueous phase i s important i n s t a b i l i z i n g new polymer 
p a r t i c l e s . Other fac tors , such as monomer s o l u b i l i t y , the rate 
of i n i t i a t i o n , ion ic strength, and d i f fus ion coef f ic ients also 
affect the rate at which rad ica l s are captured, and are discussed 
more f u l l y elsewhere {89 12). 

The p a r t i c l e s ize d i s t r i b u t i o n of the l i q u i d styrene mono
mer emulsions has for the f i r s t time been obtained by OsOlj. 
s ta ining p r i o r to electron microscopy. An example i s shown i n 
Figure k* The monomer i s stained by a very rap id react ion which 
probably involves the formation of stable osmate monoesters 
and (polymeric) diesters (13,14): 

V 0 N ^0 - c — o N 0 
II + ^os - ι „ 0 s ^ 

,cs 0 0 — C 0 0 
I ) monester | 

• C - 0 χ ^0 - C 0 v l 9 ^ 0 - G 
I 0s% I 0s I 

' c — ο x o — c o' 0— c 
J ( diester | 

20s0 3 — 0 s 0 2 + OsO^ + 20s0 3 

The react ion i s over i n a few minutes and i s apparently quant i 
t a t i v e . The mole r a t i o of OsOl* to double bonds must be care
f u l l y control led to ensure complete react ion whilst leaving a 
minimum of "excess" OsOl* which tends to darken the background 
of the micrographs. 
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total_SH_S added 

200 400 600 800 1000 1200 1400 
t ime (m inu tes ) 

Figure 3. Kinetics of adsorption of sodium hexadecyl sulfate (SHS) at a con
centration of 2.13 gl'1 of H20 in the presence of varying amounts of hexadecanol 
(HD) in styrene emulsions, at 60°Ç; stirring rate, 600 rpm. M oh ratios of SHS:HD 

are shown for each curve. 

Figure 4. Osmium-stained styrene monomer emulsion. 213g 
Γ1 H20 SHS with 3 X HD (4640X) 
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I f these osmate esters remain i n contact with the aqueous 
environment long enough, hydrolys is presumably occurs to form 
among other decomposition products, 0s02. Thus we have observed 
that i f the f ixed styrene droplets are allowed to stand for 
several hours at room temperature without separating the 
aqueous phase, subsequent e lectron microscopy shows no emulsion 
p a r t i c l e s and only a dense gray background, presumably due to 
0s0 2 . 

In the case of acrylate and methacrylate es ters , we have 
been unable to obtain s a t i s f a c t o r i l y stained EM specimens of 
the emulsif ied - monomer droplets , presumably because of a 
much more rap id hydrolysis of the more polar intermediate osmate 
esters . 

Upon polymerization, the p a r t i c l e s ize d i s t r i b u t i o n of the 
resultant polystyrene late
o r i g i n a l monomer emulsion
emulsion shown i n Figure k9 when polymerized with potassium 
persulfate i n i t i a t o r , produced the latex shown i n Figure 5· In 
addit ion to the larger p a r t i c l e s , there i s seen a number of new 
smaller p a r t i c l e s formed we bel ieve by aqueous phase nucleation 
and subsequently s t a b i l i z e d by small amounts of ion ic emulsi f ier 
remaining i n the aqueous phase. 

In the case of MMA, i n the absence of electron micrographs 
of the monomer emulsions, the evidence for "true" emulsion po ly 
merizat ion, although i n d i r e c t , i s convincing. For instance, the 
three emulsions shown i n Figure 2, when polymerized, y ie lded the 
polymer co l lo ids shown i n Figures 6, 7 and 8. The p a r t i c l e s izes 
of the latexes formed from the 1:3 and 1:1 MMA:H2Û phase ra t io s 
are much smaller than the droplet s izes of the corresponding 
monomer emulsions as estimated by l i g h t microscopy. In contrast , 
the 2:1 phase r a t i o emulsion produced dramatical ly larger average 
s ize polymer p a r t i c l e s . Once again evidence for some aqueous 
phase nucleation can be observed. 

Summary and Conclusions 

Mixed emulsif iers can be used to obtain with low shear rates 
extremely f ine emulsions of polymerizable monomers. For the f i r s t 
time p a r t i c l e s ize d i s tr ibut ions of styrene emulsions can be ob
tained by OsOi| s ta ining followed by electron microscopy. These 
systems exhibit "true" emulsion polymerization i n that the emul
s i f i e d monomer droplets serve as the p r i n c i p a l l o c i of polymeriza
t i o n . P a r t i c l e s izes of the re su l t ing latexes are generally from 
about 250 nm to 2000 nm i n diameter. The formation of new, smal l 
er p a r t i c l e s by aqueous phase ncuelation can be understood i n 
terms of the theory of homogeneous nucleation of polymer c o l l o i d s . 
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Figure 5. Polystyrene latex formed from the monomer emul
sion shown in Figure 4 (4640X) 

Figure 6. PMMA latex formed from emulsion at phase ratio of 
MMA:H20 = 1:3. 2g Γ1 H20 SHS with 4 X OD (5300X). 
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Figure 7. PMMA latex formed from emulsion at phase ratio 
MMA:H20 = 1:1. 2g Γ1 H20 SHS with 4 X OD (5300X). 

Figure 8. PMMA latex formed from emulsion at phase ratio 
MMA:H20 — 2:1. 2g Γ1 H20 SHS with 4 X OD (5300X). 
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Kinetic Theory for the Slow Flocculation at the 
Secondary Minimum 

PRANAB BAGCHI 

Research Laboratories, Eastman Kodak Co., Rochester, N.Y. 14650 

Introduction 

The stability of lyophobic suspensions he 
presence of ionizing molecules is adequately i n t e r p r e 
ted in terms of the balance of van der Waals attraction 
and the electrical double-layer r e p u l s i o n by the 
Deryagin-Landau-Verwey-Overbeek (DLVO) theory (1). The 
total interaction potential as a func t i o n of the dis
tances of separation of the surfaces of two particles 
is obtained by adding the electrical double-layer re
pulsion and the van der Waals (vw) attraction f o r vari
ous distances of separation. Usually it is observed 
that such total potential curves give rise to two po
tential minima. The extremely deep minimum at the 
point of contact between the two surfaces has been de
fi n e d as the primary minimum and the shallow minimum 
at l a r g e r distances of separation as the secondary 
minimum (2). 

However, the situation is somewhat different in 
the case of the stabilization of lyophobic suspensions 
by polymers or nonionic surfactants. I t has been shown 
by various authors (3-20) that the nonionic i n t e r a c t i o n 
p o t e n t i a l s between two p a r t i c l e s with adsorbed non
i o n i c polymers or surfactants owing to the osmotic 
(3-20) and the volume r e s t r i c t i o n (3-20) e f f e c t s i n 
good solvents give r i s e to large r e p u l s i o n p o t e n t i a l s . 
On the a d d i t i o n of the vw a t t r a c t i o n , the t o t a l po
t e n t i a l s i n such systems show only a secondary minimum 
at large distances of separation between the p a r t i c l e s 
but no deep primary minimum as i n the case of i o n i c 
s t a b i l i z a t i o n (except i n the case of a poor s o l v e n t ) . 
The s t a b i l i t y l i m i t s of such systems have been quanti
t a t i v e l y i n t e r p r e t e d by Bagchi i n previous p u b l i c a t i o n s 
(19,21_) i n terms of the depths of such secondary mini
ma. Doroszkowski and Lambourne (22) , by measuring the 
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r e p u l s i o n energy between polymer coated p a r t i c l e s using 
a f i l m balance, have indeed shown that i n the t o t a l 
i n t e r a c t i o n curves of such systems, there i s no deep 
primary minimum. 

Since the primary minimum i s i n f i n i t e l y deep, the 
aggregation of suspensions at the primary minimum i s 
i r r e v e r s i b l e . Such i r r e v e r s i b l e aggregation has been 
termed as coagulation by LaMer (23). However, the 
depth of the secondary minimum can be of any magnitude 
so both k i n e t i c a l l y r e v e r s i b l e or i r r e v e r s i b l e aggre
gation may take place a t the secondary minimum. Such 
r e v e r s i b l e aggregation a t the secondary minimum has 
been termed by LaMer (23) as f l o c c u l a t i o n . Since 
aggregation r a t e i s a measure of c o l l o i d s t a b i l i t y , 
various i n v e s t i g a t o r
mining such aggregation (coagulation or f l o c c u l a t i o n ) 
rate constants (24-26). 

The r a t e constant, k~, f o r f a s t bimolecular aggre
gation of monodisperse s p h e r i c a l p a r t i c l e s of radius R 
i n the absence of any r e p u l s i v e or a t t r a c t i v e po
t e n t i a l s i s given by the Smoluchowski (2^7,2£) theory as 

k Q « 8TT (2D)R , (1) 

where D i s the d i f f u s i o n constant f o r monodisperse 
s p h e r i c a l p a r t i c l e s of radius R. According to 
E i n s t e i n , D = kT/βττη R f o r s p h e r i c a l p a r t i c l e s , where 
k i s the Boltzmann constant, Τ i s the absolute tempera
ture, and η i s the v i s c o s i t y of the medium. Thus k Q 

may be rewritten as 
k = **kT ( 9 ) 
κ 0 3η * K Z ) 

I t i s important to n o t i c e that k Q i s independent of the 
p a r t i c l e radius as long as the l a t t e r i s l e s s than 
0.1/xm such that the c o n d i t i o n f o r p e r i k i n e t i c aggrega
t i o n i s prevalent (2,27,28). The v a l i d i t y of Equa
t i o n (2) has been e s t a b l i s h e d by various authors (29-
31). One of the most important assumptions of the 
Smoluchowski theory i s that a l l encounters between par
t i c l e s lead to i r r e v e r s i b l e contacts. Such an assump
t i o n , u n l ike i n d i f f u s i o n - c o n t r o l l e d r e a c t i o n k i n e t i c s 
where a l l c o l l i s i o n s do not lead to r e a c t i o n , i s com
p l e t e l y j u s t i f i e d i n the case of unprotected c o l l o i d s 
because of the presence of the very deep primary mini
mum a t the p o i n t of contact. This i s why Equation (2) 
describes the rate constant of f a s t aggregation so 
w e l l . 

In the case of suspensions protected by i o n i c ad
sorption, however, the s i t u a t i o n i s quite d i f f e r e n t . 
In such a case, coagulation i n the primary minimum 
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involves the crossing of the s t a b i l i z i n g p o t e n t i a l 
b a r r i e r , and Equation (2) i s i n a p p l i c a b l e . Fuchs 
(2^32) solved the d i f f u s i o n equation i n a p o t e n t i a l 
f i e l d and showed that the coagulation rate constant 
kp i n such cases may be writ t e n as 

ι k Λ 

k 
0 2R /" — P V V I exp -

Jo 
kT 

dH Q ' (3) 

(2R+H Q) 2 

where AG (H Q) i s the summation of the vw a t t r a c t i o n and 
the doubie-xayer r e p u l s i o n p o t e n t i a l as a function of 
the c l o s e s t distances of separation of the surfaces 
(H Q) of the two s p h e r i c a l p a r t i c l e s . In the case of 
unprotected p a r t i c l e
the i n t e r a c t i o n p o t e n t i a l i s not zero, as assumed by 
the Smoluchowski theory, owing to the presence of vw 
a t t r a c t i o n . So the experimentally observed true f a s t 
f l o c c u l a t i o n r a t e constant, should be c o r r e c t l y 
w r i t t e n i n the following manner as pointed out by 
McGown and P a r f i t t (33): 

k o - 2 R r - . _ p k < H o > i d H o ' ( 4 ) 

J0 - Ρ | Τ Γ - (2R+H Q) 2 

where AG A(H Q) i s the vw a t t r a c t i o n p o t e n t i a l as a 
function of H Q. Since AG A i s negative, the value of 

Γ Δ 6 Α ( Η Ο > 
dH Q 

kT (2R+H Q) 2 
2R I exp 

;0 

i s u s u a l l y between 1 and 1/2 as pointed out by McGown 
and P a r f i t t (33J, which accounts f o r small d i f f e r e n c e s 
between experimental f a s t coagulation rates and the 
Smoluchowski coagulation r a t e . 

I t i s important to note that Equations (2), (3), 
and (4) correspond to aggregation at the primary mini
mum, i . e . , the point of contact i s at H Q = 0. However, 
i n the case of secondary minimum f l o c c u l a t i o n , the 
equ i l i b r i u m distance of separation at contact i s at a 
value of H Q where the secondary minimum occurs. Thus 
the f l o c c u l a t i o n r a t e constant at the secondary minimum 
according to the Smoluchowski,theory with Fuchs 1 cor
r e c t i o n should be given by k as 
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k 
S 

2R 

(5) 

where 2L i s the value of H Q a t which the secondary 
minimum occurs . Hence, the exper imenta l ly observed 
s t a b i l i t y r a t i o , W ' p , f o r secondary minimum f l o c c u l a 
t i o n , def ined as tne r a t i o of the f l o c c u l a t i o n r a t e 
constant o f unprotected p a r t i c l e s to tha t i n the 
presence of p r o t e c t i o n , should be g iven by 

2R
J 2 L 

2R
J 2 L kT (2R+H 0 ) 2 

f ° 
2R / exp 

J0 

" A G A ( V " d H Q f ° 
2R / exp 

J0 
kT (2R+HQ) 2 

(6) 

I t has a lready been po inted out that the two i n t e g r a l s 
i n Equat ion (6) are smal l because A G a i s negat ive . 
A l s o the c o n t r i b u t i o n s o f these i n t e g r a l s f o r smal l 
va lues of H Q where A G A i s s u b s t a n t i a l l y negat ive , are 
extremely smal l compared to the value of these i n t e 
g r a l s (34). In other words, the c o n t r i b u t i o n s to these 
i n t e g r a l s mainly come from AG. a t l a r g e d i s tances of 
s e p a r a t i o n , where AG . i s s t i l l negat ive but smal l i n 
magnitude. Thus the i n t e g r a t i o n s of the above func
t i o n s from 0 to oo or 2L to oo should make very i n s i g n i f 
i c a n t d i f f e r e n c e . (This i s easy to r a t i o n a l i z e con-
c e p t i o n a l l y i n terms of the f a c t that when two 
p a r t i c l e s are separated by very smal l d i s t a n c e s , the 
p r o b a b i l i t y of c o l l i s i o n by d i f f u s i o n i n a g iven length 
of time i s so h igh that the presence of a l arge a t t r a c 
t i v e p o t e n t i a l r e a l l y does not enhance the process to 
any extent . Whereas, f o r p a r t i c l e s separated by l a r g e 
d i s tances the p r o b a b i l i t y of c o l l i s i o n by d i f f u s i o n i n 
the same length of time i s much smal ler than i n the 
previous case and hence any a t t r a c t i v e p o t e n t i a l , even 
i f s m a l l , enhances the process of b r i n g i n g the two 
p a r t i c l e s toge ther . ) Thus, according to the foregoing 
arguments, 
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Therefore, W = 1 f o r secondary minimum f l o c c u l a t i o n 
according to the p r e d i c t i o n s of the Smoluchowski theory 
with Fuchs' c o r r e c t i o n . In terms of the uncorrected 
Smoluchowski Equation (2) such a p r e d i c t i o n i s e a s i e r 
to see. In the case of secondary minimum f l o c c u l a t i o n , 
the e q u i l i b r i u m distance of separation at contact i s at 
H Q = 2L. Therefore, one can say that the e f f e c t i v e 
r a d i i of the p a r t i c l e s are R+L rather than R i n such a 
case. According to Equation (2), k Q i s independent of 
R, which i n d i c a t e s that such secondary minimum f l o c c u 
l a t i o n rates should be independent of the p o s i t i o n of 
the secondary minimum. 

The above deduction using Smoluchowski theory i s , 
however, not cons i s t e n t with experimental observations 
of secondary minimum f l o c c u l a t i o n . Frens and Overbeek 
(35-37) have observed i n c o l l o i d a l s i l v e r s o l s that 
various degrees of r e v e r s i b l e i n s t a b i l i t y are produced 
at various e l e c t r o l y t e concentrations. They have con
cluded that such v a r i e d degrees of i n s t a b i l i t y can be 
a t t r i b u t e d to f l o c c u l a t i o n a t the secondary minima of 
various depths. In nonionic s t a b i l i z a t i o n , the s t a 
b i l i t y of Agi dispersions i n water and i n the presence 
of p o l y ( v i n y l alcohol) [investigated by F l e e r et a l . 
(3£ , 3 9 Π and poly(styrene) (PS) latex d i s p e r s i o n s 
s t a b i l i z e d by n-dodecylhexaoxyethylene monomer (C-ioEg) 
i n water i n v e s t i g a t e d by O t t e w i l l and Walker (15) was 
in t e r p r e t e d by Bagchi (19,21) i n terms of the depths of 
the secondary minima. The bas i c argument of Hesselink, 
V r i j , and Overbeek (IB) i n such an i n t e r p r e t a t i o n i s 
that i f the depth of the secondary minimum i s 1 kT or 
l e s s , suspensions would be i n f i n i t e l y s t a b l e as an 
energy of 1 kT i s a v a i l a b l e to a p a r t i c l e i n d i f f u s i o n -
a l motion. In systems where the depth of the secon
dary minimum i s 5 kT or l a r g e r , suspensions would be 

The average k i n e t i c energy of a p a r t i c l e according to 
s t r i c t s t a t i s t i c a l theory i s 3/2 kT rather than 1 kT, 
as frequently used i n an approximate sense and as used 
i n t h i s paper. As the use of 3/2 kT i n place of 1 kT 
would make only very minor d i f f e r e n c e s i n the computed 
r e s u l t s presented i n t h i s paper, 1 kT would be used as 
the average k i n e t i c energy of a p a r t i c l e . 
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t o t a l l y unstable as 5 kT i s about the maximum energy 
that may be imparted to a p a r t i c l e owing to thermal 
motions or by shaking. Consequently, i f the depth of 
the secondary minimum i s l a r g e r than 5 kT, f a s t aggre
gation would take place g i v i n g r i s e to a s i t u a t i o n 
which i s k i n e t i c a l l y s i m i l a r to primary minimum f a s t 
coagulation. ^However, i f the depth of the secondary 
minimum, |ΔΘ̂ "| , i s between 1 and 5 kT, slow f l o c c u l a 
t i o n would occur as observed e a r l i e r (4,16,17). I t 
should always be remembered that the value of |AGW| = 
1 kT between st a b l e and r e d i s p e r s i b l e systems i s a 
thermodynamic quantity whereas the value of | àG^. | = 
5 kT f o r the boundary between r e d i s p e r s i b l e and un
stab l e systems, i s an approximate p h y s i c a l estimate 
(18). The v a l i d i t y
the secondary minim
b i l i t y of nonionic s t a b i l i z a t i o n i s again i n d i c a t e d by 
the recent work of Long et a l . (4£) i n which they have 
shown q u a l i t a t i v e l y that the weak f l o c c u l a t i o n of latex 
p a r t i c l e s i s determined by the depths of such secondary 
minima. 

The rather lengthy i n t r o d u c t i o n of t h i s paper was 
meant f o r p o i n t i n g out the fo l l o w i n g two f a c t s : 

1. The importance of the secondary minimum i n 
suspension s t a b i l i t y , e s p e c i a l l y i n the case of non
i o n i c s t a b i l i z a t i o n . 

2. The Smoluchowski theory or Smoluchowski 
theory with Fuchs' c o r r e c t i o n i s incapable of pre
d i c t i n g the ra t e of slow f l o c c u l a t i o n a t the secondary 
minimum. 

Thus, i n t h i s paper a theory i s developed f o r the 
p r e d i c t i o n of the slow f l o c c u l a t i o n r a t e at the secon
dary minimum i n l i g h t of the experimental work of 
O t t e w i l l et a l . (15). 

Theory 

The primary reason why Smoluchowski theory does 
not work i n the case of secondary minimum f l o c c u l a t i o n 
i s because of i t s basic assumption that a l l c o l l i s i o n s 
lead to permanent contact. As the secondary minimum i s 
not i n f i n i t e l y deep, such an assumption f o r the f l o c c u 
l a t i o n at the secondary minimum i s i n c o r r e c t . Also i n 
the case of Fuchs' theory, i t i s considered that aggre
gation n e c e s s a r i l y means contact between the p a r t i c l e 
surfaces, whereas secondary minimum f l o c c u l a t i o n im
p l i e s trapping of two p a r t i c l e s at the secondary mini
mum, which occurs at distances of separation l a r g e r 
than the point of p a r t i c l e - p a r t i c l e contact. 
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F i g u r e 1 shows a t y p i c a l curve of t o t a l p o t e n t i a l 
as a f u n c t i o n of H ~ , the minimum d i s tance of separat ion 
of the p a r t i c l e sur faces , wi th a secondary minimum at 
H Q = 2L. In t h i s f i g u r e the depth of the secondary 
minimum i s designated as | A G w | / k T . The average energy 
of d i f f u s i o n i s 1 kT with a a i s t r i b u t i o n of energies 
v a r y i n g from zero to i n f i n i t y according to the 
Boltzmann d i s t r i b u t i o n of energ ies . Thus the energies 
of a l l b imolecu lar c o l l i s i o n s are a l s o g iven by a 
Boltzmann d i s t r i b u t i o n of energies as fo l lows ( £ 1 ) : 

df = exp ( -E/kT) dE , (8) 

where df i s the f r a c t i o n of c o l l i s i o n s with energy E . 
Thus, i n a c o l l i s i o
depth | A G W I , i f the
( | Â G W | / k T j - 1 , the p a r t i c l e s w i l l bounce back and no 
attachment w i l l take p l a c e . An energy of 1 kT i s sub
t r a c t e d from (AG-J/kT because an energy of 1 kT i s 
a v a i l a b l e to a p a r t i c l e i n t r a n s l a t i o n a l or d i f f u s i o n a l 
motion. A l s o i f |AG.J = 1 kT and c o l l i s i o n s take p lace 
wi th an energy Ε l e s s than 1 kT , the p a r t i c l e s w i l l not 
s t i c k together because r o t a t i o n a l or t r a n s l a t i o n a l 
d i f f u s i o n energy a v a i l a b l e to such p a r t i c l e s w i l l p u l l 
them a p a r t . I f the c o l l i s i o n energy, E , i s l e s s than 
( | A G w | / k T ) - l , permanent contact w i l l take p l a c e . Hence 
the f r a c t i o n s of c o l l i s i o n s , A f , wi th energy l e s s than 
( | A G - J / k T ) - l l ead ing to permanent contact w i l l be g iven 

by the f o l l o w i n g i n t e g r a l , 

à f = k l f e x p ("~E/kT) dE , (9) 

where Ë = ( | A G w | / k T ) - l f o r | A G W | £ l kT and 

Ε = 0 f o r I A G w U l kT 

Hence, 
l*Gwl Af = 1 - exp (1 - i - j g ^ ) . (10) 

I t i s important to note that i n the case of d i f f u s i o n -
c o n t r o l l e d b imolecu lar r e a c t i o n ra tes one cons iders the 
overcoming o f a p o t e n t i a l b a r r i e r i n order to make 
permanent contac t . Consequently, one has to cons ider 
only those c o l l i s i o n s wi th energy l a r g e r than the va lue 
of the p o t e n t i a l maximum f o r r e a c t i o n to take p l a c e . 
In such a case the i n t e g r a t i o n of Equat ion (9) i s 
c a r r i e d out from 0 to the va lue of the p o t e n t i a l b a r 
r i e r (or the a c t i v a t i o n energy) . However, i n the case 
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of secondary minimum f l o c c u l a t i o n , the c o l l i d i n g p a r t i 
c l e s are trapped i n a p o t e n t i a l t rough , i n which case 
i n t e £ r a t i o n o f Equat ion (9) i s c a r r i e d out between 0 
and E . 

The b imolecu lar f l o c c u l a t i o n r a t e i s g iven by the 
genera l equat ion , 

- a f - k s ' ( Δ £ ) * 2 * 
3 

where ψ i s the number o f p a r t i c l e s per cm , t i s t ime, 
and k g i s the c o l l i s i o n frequency g iven i n the most 
r i g o r o u s form by the Smoluchowski equat ion wi th Fuchs' 
c o r r e c t i o n f o r the secondary minimum by Equat ion (5). 
S ince AG., i s constan
w r i t e the f l o c c u l a t i o
secondary minimum as fo l lows (42): 

(12) 

The r a t e constant f o r the coagu la t ion of the unpro
t ec ted p a r t i c l e s w i l l be g iven by Equat ion (3) as i n 
such a case aggregat ion takes p lace i n the primary 
minima. So the experimental s t a b i l i t y r a t i o , as de
f ined p r e v i o u s l y , i n the case of secondary minimum 
f l o c c u l a t i o n would be g iven by W p Y P as: 

Please note that i n Equat ion (13) the e f f e c t of the 
hydrodynamic drag on the c l o s e approach of the two 
p a r t i c l e s , formulated by Spielman (53) and Honig et 
a l . (54) and r e c e n t l y exper imenta l ly subs tant ia ted by 
Hatton et a l . (55), has been neg lec ted . The reason 
behind t h i s i s that the c o r r e c t i o n f a c t o r s f o r R = 
30 nm and R = 30 + δ nm (whereδ~ 0 — 5 nm) are not 
too d i f f e r e n t from each other such that i n the c a l c u 
l a t i o n of W E X p , which invo lves the log of the r a t i o s 
of the two c o r r e c t i o n f a c t o r s , c o n t r i b u t e i n s i g n i f i 
c a n t l y to the va lue of l og W p x _ , c a l c u l a t e d n e g l e c t i n g 
the hydrodynamic drag e f f e c t T56) . 
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W. EXP 

r oo i 

2R / exp 
^2L L 

A G A ( H 0 ) 

kt 
dH, 

(2R+HQ) 

2R r p G A ( H o r 

JQ

 e x P [ - k T -

dH, 

(2R+H0)' 

l - e x p ( l -
I AG. Wi 

kT 

(13) 

Since the approximation i n d i c a t e d i n Equation (7) i s 
s t i l l v a l i d , one gets 

W. EXP 
e x p ( l -

J3ç (14) 
w 

kT 

Equation (14) i n d i c a t e s that the rate of f l o c c u l a t i o n 
i s s o l e l y determined by the depth of the secondary 
minimum, IAG^I. I t i s observed by i n s p e c t i o n of 
Equation (14) that as | AG-J gets l a r g e r W χ ρ 

approaches 1; that i s , f o r a deep secondary minimum 
f l o c c u l a t i o n r a t e approaches the Smoluchowski rate or 
the f a s t f l o c c u l a t i o n s i t u a t i o n . 

C a l c u l a t i o n s and Results 

Figure 2 shows a p l o t of W „ x p as a f u n c t i o n of 
A G W c a l c u l a t e d using Equation ( i f ; . I t i s observed 
that f o r A G W = -1 kT, W χ ρ = oo. As A G W decreases, 
WEXP ^ e c r e a s e s and becomes one at a value of AG., of 
aêout -5.5 kT, i n comparison with the t o t a l i n s t a b i l 
i t y l i m i t of 5 kT as estimated by Hesselink, V r i j , and 
Overbeek (18). 

I t has been pointed out previously that the s t a 
b i l i t y l i m i t s of PS latex d i s p e r s i o n s i n water and i n 
the presence of C 1 2 E g as i n v e s t i g a t e d by O t t e w i l l and 
Walker (16) can be reasonably w e l l i n t e r p r e t e d i n terms 
of the depths of the secondary minima (21) . T o t a l 
s t a b i l i t y i n the scale of time means a s t a b i l i t y r a t i o 
of i n f i n i t y and t o t a l i n s t a b i l i t y i n the scale of time 
means a s t a b i l i t y r a t i o of u n i t y . For conditions 
intermediate between these two l i m i t s , slow f l o c c u l a 
t i o n was observed f o r the PS-LatexC,-Eg-water system 
by O t t e w i l l and Walker (15) . The s t a b i l i t y r a t i o s as 
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Secondary Minimum ondary minimum 
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Depth of the secondary minimum in kT (AGW ) 

Figure 2. Plot of WEXP as a function of AGW 

according to Equation (14) 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



10. BAGCHi Slow Flocculation 155 

measured by them f o r t h i s system i n the presence of 
e l e c t r o l y t e beyond the c r i t i c a l f l o c c u l a t i o n concen
t r a t i o n was p r e v i o u s ly (21) termed as the l i m i t i n g s t a 
b i l i t y r a t i o . These experimental s t a b i l i t y r a t i o s are 
d i r e c t l y comparable to the t h e o r e t i c a l values predicted 
by Equation (14) since such experimental values c o r r e 
spond to the s t a b i l i t y due to the nonionic s t a b i l i z e r , 
which are known to give r i s e to only secondary minima. 
I t i s advised that the reader examine reference (21_) i n 
order to understand the a p p l i c a b i l i t y of Equation (14) 
to the data derived i n reference (21) from the paper of 
O t t e w i l l and Walker (15) . Table I l i s t s the values of 
the adsorption l a y e r thicknesses of C 1 2

E 6 o n p s Latex 
(radius =30 nm), the depths of the secondary minima as 
c a l c u l a t e d by Bagchi (21), the experimental l i m i t i n g 
s t a b i l i t y r a t i o s as
(15), and the t h e o r e t i c a l l y c a l c u l a t e d values of the 
s t a b i l i t y r a t i o s from the values of |AG-J using 
Equation (14) at various log molar e q u i l i b r i u m concen
t r a t i o n s of C , 2

E c f o r t n e p s Latex-C-. 2
E 6 ~ w a t e r system 

inve s t i g a t e d by O t t e w i l l and Walker TI5;. In t h i s c a l 
c u l a t i o n the Hamaker constant used f o r the PS Latex-
water system was 5 χ 1 0 ~ 1 4 erg as used by O t t e w i l l and 
Walker (15). Figure 3 shows a d i r e c t comparison of the 
experimental W p to the t h e o r e t i c a l l y c a l c u l a t e d W p 

as a function or the log molar e q u i l i b r i u m concentra
t i o n s of C 1 2 E 6 . The e r r o r l i m i t s i n Table I and 
Figure 3 correspond to an e r r o r of +1 nm i n the deter
mination of the adsorption layer thickness as i n d i 
cated by O t t e w i l l and Walker (L5). 

Figure 5 shows the p a r t i c l e s i z e dependence of 
the s t a b i l i t y r a t i o of PS latex dispersions as a 
function of the e q u i l i b r i u m concentration of c j 2 E 6 e 

The values of W_xp i n Figure 5 were c a l c u l a t e d f o r 
p a r t i c l e r a d i i ranging between 10 and 480 nm with a 
quite l e g i t i m a t e assumption that the adsorption layer 
thicknesses of CjoE/: as a function of i t s e q u i l i b r i u m 
concentration are i d e n t i c a l f o r PS l a t i c e s of a l l 
s i z e s . 

Discussions 

The agreement observed i n Figure 3 between the 
experimental l i m i t i n g s t a b i l i t y r a t i o and t h e o r e t i 
c a l l y c a l c u l a t e d s t a b i l i t y r a t i o using Equation (14) 
can be considered to be rather good considering the 
u n c e r t a i n t i e s involved i n the estimation of the 
Hamaker constant used i n reference (21) to c a l c u l a t e 
the values of IAG | . As pointed out previously, the 
t h e o r e t i c a l value of W^^ i s s o l e l y dependent upon the 
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value of | A G - J [Equation (14)]. Hence, the accuracy 
with which p r e d i c t i o n s can be made using Equation (14) 
w i l l depend e n t i r e l y on the accuracy with which the 
depths of the secondary minima can be c a l c u l a t e d . 
Since the o b j e c t i v e of t h i s paper i s b a s i c a l l y to 
develop the theory and to p r e d i c t the observed trend, 
no extensive e f f o r t was made on an accurate estimation 
of the Hamaker constant. Nor was the Void e f f e c t (43) , 
whose importance i n estimating the long-range i n t e r 
actions has been shown r e c e n t l y (44-46), considered i n 
the c a l c u l a t i o n of the vw a t t r a c t i o n f o r the PS Latex-
C 1 2 E 6 ~ w a t e r system. However, i t was shown previously 
(21) that the i n c l u s i o n of the Void e f f e c t to c a l c u l a t e 
the vw a t t r a c t i o n i s w e l l within the e r r o r of estima
t i o n of the Hamaker constant f o r the PS Latex-water 
system. I t i s extremely i n t e r e s t i n g to note that the 
l i m i t s of s t a b i l i t y (W E X p = 1 f o r u n s t a b l e - r e d i s p e r s i -
bl e and ^ Ε χ ρ = oo f o r r e a i s p e r s i b l e - s t a b l e ) are i n 
e x c e l l e n t agreement with the t h e o r e t i c a l p r e d i c t i o n s as 
observed i n Figure 3. This i s true f o r the f o l l o w i n g 
reasons. In the s t a b i l i t y l i m i t of W χ ρ = «> f o r stable 
dispersions the e q u i l i b r i u m value of ÈJ[=2L) i s large. 
I t i s w e l l known (21_) that the vw a t t r a c t i o n s at large 
distances are much bet t e r represented by conventional 
theories than at smaller distances of separation. Also 
at the l i m i t of i n s t a b i l i t y and r e d i s p e r s i b i l i t y 
(WE = 1) where | A G . J i s about 5 kT, the rate of de
crease of the vw a t t r a c t i o n i s so sharp compared to 
that f o r l a r g e r distances of separation (H Q) that the 
e r r o r i n the value of 2L has very l i t t l e e r f e c t on 
W ; as f o r | â G - J l a r g e r than 5 kT, W i s essen
t i a l l y equal to unity (Figure 2). Thus f o r a r e d i s 
p e r s i b l e system where | A G . J i s between 5 kT and 1 kT, 
a more q u a n t i t a t i v e agreement between Equation (14) 
and experimental r e s u l t s may be observed only i f a more 
accurate estimation of the vw a t t r a c t i o n can be made. 
The Parsegian and Ninham (48) type of c a l c u l a t i o n 
should be p a r t i c u l a r l y u s e f u l f o r such estimations. I t 
i s i n t e r e s t i n g to note that i f a value of 2.3 χ 1 0 ~ 1 4 

erg i s used f o r the Hamaker constant of the PS Latex-
water system (shown i n Figure 4) a much be t t e r f i t of 
the theory with the experimental r e s u l t s i s observed. 
However, this.does not, i n any way, mean that the value 
of 2.3 χ 10 f o r the Hamaker constant i s any b e t t e r 
than the value of 5 χ 1 0 ~ 1 4 erg as used by O t t e w i l l and 
Walker (15). 

In Figure 5, i t i s i n t e r e s t i n g to note the 
t h e o r e t i c a l p r e d i c t i o n s of the p a r t i c l e s i z e dependence 
of the s t a b i l i t y r a t i o of the PS lat e x d i s p e r s i o n s as a 
fu n c t i o n of the e q u i l i b r i u m concentration of C, ?E f i. I t 
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I**- Present Theory 

Experimental 
values of 
limiting log W E X P 

x Flocculated by La(N03) 
Ο Flocculated by HN0 3 

Ι ι Theoretically calculated 
^ valves of log W^p 

Smoluchowski Theory and / 
Smoluchowski Theory with Fuchs 
Correction 

- 5 - 4 - 3 
Log molar equilibrium concentration of C, 2 Eg 

Figure 3. Comparison of the experimen

and Walker with the theoretical values 
of the stability ratio calculated using 
Equation (14) and the values of \AGW\ 
from Table I as a function of the log 
molar equilibrium concentration of Ci2E6. 
The error bars correspond to an error of 
±1 nm in the values of the adsorption 
layer thicknesses. Hamaker constant used 
for the calculation of \AGW\ is 5 X 10ru 

erg as used by Ottewill and Walker. 
Particle radius = 30 nm. 

Present theory 

4 Experimental 
values of 
limiting log W E X P 

x Flocculated by La(N03) 
Ο Flocculated by HN0 3 

ι Theoretically calculated 
valves of log W E X P 

Smoluchowski Theory and / 
Smoluchowski Theory with Fuchs 
Correction 

-6 -5 - 4 -3 

Log molar equilibrium concentration of C ) 2 E 6 

Figure 4. Same plot as Figure 3 except 
the Hamaker constant used for these cal

culations of \AGW\ is 2.3 χ 1014 erg 
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Log molar equilibrium concentration of C| 2 E 6 

Figure 5. Size dependence of the stability 
ratio of dispersions of PS latex in water as a 
function of the equilibrium concentration of 
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i s observed that f o r p a r t i c l e s of r a d i i l e s s than 
1 2 0 nm one i s able to vary the s t a b i l i t y r a t i o between 
0 and oo as a f u n c t i o n of C, 2

E r adsorption such that 
| A G w | ranges between 5 . 5 ana I kT. However, f o r 
p a r t i c l e s of r a d i i l a r g e r than 1 2 0 nm, the depths of 
the secondary minima at s a t u r a t i o n are between 5 . 5 and 
1 kT. Consequently i n such cases, a f t e r s a t u r a t i o n , 
one has d i s p e r s i o n s which f l o c c u l a t e a t constant rates 
slower than the Smoluchowski r a t e and never reach com
p l e t e s t a b i l i t y . For p a r t i c l e s l a r g e r than 4 8 0 nm the 
depths of the secondary minima, even at s a t u r a t i o n , are 
l a r g e r than 5 . 5 kT. Hence, under a l l conditions such 
systems would undergo f a s t f l o c c u l a t i o n . 

So f a r the d i s c u s s i o n has been on the i n t e r p r e 
t a t i o n of the p e r i k i n e t i
t i o n using the depths of such minima. Hiemenz and 
Void ( 49 ) have observed simultaneous f l o c c u l a t i o n -
d e f l o c c u l a t i o n i n carbon black - poly(styrene)-toluene 
and carbon black - poly(styrene)-cyclohexane systems 
obeying the f o l l o w i n g k i n e t i c equation: 

- II = kN 2 - 0N , ( 15 ) 

where k i s the f l o c c u l a t i o n r a t e constant and β i s the 
d e f l o c c u l a t i o n r a t e constant. In l i g h t of the present 
di s c u s s i o n s , the question i s whether one can equate k 
with k g and i n t e r p r e t d e f l o c c u l a t i o n i n terms of the 
unsuccessful c o l l i s i o n s . In the work of Hiemenz and 
Void ( 1 0 , 2 3 ) the k i n e t i c u n i t s that underwent f l o c c u 
l a t i o n and d e f l o c c u l a t i o n were large f l o e s of radius 
above 2 0 0 to 3 0 0 nm. For such large f l o e s i z e s , as has 
been pointed out p r e v i o u s l y , conditions f o r ortho-
k i n e t i c f l o c c u l a t i o n p r e v a i l s . Thus the Smoluchowski 
c o l l i s i o n frequency as used i n the d e r i v a t i o n of 
Equation (12) i s i n a p p l i c a b l e . Consequently, f o r such 
large f l o e s the f l o c c u l a t i o n r a t e constant k may not be 
compared with k g. The f l o e s i n such systems are of 
random st r u c t u r e as t h e o r e t i c a l l y deduced by Void ( 50 ) 
and M e d a l l i a ( 5 1 , 5 2 ) and e l e c t r o n m i c r o s c o p i c a l l y 
demonstrated f o r graphon suspensions i n heptane by 
Bagchi and Void ( 1 0 ). The d e f l o c c u l a t i o n of such 
l o o s e l y bound and randomly struc t u r e d f l o e s i n t h i s 
system has been r i g h t l y i n t e r p r e t e d by Hiemenz and 
Void ( 2 4 , 4 9 ) to be due to shearing i n thermal g r a d i 
ents. Thus such a d e f l o c c u l a t i o n process cannot be 
r a t i o n a l i z e d i n terms of unsuccessful c o l l i s i o n s . How
ever, the observation that such f l o e s d e f l o c c u l a t e i n 
thermal gradients perhaps i n d i c a t e s that the binding 
energy of such f l o e s comes from aggregation at secon
dary minima of depths l e s s than 5 . 5 kT. 
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Summary 

I t i s w e l l known tha t the i n s t a b i l i t y of a sus
pension can be due to slow f l o c c u l a t i o n at a secondary 
minimum i n the p a r t i c l e - p a r t i c l e p o t e n t i a l p r o f i l e , f o r 
both i o n i c and nonionic s t a b i l i z a t i o n . In most cases 
of i o n i c s t a b i l i z a t i o n , the p o t e n t i a l b a r r i e r to the 
primary minimum i s not h igh enough and consequently 
one observes f a s t aggregat ion a t the primary minimum. 
However, i n the nonionic case , where the d i s p e r s i o n 
medium i s a good so lvent f o r the s t a b i l i z e r , c a l c u l a 
t i o n s i n d i c a t e that unstable systems always e x h i b i t a 
secondary minimum, which i s the primary cause of i n s t a 
b i l i t y . The measure o f such i n s t a b i l i t y i s the aggre
gat ion r a t e . The Smoluchowski theory of aggregat ion 
i s not g e n e r a l l y v a l i d for secondary minimum f l o c c u 
l a t i o n , s ince i t makes the i m p l i c i t assumption that 
every c o l l i s i o n leads to permanent contac t . Such an 
assumption i s c o r r e c t on ly i n the case of primary 
minimum coagu la t ion where the a t t r a c t i o n p o t e n t i a l , a t 
the p o i n t of contac t , goes to i n f i n i t y . Fuchs 1 theory 
i s i n a p p l i c a b l e to secondary minimum f l o c c u l a t i o n be
cause i t cons iders only those c o l l i s i o n s wi th energies 
h igh enough to overcome the p o t e n t i a l b a r r i e r to make 
contact a t the primary minimum as s u c c e s s f u l c o l l i 
s i o n s . In the case of secondary minimum f l o c c u l a t i o n s , 
on ly those c o l l i s i o n s wi th energies l e s s than the 
depth of the secondary minimum w i l l l ead to permanent 
contact o r , i n other words, succes s fu l f l o c c u l a t i o n . 
On t h i s assumption, a k i n e t i c theory f o r the secondary 
minimum f l o c c u l a t i o n i s developed i n t h i s paper and 
a p p l i e d to the po ly ( s tyrene (PS) la tex -n-dodecy lhexa-
oxyethylene monomer ( Ο , - Ε ^ ) w a t e r system as i n v e s t i g a t e d 
by O t t w i l l and Walker. Tne t h e o r e t i c a l l y p r e d i c t e d 
dependence of the l i m i t i n g s t a b i l i t y r a t i o due to the 
nonionic s u r f a c t a n t as a f u n c t i o n of the e q u i l i b r i u m 
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concentra t ion o f C , 2 E g seems to agree f a i r l y w e l l w i th 
the experimental observat ions o f O t t e w i l l and Walker. 
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Stability of Sterically Stabilized Dispersions at High 
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Introduction 
The use of polymer

stabilise colloidal dispersions against coagulation has been 
widely practised in industry, and is of fundamental importance in 
many natural processes, both biological and environmenta1(1). At 
present there is a need for a wide range of experimental work in 
this f ie ld, on well characterised systems, in order to test the 
several models and theories of steric stabilisation. One can 
distinguish at least two classes of experimental approach. 
F irs t ly , one may compare the stability of the dispersion in the 
presence and absence of polymer (at a given concentration). 
Stability is perhaps best defined in this context in terms of the 
ratio of the rate constants for aggregation in the two cases. 
Secondly, one may observe under what conditions a sterically 
stabilised dispersion wi l l aggregate. There are perhaps four 
basic requirements for a dispersion to be effectively stabilised 
by adsorbed or anchoredt polymer chains : 

a) high surface coverage, i . e . no "bare" patches at the 
surface 

b) strong adsorption 
c) a "thick" adsorbed layer, to prevent the particles 

coming within a separation where the van der Waals 
interaction becomes effective. 

d) the stabilising chains should be in "good" solvent 
environment. 

Such requirements may be met by using AB block and AB n comb 
structures (1-3) · Here the (insoluble) A chains are the adsorbing 
t by "adsorbed" we refer to the case where the stabiliser is 
physically adsorbed to the particle surface; by "anchored", 
where the stabiliser is chemically bonded to the surface, or even 
(partially) incorporated into the bulk structure of the particle. 
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(anchoring) component and serve to f u l f i l conditions (a) and (b) 
above, whilst the (soluble) Β chains provide the actual s t e r i c 
b a r r i e r , f u l f i l l i n g conditions (c) and (d) . In p r i n c i p l e , a 
s t e r i c a l l y s t a b i l i s e d dispersion can be aggregated by adjusting 
conditions such that one or more of the pre-requis i tes (a) - (d) 
i s no longer met. Examples for each one are as follows: 
a) at low surface coverages br idg ing , f loccu la t ion may occur. 

(In some cases polymer may be displaced l a t e r a l l y to create 
bare spots) . 

b) weakly adsorbed polymers, e .g . horaopolymers, may be d i s 
placed en t i re ly from the p a r t i c l e surface by smaller 
molecules, e .g . i o n i c surfactants , which are themselves more 
strongly adsorbed but which do not themselves provide 
adequate s t e r i c s t a b i l i s a t i o n . 

c) the thickness of th
determining the dept
p a r t i c l e - p a r t i c l e in teract ion curve. It has been shown by 
Long, Osmond and Vincent (4) that a c r i t i c a l depth for th is 
potent ia l energy minimum ex i s t s , for a given p a r t i c l e number 
concentration, at and beyond which aggregation begins to 
occur. Thus subtle changes i n the thickness of the s t e r i c 
b a r r i e r , e .g . by changes i n molecular weight or solvency, 
can change a system from being stable to being (weakly) 
aggregated. 

d) i n a series of papers (5-6) Napper has shown that by changing 
the solvency conditions for the s t a b i l i s i n g Β chains from a 
good solvent environment to a Θ - or near θ -so lvent , latex 
dispersions s t a b i l i s e d by AB block copolymers may be 
aggregated. 
In a l l the systems studied to date, as far as we are aware, 

the effect of the concentration of polymer i n the continuous 
phase on dispersion s t a b i l i t y has not been considered. Indeed i n 
most systems, the bulk polymer concentration i s neg l ig ib ly smal l . 
However, this i s a s ign i f i cant point to consider i n many 
p r a c t i c a l dispersions, e .g . i n drying latex paint films where the 
concentration of polymer i n the continuous phase obviously must 
reach a high value as solvent evaporates. 

In th is work we set out to invest igate whether high con
centrations of homopolymer Β i n the continuous phase (approaching 
100% polymer i n fact) led to changes i n the s t a b i l i t y of 
dispersions s t a b i l i s e d by AB comb polymers. The s p e c i f i c system 
investigated was an aqueous polystyrene (PS) latex, plus a comb 
s t a b i l i s e r with A • PS, Β » poly(ethylene oxide) (PEO), 
molecular weight 750, to which was added homopolymer PEO, of 
various, r e l a t i v e l y low molecular weights (200-4000), over a wide 
concentration range. Above a cer ta in c r i t i c a l PEO concentration, 
for a given molecular weight, i t was found that aggregation 
occurred. We present a preliminary report of the results 
obtained. It i s intended that a more detai led report and 
discussion of other results w i l l be published shor t ly . 
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Experimental 

Mater ia l s . A l l solvents and monomers were r e d i s t i l l e d 
before use. The polyethylene oxides used were the polyethylene 
g lyco l series 200, 400, 600, 1000, 1500, 4000, ex B r i t i s h Drug 
House, plus polyethylene g lyco l 800 ex She l l Chemicals L t d . 
Carbowax 750 was obtained from Union Carbide L t d . These 
materials were used without further p u r i f i c a t i o n . 

Latex Dispersions. The polystyrene latex used was prepared 
by a method which i s currently the subject of a patent 
appl icat ion by I . C . I . (Paints Divis ion) L t d . Nevertheless i t can 
be stated here that a free r a d i c a l polymerisation route was used, 
and this gave a polystyrene latex dispers ion, the par t i c l e s of 
which were s t a b i l i s e d b
styrene backbone i s phys ica l l
the polystyrene p a r t i c l e s . The methoxy-terminated poly(ethylene 
oxide) (M.W. 750) chains are therefore terminal ly anchored at the 
surface. 

Characterisat ion of the Latex. The mean p a r t i c l e diameter 
of the latex from electron microscopy was 140 nm. Although not 
as monodisperse as some of the charge-stabi l i sed polystyrene 
la t ices that have been prepared i n the absence of added 
surfactants or polymers (7), we do not consider this to be a 
s ign i f i cant feature i n interpret ing the results of the 
experiments we report . 

Microelectrophoresis and conductimetrie t i t r a t i o n indicated 
that the par t i c l e s carr ied only a very small surface charge. The 
calculated zeta potent ia l i n 10~ 3KC1, using the tables of 
Ot tewi l l and Shaw (8), was less than 15 mV, i . e . not su f f i c i ent to 
play any s ign i f i cant role i n determining the s t a b i l i t y of the 
p a r t i c l e s . 

F l o c c u l a t i o n . F loccu la t ion k inet ics were followed using a 
conventional turbidimetr ic technique (9-10), i n which the o p t i c a l 
density (OD) of the latex was recorded continuously as a function 
of time on the addit ion of a known amount of polymer so lu t ion . A 
Unicam SP 1800 spectrophotometer l inked to a Unicam AR 25 pen 
recorder was used for this purpose. A wavelength of 540 nm was 
used, and the cel l -housing of the spectrophotometer was thermo-
statted at 2 5 ° C . The i n i t i a l number concentration of the 
par t i c l e s Ν , was kept f ixed at 3.5 χ Ι Ο 1 0 par t i c l e s per ml 
(corresponding to a p a r t i c l e volume frac t ion of 4 χ 10"1*) for a l l 
the runs · 

Oster (11) has shown that for an aggregation dispersion i n 
which the par t i c l e s are Rayleigh scat terers , the t u r b i d i t y , τ , as 
a function of time, t , i s given by. 
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τ - AN V 2 ( l + 2N kt) (1) 
ο ο 

where A i s an o p t i c a l constant re lated to the re frac t ive index of 
the par t i c l e s and the medium, V i s the volume of a p a r t i c l e , and 
k the rate constant for the aggregation process. 

As indicated i n the Introduction, one may define the 
s t a b i l i t y , W, of a dispers ion as follows 

W - k /k (2) 
ο 

where k i s the rate constant under conditions of rapid 
coagulation (maximum rate) i n the absence of added s t a b i l i s e r , 
and i s given by the Smoluchowsk

(3) 

where k 1 and Τ are the Boltzmann constant and absolute temperature 
and η i s the v i s c o s i t y of the continuous phase. 

Combining Equations (1), (2) and (3) leads to 

8N k 'T 
τ = τ (1 • — 2 — . t / η ) (4) 

ο 3w 

where τ i s the i n i t i a l t u r b i d i t y (t s 0) of the d i spers ion , 
or 

dOD 8N k'T 

du7n) = ~ 3 w - ( 5 ) 

where OD » 0D/0D = τ / τ . Thus the slope of a plot of OD r ο ο ν ^ r 

versus t / η should d i r e c t l y re f l ec t changes i n W, effects due to 
changes i n A and η , on changing the bulk polymer concentration, 
having been e l iminated. Since the conditions for Rayleigh 
scat ter ing are normally only f u l f i l l e d during the i n i t i a l stages 
of aggregation, and thus non-l inear plots are generally obtained, 
i t i s normal pract ice to take the l i m i t i n g slope as t-*0, i . e . i n 
this case 

dOD /d(t/n) 
t-K) 

V i s c o s i t y . The v i s c o s i t i e s of the various PEO-water 
mixtures were determined at 25°C using a Cannon-Fenske c a p i l l a r y 
viscometer. The data obtained are shown i n Figure 1. 
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Results 

A t y p i c a l plot of 0D r versus t / η i s shown i n Figure 2 for 
the latex i n the presence of PEO 200. Below about 70% (by 
weight) PEO the system i s s table . Between 70 and 80% there i s a 
rapid increase i n the i n i t i a l aggregation rate . Thereafter, the 
rate of aggregation decreases again. As discussed above these 
effects cannot be at tr ibuted to v i s c o s i t y or re frac t ive index 
changes i n the continuous phase, since these are eliminated i n 
the method of p lo t t ing the data. Figure 3 shows the effects 
described more c l e a r l y . Here (dOD /dCt/n).)^ i s p lot ted versus 

PEO concentration for various molecular weights. For each M.W. 
there i s a c r i t i c a l minimum PEO concentration and only above th is 
is aggregation observed. This c r i t i c a l concentration i s plotted 
as a function of PEO molecula
i t can also be seen that the f a l l o f f i n aggregation rate at 
higher polymer concentrations occurs for a l l the molecular weight 
samples studied. 

Prel iminary results have been obtained with a polystyrene 
latex dispersed i n n-hexane, for which the s t a b i l i s e r was a poly-
sty rene-polyisoprene (PIP) block copolymer. The PIP chains i n 
the block had a molecular weight of the order of 1000, and homo
polymer PIP of the same molecular weight was added to the 
continuous phase at increasing concentrations. Again i t was 
observed that above a c r i t i c a l minimum PIP concentration, 
aggregation occurs. 

Discussion 

Of the four mechanisms, out l ined i n the Introduction, 
concerning the various ways i n which a s t e r i c a l l y s t a b i l i s e d 
dispersion may be de - s tab i l i s ed , one can probably only rule out 
with any confidence at this stage mechanism (b), i . e . desorption 
of the s t a b i l i s e r on p a r t i c l e contact. It would seem (3) that 
the s t a b i l i s e r i s we l l anchored at the surface. Any of the other 
three mechanisms, e i ther s ingly or i n combination, or indeed some 
other mechanism not so far considered, could be responsible for 
the behaviour observed. However at this stage much more work 
needs to be done on the effects of e .g . molecular weight of the 
s t a b i l i s i n g group, number concentration of the par t i c l e s i n 
dispers ion, p a r t i c l e s ize and temperature, before any firm 
conclusions can be reached. It would also seem essent ia l that 
other systems be studied. Work i n a l l these direct ions i s 
currently underway, and i t i s hoped to report these results i n 
the l i t e r a t u r e i n the near future. 
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Figure 1. Viscosity of aqueous poly-
(ethylene oxide) solutions 

Figure 2. Corrected OD v s . time plots for 
the latex in the presence of various concen

trations of PEO 200 
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Figure 3. Stability curves for the latex as a 
function of poly(ethylene oxide) concentration 

Figure 4. Critical poly(ethylene oxide) concen
trations for flocculation as a function of molec

ular weight 
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12 
Stability of Aqueous Dispersions in Polymer-Surfactant 
Complexes. Ethirimol Dispersions in Mixtures of Poly
-(Vinyl Alcohol) with Cetyltrimethylammonium 
Bromide or Sodium Dodecyl Benzene Sulfonate 
T H . F . T A D R O S 

Plant Protection Limited, Imperial Chemical Industries Ltd., Jealott's Hi l l Research 
Station, Bracknell, Berkshire RG12 6EY, England 

In a previous paper (1), the interaction of cetyltrimethyl
ammonium bromide (CTABr) and sodium dodecvlbenzene sulfonate 
(NaDBS) with poly(vinyl alcohol (PVA) (12% acetate groups, = 

42,000) has been investigated in aqueous solution. A polymer
surfactant 'complex' or polymer nucleated micelle was postulated 
to form by oriented adsorption of the surfactant ions on the 
nonionic polymer chain, through some sort of 'hydrophobic' 
bonding between the hydrophobic end of the surfactant ion and the 
hydrophobic part of the polymer molecule. Adsorption isotherms 
on a hydrophilic surface such as silica (1), showed that at high 
pH, preadsorbed CTA+ ions increased the adsorption of PVA 
possibly by 'anchoring' the dissociated -SiO- groups with the PVA 
chains. Provided there were sufficient CTA+ ions to create 
enough hydrophobic sites on the silica surface, the PVA could 
increase to an amount beyond that required for monolayer coverage 
(assuming flat orientation) and PVA 'loops' with a proportion of 
PVA segments attached to the hydrophobised s i l i c a surface, result 
at the silica solution interface. At low pH, a silica surface 
with preadsorbed PVA also increased the adsorption of CTA+ above 
that obtained in absence of PVA. The same increased adsorption 
of PVA was also observed on addition of NaDBS. 

This paper extends previous work on the adsorption of these 
complexes to organic surfaces, an area of interest in the 
dyestuffs, pharmaceuticals, pesticides and other fields. Organic 
materials do not necessarily behave in a similar way to classical 
model systems such as s i l i c a and silver halides but adsorption 
behaviour i s of great importance in these systems of industrial 
interest. We have therefore investigated the adsorption of these 
polymer-surfactant complexes on ethirimol C2), an organic 
pesticide having essentially hydrophobic characteristics but 
containing polar grouping and their effect on stability against 
flocculation. One would expect the surfaces of such a material 
to be heterogeneous with possibly varying degrees of adsorption 
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on the various surfaces. It has a solubility of ~ 160 ppm in 
water. Due to the polyelectrolyte nature of the polymer-
surfactant complex, one would expect a strong double layer 
repulsion force besides the steric force. Moreover, the chain-
solvent interaction of the resulting polymer-surfactant complex 
i s expected to be stronger than that of the nonionic polymer. 
This was proved before (1) by an increase of the cloud point of 
PVA on addition of NaDBS or CTABr. Therefore, one would expect 
a greater osmotic repulsive force for the polymer-surfactant 
stabilised system relative to that of the nonionic polymer. 

Experimental 

1. Materials. Ethirimol was twice recrystallised from 
ethanol and then dry ground in a coffee mixer. The surface area 
of the resulting powder, which was homogenised by mixing in a 
large container over rollers for 24 hours, was measured by BET 
Krypton adsorption, after degassing at room temperature in a 
helium atmosphere for 12 hours. The BET surface area was found 
to be 0·29 m*/g. 

CTABr, NaDBS, sodium lauryl sulfate, bromophenol blue were 
the same materials described before (1). 

Analar sodium chloride, which was roasted in a s i l i c a 
crucible to constant weight, was used to control the ionic 
strength of the solutions. 

Doubly distilled water from a l l glass apparatus was used for 
preparation of a l l solutions, which were always freshly made 
(kept for no longer than two weeks). 

2. Preparation of Aqueous Ethirimol Dispersions. For the 
mobility experiments dispersions were prepared either by directly 
dispersing 0·! g of ethirimol powder in 50 ml of the appropriate 
solution using ultrasonic irradiation, followed by fi l t r a t i o n 
through a No. 2 sintered glass crucible to remove large particles 
or by dilution from a stock concentrated dispersion previously 
prepared by a wet milling process. In the latter case 7 g of 
ethirimol powder were dispersed in 400 ml doubly distilled water 
using ultrasonic irradiation followed by milling for 30 minutes 
to reduce the particle size. The resulting dispersion was stored 
in a constant temperature room at 20 ± 1°C to reduce crystal 
growth and kept continuously stirred using a magnetic stirrer. 
The resulting dispersion was heterodisperse and microscopic 
investigation showed that a significant proportion of the 
particles were asymmetric. An average particle diameter was 
estimated by sizing about 400 particles from a picture taken under 
the optical microscope. In the case of the asymmetric particles, 
the minor axis length was used to represent the diameter of the 
particle. The arithmetic mean particle diameter was found to be 
1·65 um. 
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3. Determination of the Hamaker Constant of Ethirimol* The 
Hamaker constant was calculated from refractive index measurements 
at various wavelengths. The refractive indices were measured at 
25°C for four different wavelengths by the Becke line method (3) 
using characteristic immersion liquids supplied by R.P. Cargille 
laboratories Inc. Since the refractive indices observed depend 
on the orientation of the crystal fragments i t was only possible 
to determine the two extreme values. The refractive index values 
are shown in Table 1. The figures are accurate to ̂  0*001. By 
convention ι\χ i s the lower and ηγ the higher. The third index ηβ 
(immeasurable) has an intermediate value, α, β and γ represent 
the various crystallographic planes of the ethirimol crystal. 
Prom the above data, the London dispersion constant B ^ and 
Hamaker xonstant were calculated using the method described 
by Gregory (£). The effective Hamaker constant for interaction 
across an aqueous medium was calculated from the equation, 

A e f f " <A11* » A 33* > 2 

where A33 i s the effective Hamaker constant for water (4), taken 
to be 4 χ 10~20j. Tn e calculated constants are shown in Table 2-

Table I. Refractive Indices of Ethirimol at Various Wavelengths 

X(nm) ηα ηγ 

486 1*557 1*723 
546 1*554 1*705 
589 1*549 1*696 
656 1*544 1*677 

Table LT. London and Hamaker constants 

Orientation α γ 

ΒΛΑ 5*43 χ ΙΟ" 7 6 J m"6 6*47 χ ΙΟ" 7 6 J m"6 

11 
-20 -20 Α ι α 6*52 χ 10 ̂  J 7*76 x 10 * J 

A e f f 3*1 χ 10" 2 1 J 6*2 χ 10" 2 1 J 
-21 

Average A r f f 4*6 x 10 J 
4. Adsorption Isotherms. 100 ml of CTABr (concentration 

range 5 χ 10-=> - 4 χ 10-3 mole/1 ) or NaDBS (10-4 - 2*5 χ 10-3 
mole/1) solutions with ionic strength controlled to 10-2 with 
NaCl were added to 2 or 4 g of ground ethirimol. The mixtures 
were dispersed by ultrasonics at intervals of 30 sec (to avoid 
heating) with a maximum period of 2 minutes. The dispersion was 
left stirred overnight using magnetic stirrers in a constant 
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temperature cabinet at 25 1°C. The samples were allowed to 
stand for one hour at the same temperature and the supernatant 
liquid quickly filtered at room temperature (about 22°C) through 
a 0·22 μη» millipore f i l t e r . The f i r s t few ml were discarded to 
eliminate errors from possible adsorption on the f i l t e r paper. 
The equilibrium concentration of CTABr solutions was determined 
by two phase titration against standard sodium lauryl sulfate (5). 
That of NaDBS was determined by titration against standard CTABr 
(5). For measurement of adsorption of PVA, 50 ml of PVA in the 
concentration range 0-300 ppm were added to 1 g of ethirimol 
powder and the same adsorption procedure applied. The method of 
analysis of PVA i s based on measurement of colour intensity of 
the complex formed with a reagent of iodine + potassium iodide + 
boric acid, at 670 nm (£, 7)· However, the presence of trace 
quantities of dissolved ethirimol i n the equilibrium solution 
(ethirimol has a solubility of / 160 ppm in water that i s only 
very slightly increased in the presence of up to 300 ppm PVA), a 
turbidity in solution after addition of the I 2 •»· KI + boric acid 
reagent obscured measurement of the colour intensity. Extraction 
of ethirimol using polar and non-polar organic solvents could not 
be applied as i t was found from blank experiments that some PVA 
was also extracted into the organic phase. Finally, we found 
that the turbidity could be removed by adjusting the pH of the 
equilibrium solution to 9-10 before adding the iodine reagent. 
For that purpose the pH of the PVA solutions used for the 
calibration curve were also adjusted to pH 9-10. PVA adsorption 
was also measured in the presence of NaDBS (2 χ 10"^ mole/1) and 
the same procedure of analysis of PVA was adopted. As mentioned 
before (1), NaDBS did not interfere with the colorimetric method 
of analysis of PVA. 

5. Electrophoresis Experiments. The electrophoretic 
mobility was measured using a commercial microelectrophoresis 
apparatus (Rank Bros., Bottisham, Cambridge, England). A 
cylindrical c e l l was used and the mobility of 20 particles was 
determined at each stationary level, reversing the polarity for 
successive timings. The average electrophoretic mobility was 
calculated from the average reciprocal time for a l l 40 measure
ments. Mobilities were measured as a function of CTABr or NaDBS 
concentration (choosing concentration ranges below and above the 
cmc) and in the same solutions containing varying amounts of PVA 
(100-400 ppm). Also the mobility of ethirimol particles was 
measured as a function of PVA concentration (0-300 ppm without 
addition of surfactants). In a l l cases, the ionic strength was 
controlled to 10~2 with NaCl. From the electrophoretic mobility 
the zeta potential was calculated using the classical Smolukowski 
equation (this i s justified since fta»100). 

6. Flocculation Kinetics. Flocculation kinetics was 
followed by manual counting technique using a Haemocy tome ter c e l l 
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(Hawskley ) having an etched graticle of 25 χ 10-4 mra2 and a depth 
of 0*1 mm. A Leitz Qrtholux microscope was used under bright 
f i e l d illumination and a magnification of 500 x. The eye piece 
of the microscope was connected to a television camera and the 
fie l d of view shown on a television screen* In this way counting 
was less tedious and the number of particles in 40 squares of the 
graticule which were chosen at random was counted. 

For these experiments the milled stock dispersion was 
diluted in the appropriate solution to give a particle 
concentration of P J 108 particles/ml. The dispersion was sonified 
and kept in a constant temperature bath at 25 ^ 0-05°C for 15 
minutes to attain the temperature of the bath. It was then 
quickly sonified and the i n i t i a l count taken immediately after 
redispersion by ultrasonics, sampling 1 cm below the surface of 
the dispersion. Countin
of time (8-12 minutes) over a period of 1-2 hours, an aggregate 
being counted as one particle. Prior to sampling the dispersion 
was gently inverted 3-4 times to counteract sedimentation. The 
experiments were carried out at the same concentration range of 
CTABr, NaDBS and PVA used for electrophoresis. Also the ionic 
strength was controlled to 10-2 with NaCl. 

In order to measure the c r i t i c a l flocculation concentration 
and the fast flocculation rate, the kinetics of flocculation of 
the aqueous ethirimol dispersion was followed as a function of 
NaCl concentration in the range 10"3 - 10~^ mole/1. 

Results and Discussion 

1. Adsorption Isotherms. Figure 1 shows the adsorption 
isotherm of CTABr on ethirimol, a two step isotherm with 
saturation adsorption of 1·8-2·0 χ 10""6 mole/g and 3*5 χ 10-6 
mole/g ethirimol respectively. Using the BET surface area (0*29 
m2/g)t the area for CTA+ ion was calculated to be 0·27 nm2 and 
0·14 nm2 at the f i r s t and second plateau respectively. The 
stepwise isotherm could be due to bilayer adsorption of CTA+, 
the f i r s t layer with the charge pointing towards the surface and 
the second layer forming by hydrophobic bonding between the 
hydrocarbon chains of the surfactant ions. However, the results 
of electrophoresis (see below) has shown the isoelectric point to 
occur at much lower concentration (1 χ 10-5 mole/100 ml) than 
that at which the step occurs (8 χ 10-5 mole/100 ml). We would 
therefore favour the following picture for adsorption of CTA+ 

ions on ethirimol t i l l the f i r s t plateau. Initially the surface 
has a negative surface charge (as indicated by a negative zeta 
potential of - 22 mV) which could be due to some specifically 
adsorbed anions. In the i n i t i a l adsorption stages these charges 
are neutralised with CTA+ ions, with the positive charge pointing 
towards the surface, leaving uncovered hydrophobic regions in 
between. The subsequent CTA+ ions will now adsorb on the 
hydrophobic sites, with the positive charges now pointing towards 
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the solution. The adsorption process continues until a vertically 
oriented monolayer of CPA"4" ions i s reached which i s complete at 
the f i r s t plateau. However, the area/CTA* ion at this plateau 
(0·27 nm2) i s lower than expected from models of a close packed 
trimethy1ammonium ions namely 0·35 nm2. Robb and Alexander (8) 
found on polyacrylonitrile latices an area of 0·35 nm2/CTA+ ion, 
whereas Conner and Ottewill (9) found an area of 0·47 nm2 on 
polystyrene latex i n 10*"3 M KBr and 0*35 nm2 in 5 χ 10-2 mole/1 
KBr. In view of the possible error of the BET area our value of 
0*27 nm2 seems reasonable. As the surface of ethirimol becomes 
fully saturated with CTA+ ions, there i s s t i l l the possibility of 
association of CTA+ ions on the surface which could result in a 
rapid increase in adsorption. This explains the step in the 
isotherm. Therefore, association or 'hemimicelle' formation as 
depicted by Fuersteanau et a l . (10) could account for this rapid 
increase. 

Figure 2 shows the adsorption isotherm of NaDBS on ethirimol. 
The isotherm i s more or less of a Langmuir type with a saturation 
adsorption of ^ 3·5 χ 10-6 mole NaDBS/g ethirimol which i s similar 
to that obtained with CTABr at the second plateau. However, this 
saturation adsorption i s reached at a much lower equilibrium 
concentration of NaDBS and there i s a tendency of further increase 
in adsorption beyond this value as indicated by the dotted line on 
the isotherm. Using the BET area, the area/DBS" ion at the 
i n i t i a l plateau i s 0*14 nm2 which i s smaller than that to be 
expected for a vertically oriented close packed monolayer of 
dodecyl benzene sulfonate ions. However i f one uses the area 
calculated from CTABr adsorption (see below) an area/DBS" ion of 
*v* 0*18 nm2 that i s close to that for a close packed monolayer of 
DBS" ions (0*20 nm2) i s obtained. Adsorption of an anionic 
surfactant on the negative ethirimol surface should have occurred 
by the hydrophobic part of the molecule pointing towards the 
hydrophobic ethirimol surface. Association or hemimicelle 
formation could account for the increased adsorption beyond the 
amount required to form a close packed monolayer. A similar type 
of isotherm has been found by Kudryavtseva and Larionov (11) for 
adsorption of sodium lauryl sulfate on hydrophobic gold hydrosol. 
These authors found an adsorption amount corresponding to 3 
monolayers of sodium dodecyl sulphate assuming an area of 0·20 nm2 

per dodecyl sulphate ion. 
Figure 3 shows the adsorption isotherm of PVA on ethirimol 

(curve A) and the effect of addition of NaDBS on PVA adsorption 
(curve B). In the absence of NaDBS, the i n i t i a l part of the 
isotherm i s what to be expected for the adsorption of a nonionic 
macromolecule, being of the high affinity type. However, as the 
concentration of PVA i s increased, the adsorption continues to 
increase and a sudden increase in PVA adsorption i s observed 
above an equilibrium concentration of 140 ppm. The shape of the 
isotherm i s markedly different from that recently obtained on 
polystyrene latex (12). A similar increase in PVA adsorption on 
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Figure 1. Adsorption isotherm of CTABr on ethirimol 
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Figure 2. Adsorption isotherm of NaDBS on ethirimol 
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carbon black has been found by Johnson and Lewis (13). Using the 
BET surface area, the amount of adsorption at the i n i t i a l plateau 
is ~ 8 mg/m2, which i s considerably higher than that recently 
obtained on polystyrene (12) for a similar PVA sample, namely 
2·8 mg/m2. However, the BET area could be underestimated in 
view of the low surface area of the sample which could result in 
significant error. An area could be calculated from CTABr 
adsorption assuming an area/CTA+ of 0·35 nm2 for a close packed 
monolayer; this would give 0·38 m2/q. Using this value PVA 
adsorption would amount to ̂  6 mg/m2, about twice the value 
obtained on polystyrene. It seems therefore from these results 
as well as those of Johnson and Lewis (13) that PVA adsorption 
depends on the substrate. 

In the presence of NaDBS, the adsorption of PVA at the 
i n i t i a l plateau has dropped to half i t s value in absence of NaDBS. 
However, the shape of the isotherm i s maintained and the two 
curves A and Β cross each other at the intermediate PVA 
concentration. The final value of adsorption i s lower in presence 
of NaDBS than in i t s absence. The drop in adsorption of PVA i s 
what to be expected in view of the more hydrophilic nature of the 
PVA-DBS"" complex. Recently, Fleer, Koopal and Lyklema (14) 
demonstrated that the adsorption of PVA on silver iodide decreases 
as the degree of hydrolysis of the polymer (which leads to an 
increase in polymer-solvent interaction) increases. The decrease 
in adsorption as the chain solvent interaction increases i s 
readily explained in terms of Hoeve (15) and Silberberg (16) 
models. According to these theories, relatively larger loops and 
consequently relatively higher adsorption i s expected from poorer 
solvents. The lower adsorption in a good solvent i s due to the 
high osmotic pressure created within the loops (due to the 
repulsive force between the segments in the loop region) which 
hinders the formation of thick loops and large amounts of 
adsorption in good solvents. One of course cannot rule out the 
weaker affinity of the more hydrophilic PVA-NaDBS to the 
hydrophobic surface of ethirimol relative to that of PVA. 

2. Zeta Potentials. Figure 4 shows the variation of zeta 
potential with PVA concentration in the range 0-300 ppm (in 10-2 
mole/1 NaCl). The gradual decrease of zeta potential with 
increase in extent of PVA adsorption i s what to be expected for a 
nonionic macromolecule. In the i n i t i a l stages of adsorption the 
macromolecule will attain a flatter conformation, which as 
adsorption proceeds leads to thicker adsorbed layers. As a result 
of this a shift in shear plane towards the solution leads to a 
lowering of zeta potential and eventually a limiting value (-7 mV) 
is reached at the limiting adsorption value. However, one cannot 
rule out the possibility of displacement of some specifically 
adsorbed ions from the Stern plane on adsorption of PVA segments. 

Figure 5 shows the variation of zeta potential with CTABr 
concentration in presence and absence of PVA, where Figure 6 
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Figure 3. Adsorption isotherm of PVA on ethirimol in the presence (curve B) and 
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Figure 4. Variation of zeta potential with TVA concentration 
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shows the results for NaDBS. In absence of PVA, the i n i t i a l 
negative zeta potential decreases in magnitude with increase in 
CTABr concentration and at a concentration of ^ 1 χ 10~4 mole/1 
reversal of charge occurs and the positive zeta potential increase 
gradually and then more rapidly at and beyond the cmc of CTABr 
and eventually i t reaches a plateau ahove 5 χ 10" 3 mole/1. With 
NaDBS, the i n i t i a l negative zeta potential continues to rise with 
increase in concentration and a limiting value (-85 mV) i s 
reached at 10-2 mole/1. 

Addition of PVA, at a given surfactant concentration, always 
resulted in lowering of zeta potential to a value below that 
obtained in absence of PVA. With CTABr, the reduction in zeta 
potential was higher at 200 ppm PVA than at 100 ppm. However, 
the zeta potentials started to increase again at 300 and 400 ppm 
PVA, above the value obtained in 200 ppm. With NaDBS, there was 
a continual decrease of zeta potential with increase in PVA 
concentration until 400 ppm PVA. The decrease in zeta potential 
on addition of PVA to a given surfactant solution could be due to 
several reasons. Partial displacement of CTA+ or DBS" ions from 
the surface could be the casue of this drop. However, there i s 
enough evidence to show that this has not occurred. Firstly, in 
the case of CTABr-PVA system, the drop in zeta potential did not 
continue by gradually increasing the PVA concentration. If 
displacement of CTA+ ions would have occurred, one would expect 
more displacement at higher PVA concentrations. Secondly, our 
recent adsorption measurements on s i l i c a (1) has shown that 
adsorption of CTA+ or DBS" ions i s enhanced by addition of PVA. 
The drop in zeta potential could therefore be best explained in 
terms of interaction between PVA and CTA+ or DBS" ions at the 
ethirimol/solution interface with the result of shift in shear 
plane. As a result of this interaction an 'association* 
polyelectrolyte between PVA chains and CTA+ or DBS" i s formed; 
the resultant complex now adsorbing at the interface. This 
picture i s supported by the fact that i n the case of PVA-CTA"1" 
ions, the particles always maintained their positive charge above 
the i.e.p. of ethirimol. Due to the thicker adsorbed layer 
formed by the polymer surfactant complex compared to that in 
absence of polymer, the shear plane i s shifted towards the 
solution and a lower zeta potential i s obtained. The thicker the 
layer, the more the extent of the drop, as illustrated for NaDBS-
PVA system. However, with CTABr-PVA system, there i s a tendency 
of increase in zeta after reaching a minimum at 200 ppm PVA. 
(Xiing to the complexity of polymer surfactant interaction with 
the result of having various conformations and/or mixed micelle 
formation, a change in adsorbed layer thickness or overall charge 
of the complex could explain this apparent rise. 

3. Stability Measurements. The quantitative assessment of 
stability against flocculation of a dispersion i s usually complex, 
particularly when extended over a long period of time. However, 
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the direct particle counting method usually carried in the i n i t i a l 
period i s the simplest method to interpret i f one considers 
flocculation as a bimolecular process* In this case the rate of 
decrease of particle number with time in the i n i t i a l period 
follows the Equation 

- π - k 2 n 2 ( 1 ) 

where Ν i s the number of particles per unit volume of dispersion, 
after time t f and Κ i s the second order rate constant. On 
integration, 

ê s ê + K^t (2) Ν No 2 

A plot of 1/N versus t gave lines which were i n i t i a l l y straight 
and then started to curve at longer periods of time and i f the 
counting was carried long enough, the curve reached a limiting 
value with an apparent zero slope. This i s the behaviour to be 
expected for secondary ndnimum flocculation. Prom the i n i t i a l 
slopes, values of K 2 were calculated for every dispersion studied. 

It i s the normal practice in colloid stability studies to 
express stability i n terms of a stability ratio W, that i s equal 
to the ratio between the rate constant K 2 ? 0 obtained in absence 
of any barrier (fast flocculation rate) to the experimental value 
K2. K 2 f 0

 c a n he calculated using von Smolukowski theory (17) of 
rapid flocculation which considers flocculation to be a diffusion 
controlled process with K 2 f 0 = 4/̂ DR, where D i s the diffusion 
coefficient and R the collision radius (2 χ particle radius a). 
Replacing D by the Einstein coefficient (D = kT/e^ra ̂  , where 1 
i s the viscosity, k the Bokmann constant and Τ the absolute 
temperature) gives K2 0 = 6·15 χ 10-12 c m 3 sec~1 at 25°C. When 
the long range van der Waals attraction i s taken into 
consideration (18), K2,o increases by about 3% using the measured 
A i 2 value of ethirimol of 4*6 χ 10-21 j . However, taking the 
hydrodynamic correction (19) into consideration reduces K 2 f Q to 
about 3 χ 10-12 cm3 sec" 1. 

It i s well known that polydispersity and asymmetry of the 
particles increase K 2 f Q significantly (20,21). For that reason 
we could not use the theoretical value of K 2 f Q for calculation of 
the W value. Instead, we measured the fast flocculation rate for 
our polydisperse system, by measuring the rate of flocculation as 
a function of NaCl concentration. The fastest rate was obtained 
at NaCl concentration equal to or greater than 10-2 mole/1. A 
plot of log W versus log C N 8 C I i s shown in Figure 7. The c r i t i c a l 
flocculation concentration i s 0*01 mole/1 NaCl and the fastest 
rate was found to be 1*05 χ 10-1° cm3 sec""1, a value that i s about 
20 times higher than the theoretical value i f one neglects 
Spielman effect (19) and about 40 times higgler than the 
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theoretical value i f the Spielman hydrodynamic correction i s 
taken into consideration. This i s not surprising in view of the 
polydispersity and asymmetry of the particles i n our system. 

Figure 8 shows the variation of W versus PVA concentration. 
As i s clear W increases gradually with increase in PVA 
concentration and then reaches a limiting value of *M 31 above 150 
ppm PVA. This i s what to be expected from a build-up of 
adsorbed layers. The concentration at which W reaches i t s 
limiting value i s nearly the same at which the zeta potential has 
reached i t s limiting value and also roughly the same at which the 
limiting value of adsorption of PVA has occurred before the sudden 
increase in adsorption (see Figure 3). If one assumes that the 
lowering of zeta potential on polymer adsorption to be solely due 
to shift in shear plane i.e. assuming H> *° be the same before 
and after adsorption, one can calculate the thickness of the 
adsorbed layer from the magnitude of lowering of zeta potential 
using the equation 

tanh f r ^ » tanh - ~ r -£(Δ - S ) 4kT 4kT e 

y<3 i s taken to be equal to the zeta potential before PVA 
adsorption and % i s the measured zeta potential after PVA 
adsorption, Δ is the thickness of the adsorbed layer and S i s the 
thickness of the Stern layer taken to be equal to 0·4 nm, the 
other terms have their usual meaning. Proceeding in this manner, 
a value of Δ of 0»32nm was calculated at the plateau of the 
W - CpvA curve. This value seems to be an underestimate of the 
thickness of the PVA layer, in view of our recent (12) values of 
thickness of adsorbed layer of PVA with similar molecular weight 
on polystyrene. On polystyrene particles with a radius of 35· 9 
nm, a A value of ~ 22-6 nm was obtained* Considering the effect 
of radius of curvature of the particles and assuming a similar 
thickness of adsorbed layer on ethirimol as on polystyrene a 
value of 40 nm i s a reasonable guess for Δ . Using this value 
and the adsorption isotherm results the concentration of PVA in 
the absorbed layer would be ~ 0-2 g/ml i f one uses the BET 
surface area and ^ 0·15 g/ml i f one uses the area obtained from 
CTA* adsorption. Using these values and the polymer-solvent 
interaction parameter (*X- ) determined for PVA, namely 0*465, i t 
i s possible to calculate the Fischer osmotic term for repulsion 
(22). In view of the low value of the zeta potential (- 7 mV or 
possibly lower) VR could be neglected. V A was also calculated, 
taking retardation (23) into consideration and assuming A22 * o r 

adsorbed layer to be the same as water, namely 4 χ 10-20 j . The 
details of the calculations have been described before (23). 
Proceedings in this way and using equations for f l a t plates, we 
obtained a secondary minimum depth of 8 χ 107 kT/cm2 in presence 
of adsorbed PVA and 8·2 χ 10© kT/cm2 in i t s absence at particle 
separation distances of 80 nm and 31·5 nm respectively. 
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Figure 8. Variation of W with PVA concentration 
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Assuming an area of contact of particles on flocculation of 
>̂ 1 μιη2 these values correspond to 0*8 and 8*2 kT for two 

particles interacting in a secondary minimum. 
Figure 9 shows the variation of W with CcTABr * n presence 

and absence of PVA. In absence of PVA, fast flocculation (W = 1) 
i s maintained until a concentration of ^ 4 χ 10-4 mole/1 CTABr, 
after which i t increases gradually and a maximum i s reached above 
the cmc after which W drops again. In the i n i t i a l part of the 
stability curve, neutralisation of charge has occurred and a zero 
zeta potential i s obtained at *J 1 χ 10-4 mole/1. This explains 
why the fast flocculation process was maintained up to this 
concentration. With further increase in CTABr concentration up 
to 4 χ 10-4 the particles acquired a small positive charge which 
was not sufficient to impart stability to the particles. The 
following increase in W i s what to be expected from the increase 
in the positive zeta potential of the particles. The energy of 
interaction between two particles, assumed to be represented by 
f l a t plates, covered with a surfactant layer of thickness 2 nm 
has been calculated at various zeta potential values. In these 
calculations, the Void effect (24) and retardation were taken 
into consideration (23), assuming A 2 2 for the adsorbed layer to 
be roughly equal to that of liquid paraffin namely A ; 6 χ 10~ 2 0 J 
(25). The Fischer osmotic term was neglected as the adsorbed 
layer thickness i s rather small. Proceeding in this way, the 
secondary minimum depth was estimated at various values of zeta 
potentials. The results are summarised in Table 3, which also 
gives the secondary minimum depth assuming ah area of contact of 
1 μιη2 between the particles. As i s clear a secondary minimum 
depth below that obtained in absence of surfactant (8*2 kT) i s 
obtained as the zeta potential increases significantly above 20 
mV. 

Table HI. Secondary Minimum Depth for Interaction Two Ethirimol 
Particles Assumed to be Represented by Flat plates. 

Zeta potential Secondary minimum Separation at which the 
(mV) depth minimum occurs (nm) 

kT/cm2 kT/μιη2 

20 8-1 χ 108 8-1 34· 5 

40 5·2 x 108 5·2 40· 5 
60 4·2 χ 108 4·2 44·0 
80 3·8 χ 108 3·8 45·5 

The drop in W after reaching a maximum value i s d i f f i c u l t to 
explain. Some years ago, Ottewill and Rastogi (23) observed a 
drop in stability of Agi after reaching a maximum, with increase 
in cationic surfactant concentration. This drop occurred at a 
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concentration below the croc of the surfactant. The authors 
explained the drop as due to a mutual coagulation process between 
larger positive micelles induced by the sol particles and the 
negative sol particles* In the present case, however, both the 
ethirimol particles and micelles are positively charged and 
therefore coagulation by this mechanism does not take place* 

In the presence of PVA, W i s higher at CTABr concentration 
lower than the cmc. However, above the cmc of the surfactant, W 
is lower in presence of PVA than in i t s absence except for the 
100 ppm PVA curve. As i s clear from Figure 9, the pattern of 
W-log CçtpABr curves i s rather complex. At the low CTABr 
concentration, addition of PVA i s expected to increase the 
stability of the particle by forming a polymer-surfactant 
adsorbed layer, which in absence of PVA was only caused by a low 
positive charge from CTA
concentrations the presence of a thick adsorbed layer of PVA-CTA* 
complex did not compensate for the reduction in charge due to 
shift in shear plane. This i s d i f f i c u l t to explain* From the 
above calculations, the secondary minimum depth was higher in 
presence of a surfactant layer even at the maximum value of zeta 
potential, as compared to that obtained with a nonionic PVA layer 
40 nm thick. Of course one would expect a thinner layer for the 
PVA-CTA* layer, but i t i s unlikely that this layer will be thin 
enough to deepen the secondary minimum beyond that obtained in 
presence of CTABr alone. One possible reason for the decrease in 
stability could be due to the presence of the polymer-surfactant 
mixed micelles which increase the number of collisions between 
the various particles in solution and hence increase the rate of 
flocculation. 

Figure 10 shows the variation of W versus C N a D B S in the 
presence and absence of PVA* In the absence of PVA, W i s much 
higher at low NaDBS as compared to the W values at comparable 
CTABr concentration. This i s to be expected since addition of 
NaDBS always resulted in an increase in the negative charge on 
the particles. Also, a maximum, although shallower than that 
observed with CTABr i s observed in the W-log C curve. The 
higher stability of the ethirimol dispersion obtained with NaDBS 
as compared to that obtained with CTABr i s clear from the 
secondary minimum depth results (Table 3). Owing to the higher 
measured zeta potentials obtained with NaDBS, a shallower minimum 
i s obtained, leading to a decrease in the rate of flocculation. 
Addition of PVA always resulted in an increase in the W values 
above that in the absence of PVA except in few cases. Moreover, 
the maximum in the W-log C curve became more pronounced on 
addition of PVA. An enlargement of the graphs i n the region of 
the maximum i s shown in the insert of Figure 10. Most striking* 
i s the sudden increase in stability of ethirimol particles at low 
NaDBS concentration in the presence of 400 ppm PVA. Actually the 
W values in this range (10~4 - 10~3 mole/1) are greater than 
those obtained in absence of NaDBS. This i s inspite of the fact 
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Figure 10. W—log CNaDBs at various PVA additions 
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that in the presence of NaDBS, less adsorption of PVA and 
consequently less thick layer i s to be expected (see Figure 3). 
The increase in stability must be due to the combined effect of 
electrostatic and steric force due to the presence of a polymer-
surfactant polyelectrolyte like adsorbed layer. This i s more 
effective in stabilising the particles against flocculation than 
the nonionic polymer alone. As a result of the combined effect of 
double layer and osmotic repulsive terms, a shallower secondary 
minimum could be obtained with PVA-DBS" complex relative to that 
obtained with the nonionic polymer alone. This may occur inspite 
of the thinner adsorbed layer of PVA-DBS"" complex. Due to the 
difficulty of assigning an adsorbed layer thickness and owing to 
the complexity of the double layer repulsion term in the presence 
of a polyelectrolyte, we have not attempted to calculate the 
energy of interaction curves between the particles i n the presence 
of the polymer-surfactant complex. It i s surprising, however, to 
find that the PVA-CTA*1* complex did not result in a similar 
increase in stability above that observed with PVA alone. In the 
region, where the maximum in the W-log C curve i s observed (see 
insert of Figure 10), one finds that the increase in W values 
above that observed in absence of polymer i s greatest at 100 ppm 
PVA. Above this concentration, W begins to decrease again. 
Possibly the greater decrease in electrostatic force at higher 
PVA concentrations i s the result of this decrease in W values. 

Summary 

The adsorption of cetyltrimethylammonium bromide (CTABr), 
sodium dodecyl benzene sulfonate (NaDBS) and poly(vinyl alcohol) 
(PVA) was studied on a hydrophobic organic surface, namely 
ethirimol. For the surfactants, there was some indication of 
association or hemimicelle formation after formation of a 
vertically oriented close packed monolayer- PVA adsorption 
(6-8 mg/m2) was greater than that recently obtained on 
polystyrene latices. On addition of NaDBS, the PVA adsorption 
decrease as a result of the greater chain-solvent interaction of 
the PVA-DBS" complex. 

The zeta potential of ethirimol particles measured at various 
concentrations of CTABr or NaDBS decreases on addition of PVA. 
This was ascribed to a shift in shear plane as a result of the 
presence of the PVA-surfactant complex at the solid-solution 
interface. 

The stability against flocculation of ethirimol dispersions 
was measured as a function of PVA, CTABr and NaDBS concentration 
and also in surfactant solutions with various additions of PVA. 
In the simpler cases for polymer or surfactant alone, the 
stability could be analysed using the potential energy of 
interaction curves. Qualitatively, the stability could be 
related to the secondary minimum depth. 

At low surfactant concentrations (below the cmc), addition of 
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PVA always increased the stability above that obtained with the 
surfactant alone. With the PVA-DBS" system, the stability ratio 
W exceeded in some cases the value obtained with PVA alone, 
inspite of the expected thinner adsorbed layer of the PVA-DBS"" 
complex. At high surfactant concentration (above the cmc) W-log 
C curves were complex leading to an increase followed by decrease 
in W values as the PVA concentration increases. 
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Rheological Studies of Polymer Chain Interaction 
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Introduct ion 

In t h i s paper w
behaviour of la tex particles coated with a hydro
philic polymer. The core particle i s a p o l y -
(methyl methacrylate) sphere and the adsorbed tri-
block copolymer i s po ly - ( e thy lene oxide-b-methyl 
methacrylate) in which the end hydrophobic moiet ies 
act as anchors and permit the ethylene oxide uni t s to 
form a loop which s tretches into the surrounding 
solution. These systems are thermodynamically s table 
(1) below a c e r t a i n temperature, c a l l e d the critical 
flocculation temperature (c.f.t.), because the c lose 
approach of the core particles i s prevented by a 
r a p i d rise in Gibbs Free Energy as the adsorbed 
polymer chains on the colliding particles begin to 
i n t e r a c t (2-4) . The total energy of interaction, V T , 
cons i s t s o f the van der Waals energy of a t t r a c t i o n 
between the core particles, VA, and the polymer 
interaction energy V R = ΔGR = ΔHR - TΔSR where ΔHR 

and ΔSR are the enthalpy and entropy changes which 
occur when the adsorbed polymer chains i n t e r p e n e t r a t e . 
Both are p o s i t i v e i n t h i s system so that at the c.f.t, 

ΔGR has presumably been reduced to a value comparable 
with VA. 

Tne r h e o l o g i c a l behaviour of a c o l l o i d a l sus
pension i s d i r e c t l y a f fec ted by the i n t e r a c t i o n ener
gy between the p a r t i c l e s . Systems which are unstable 
or only marg ina l ly s t a b l e , e x h i b i t pseudoplas t i c or 
p l a s t i c behaviour (5_,6J and the t o t a l energy d i s s i p 
a t i o n , E ^ , cons i s t s of a pure ly v iscous p a r t , E ^ , 
and a part which may be a t t r i b u t e d to the overcoming 
of i n t e r p a r t i c l e i n t e r a c t i o n s , E j . Likewise the 
shear s tress at high shear rates can be d i v i d e d into 
a viscous p a r t , τ ^ , and an a d d i t i o n a l term, τ β , 
c a l l e d the Bingham y i e l d value s ince : 
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= Ε v + E i • (1) 

Figure 1 shows the behaviour which i s a n t i c i p a t e d . 
To charac ter i s e t h i s curve we need to be able to 
i n t e r p r e t (a) the y i e l d va lue , τ β , (b) the slope of 
the l i n e a r part of the graph (usua l ly c a l l e d the 
p l a s t i c v i s c o s i t y , η ) , (c) the shear rate at which 
the r e l a t i o n becomes^Iinear and (d) the d e t a i l e d 
shape of the n o n - l i n e a r part of the τ-D curve . 

In some cases the systems showed at low shear 
r a t e s , a more compl icated , Ostwald type (7) flow 
behaviour (Figure 2) , the o r i g i n of which i s d i s c u s s 
ed below. 

( i ) Ostwald Flow Behaviour. The gradual reduct 
ion i n v i s c o s i t y with increase i n shear rate i s 
u s u a l l y a t t r i b u t e d to a breakdown i n "s tructure" i n 
the system and var ious attempts have been made to 
quant i fy th i s i d e a . We propose that Ostwald behaviour 
occurs when the shear f i e l d has to destroy not only 
the shear- induced doublets , but also some of those 
created by Brownian motion. Doublets which separate 
by Brownian motion ( i r r e s p e c t i v e o f how they are 
formed) make no c o n t r i b u t i o n to the i n t e r a c t i o n energy. 

where n n (D) i s the number of doublets destroyed by 
shear per u n i t volume per second at shear rate D, 
and Ε i s the energy which the shear f i e l d must supply 
i n order to separate the p a r t i c l e s in the doublet . 

The t o t a l energy d i s s i p a t i o n per un i t volume 
per second i s then 

where η „ i s the so lvent v i s c o s i t y and φ i s the 
volume f r a c t i o n of p a r t i c l e s . Here we have assumed 
that Ε i s given by the simple E i n s t e i n r e l a t i o n . 

Smoluchowski (8) showed that the t o t a l number of 
doublets produced by both Brownian motion and shear 
was 

Theory 

Thus Ε = n D (D) E g (2) 

E T = D 2 n s ( l + 2 . 5 φ ) + n D (D) E$ (3) 

+ D (4) 

where a i s the p a r t i c l e r a d i u s . In order to determine 
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Industrial and Engineering Chemistry 

Figure 1. The basic shear diagram for a plastic ma
terial showing the contributions to the total stress, as 

suggested by Michaels and Bolger (21) 

Figure 2. Ostwald flow curves for thermo dynamically stable suspensions of the same 
radius (116 nm), showing the effect of temperature on the curved region. The tem
peratures were (a) 35°C and (b) 43°C respectively and the theta temperature 47 °C 

for MgSO,t (0.39M). 
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the f r a c t i o n of these which are destroyed by the 
shear f i e l d , we must know the average l i f e t i m e of 
a doublet in the shear f i e l d . I f t h i s i s greater 
than the Brownian motion l i f e t i m e , we w i l l assume 
that that doublet i s not broken by the shear f i e l d . 
Smoluchowski showed that the Brownian motion l i f e t i m e 
was 

t B = 3n s/4kTN (5) 
where Ν i s the number of p a r t i c l e s per un i t volume. 

The shear-f low l i f e t i m e t g , depends on the 
a n g l e , Φ , between the doublet axis pro jec ted onto the 
shear plane and the d i r e c t i o
and Mason (9) der ived the r e l a t i o n 

t s = (5/D) t a n " 1 (% tan Φ) (6) 
Thus there ex i s t s a c r i t i c a l angle Φ0 below which 
the shear l i f e t i m e i s shorter than t g and th i s w i l l 
be given (from Equations 5 and 6) by: 

Φ0 = t a n " 1 (2 tan (3n g D/20 kT N)) (7) 

The f r a c t i o n of c o l l i s i o n s with angle less than Φ0 

was2shown by Goldsmith and Mason (10) to be given by 
s i n Φ 0 . Hence the f r a c t i o n , B, o f c o l l i s i o n s 
destroyed by the shear f i e l d i s : 

Β = s i n 2 ( t a n " 1 (2 tan ( 3 η § D/20 kT N))) (8) 

The value of n^(D) i s then 

π a M n g a J 

and combining t h i s with Equations (1) and (3) gives 

τ , „ V 1 . „ ._§*!. (, . " ) Β Β, ( 1 0 ) 

At high shear rates t h i s equation degenerates to a 
s t r a i g h t l i n e : 

τ = DTigCl + 2.5 φ ) + E s 

ΤΓ a 

s ince k T / 4 η s a ΏΉ) and B-*l . 
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E x t r a p o l a t i o n of t h i s s t r a i g h t l i n e to D = 0 gives 
the Bingham y i e l d value: 

τ Β - - F T " E s W 
7Γ a 

Equation 12 has been der ived p r e v i o u s l y (11) 
S u b s t i t u t i o n of Equation (12) i n Equation (11) gives 

Dn s (1 + 2.5 Φ ) τ Β B| 1 +- kT 

4 n s a"D 
(13) 

which i s the equation we would expect to descr ibe 
Ostwald flow. τ β i
the experimental data and φ i s c a l c u l a t e d as a 
hydrodynamic volume f r a c t i o n , φ„, from the measured 
d i f f e r e n t i a l v i s c o s i t y at high shear r a t e , us ing 
the E i n s t e i n r e l a t i o n : 

n P L = n s (1 + 2.5 φ Η ) (14) 

The i n t e r p r e t a t i o n of Φ Η i n terms of the expected 
volume f r a c t i o n w i l l now be dea l t wi th . 

( i i ) The Hydrodynamic Volume F r a c t i o n . The 
e f f e c t i v e volume of the p a r t i c l e i s augmented by the 
presence of the adsorbed polymer and the hydrodynamic 
volume f r a c t i o n , φ^, i s r e l a t e d to the volume f r a c t i o n 
of core p a r t i c l e s , φρ, by the simple r e l a t i o n 

V*P = C ( a o + 

where δ i s the^extension of the polymer loops in to 
the s o l u t i o n ; 6 depends on the balance between the 
heat of d i l u t i o n (κ ) and the entropy of d i l u t i o n 
(ψ^) fac tors for the polymer - so lvent i n t e r a c t i o n . 
For the s o l u t i o n to behave i d e a l l y these parameters 
must be equal and at th i s point the change i n free 
energy for i n t e r p é n é t r a t i o n and compression of the 
polymer i s equal to zero , and hence, so too i s the 
r e p u l s i o n energy V R . These are c a l l e d the theta 
condi t ions for the polymer i n that solvent and i t 
then assumes i t s unperturbed root-mean-square end-to-
end dis tance <r^ >h in free s o l u t i o n . The dimensions 
under other condi t ions may be represented thus 

< r 2 > h = α <x2

Q > ** (16) 

where a, the i n t r a m o l e c u l a r expansion f a c t o r , i s a 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



198 C O L L O I D A L DISPERSIONS A N D M I C E L L A R BEHAVIOR 

measure of the solvency of the d i s p e r s i o n medium for 
the s t a b i l i z i n g macromolecules. The PEO polymer i s 
under theta condi t ions i n 0.39 M MgSO. at a temper
ature of 320 Κ and i n 0.45M K 2 S 0 4 at 308 Κ and 
these are the d i s p e r s i o n media used in the present 
s t u d i e s . 

Adsorpt ion of the polymer onto an impenetrable 
surface r e s t r i c t s the segments i n such a way as to 
increase the mean extens ion . We may wri te 

6 l δ α < r 2 >% 
ο δ < r (17) 

where δ i s a dimensionless parameter which element
ary s t a t i s t i c a l not ions would suggest should be 
equal to about 2. 

( i i i ) The Bingham Y i e l d Value , τ β . In order to 

( a „ + δ 1 ) use Equation (12) we now s u b s t i t u t e a N 

where a Q i s the radius o f the core p a r t i c l e and 
φ= φ„. The energy of separat ion of a p a i r of 
p a r t i c l e s i s equal to the d i f f erence between the van 
der Waals and the r e p u l s i o n energy: 

A a (18) 

12H VR ο 
and the a n a l y s i s o f Evans and Napper (1_) provides an 
express ion for V_ which when combined with Equations 
(12) and (18) g iVes: 

3Φ H 
2 3 π a 

A a o - ( 2 i r ) 5 / 2 < r 
12H 27 

2 > 3 / 2 u > 2 a N 2 ( a 5 - a 3 ) k T S 1 > ο A J 

M 

(19) 

where ω= concentrat ion of s t a b i l i s e r i n g cm 
surface (assuming 100% coverage); 

M 

-2 of 

= Avogadro f s number; molecular weight of PEO 
(here 96000). 

= a dimensionless segment dens i ty f u n c t i o n . 
H Q , the d i s tance o f c lo se s t approach can be expressed 
as a m u l t i p l e of the unperturbed r . m . s . l ength: 

Η = δ α < r 2 >h = δ < τ 2 >h o o ο ο 
s ince i s c a l c u l a t e d for various values of the 
d is tance p a r a m e t e r ^ , and δ i s the minimum value 
o f δ corresponding to c loses? approach. 
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( iv) The van der Waals constant , A. 
t h ê t a - temperature, θ , the value of α i s 
the r e p u l s i o n energy i s zero. The y i e l d 
t h i s temperature can, there fore , be used 
a value for the van der Waals constant: 

A = 
, 2 3 4 π a 

* H a o 
τΒ(0) 

At the 
un i ty and so 
strength at 
to estimate 

(21) 

provided that 
value o f A/H 

[ can 
may be 

be est imated. A l t e r n a t i v e l y , the 
obtained from the value of τΌ 

D at the theta temperature (T r (8)) and th i s used 
__-,_..·,_ — - δ — We could then for c a l c u l a t i o n s 

wri te 
a

τ Β ( β ) - 3 φ Η 2 

Χ 3 

π a 

(2ir) 5/2 < r ̂ 3/2 2 > ω a N^(a5-o AK & ) kT S. 

27 

= τ Β ( θ ) - Β (Τ) f (α) 
where Β(Τ) i s a s lowly vary ing funct ion 
ature and 

(22) 

of temper-

f(o)-
1 h ^ T i L " - " J 

k / Vi 
var i e s r a p i d l y with temper

a ture , c h i e f l y because of the second term. For 
Τ > θ , α < 1 and so f(a) i s negat ive . The y i e l d 
s trength should , t h e r e f o r e , always be greater than 
i t s value at the theta temperature, but s ince f(a) 
goes through a maximum ( in absolute v a l u e ) , so too 
does Tg. I t occurs at about the same point as the 
minimum i n α - α 3 ( i . e . at a s (3/5)^) . I t should 
be pointed out , however, that the theory from 
which the value of V i s c a l c u l a t e d i s u n l i k e l y to 
be very r e l i a b l e above the θ - t e m p e r a t u r e . Polymer 
s c i e n t i s t s show l i t t l e i n t e r e s t i n the reg ion where 
α< 1 s ince i n free s o l u t i o n t h i s corresponds to 
such poor solvency that the polymer i s thrown out 
as a separate phase. Here i t merely s e t t l e s down 
onto the p a r t i c l e sur face . 

The p h y s i c a l reason for the maximum i n τ 
not d i f f i c u l t to f i n d . I f T d i s w r i t t e n i n t Β 

i s 
e form 

T r - Ε ( Φ 2 ) E< 

we see that although E g increases with increase _. 
temperature, the c o l l i s i o n f a c t o r g ^ ) begins to 

(23) 
i n 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



200 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

decrease above the θ - t e m p e r a t u r e as the e f f e c t i v e 
p a r t i c l e radius decreases . 

(v) The Apparent V i s c o s i t y . Discuss ions o f non-
Newtonian behaviour of suspensions are u s u a l l y con
ducted i n terms of the equation 

η = n s ( l + Ι^φ + k2<j>2) (24) 

where η i s the apparent v i s c o s i t y (η = τ /D) and 
k̂  = 2.5 for n o n - i n t e r a c t i n g spheres at i n f i n i t e 
d i l u t i o n . Increased values of k̂  for charged spheres 
are a t t r i b u t e d to the primary e l e c t r o v i s c o u s e f f e c t 
(12) which we may her
the high i o n i c s t reng th . 

k 2 i s evaluated by cons ider ing ( i ) the p a r t i c l e 
se l fcrowding e f f ec t and ( i i ) the secondary e l e c t r o -
viscous e f f ec t due to the i n t e r a c t i o n between 
p a r t i c l e s . P a r t i c l e se l fcrowding becomes important 
for φ > 0.20 approximately (13) and w i l l not be 
c o n s i d i r e d fur ther here . A model for the secondary 
e l e c t r o v i s c o u s e f f e c t has been proposed by Chan, 
B lachford and Goring (14, 15). It a t t r i b u t e s the 
enhanced v i s c o s i t y to an increase i n the s i ze of the 
r o t a t i n g doublet due to the r e p u l s i o n between the 
p a r t i c l e s . This term would be contained wi th in the 
parameter Ε which we evaluate from the experimental 
Tg. Equation (10) and (24) combine to y i e l d 

ν = 3B f , A kT 1 c 
K2 - f x 1 + 1 ES 

π a D n c i 4 ru a D / 

Exper imenta l . The PMMA latex p a r t i c l e s were 
prepared by a modif ied Kotera procedure (16) and 
monodisperse s p h e r i c a l p a r t i c l e s with s i zes i n the 
range 0.09 - 0.2μιη were obta ined . The t r i b l o c k 
s t a b i l i s i n g polymer was made by the method of Napper(3) 
us ing polyethylene oxide of v i s c o s i t y average 
molecular weight 96,000 (polyox WSRN10, Union Carbide), 
The copolymer was adsorbed on to the PMMA p a r t i c l e s 
by adding approximately 100 times the amount of PEO 
required for 100% coverage to a co ld d i s p e r s i o n of 
PMMA. A f t e r a 24-hour e q u i l i b r a t i o n the excess was 
removed by c e n t r i f u g a t i o n . 

C r i t i c a l f l o c c u l a t i o n temperatures o f the 
suspensions were determined by t u r b i d i m e t r i c measure
ments at 655 nm and were found to be very c lose to 
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the theta temperatures o f the free polymer i n the 
corresponding s o l u t i o n . 

The expansion f a c t o r , α , r equ ired for Equation 
(19) was c a l c u l a t e d from the approximate F l o r y (17) 
equation : 

for temperatues below the θ temperature; i s a 
constant . Above the theta temperatureoCwas deter
mined from the r e l a t i o n s h i p (18) 

Results 

( i ) Ostwald Flow Behaviour. Figure 2 shows 
the behaviour exh ib i t ed by a s t a b i l i s e d suspension 
i n 0.39 M MgS0 4 for which the θ - t e m p e r a t u r e i s 320K. 
At lower temperatures these samples showed a small 
y i e l d value and an Ostwald Type flow curve. The 
f u l l l i n e s i n Figure 2, are the t h e o r e t i c a l curves 
from Equation (13) and they obvious ly give a f a i r 
representa t ion of the experimental data , cons ider ing 
the pos s ib l e e r r o r s i n v o l v e d . Figure 2 shows the 
same suspension at two d i f f e r e n t temperatures below 
the theta temperature, w h i l s t Figure 3 shows a 
comparison of two d i f f e r e n t suspensions with 
d i f f e r e n t values of Ν and a Q at the same temperature. 

( i i ) Hydrodynamic Volume F r a c t i o n . The slope 
of these curves at high shear rate gives an 
experimental value for η ρ . which when s u b s t i t u t e d 
i n Equation (14) gives an experimental value for 
φ„. This value was used i n a l l other equations in 
place of the p a r t i c l e volume fTSLCtion^^. When 
subs t i tu ted i n Equation (15) i t corresponded to a 
δ 1 value o f 55 nm which gives a value o f = 2 . 1 
from Equation (17) . This i s in very s a t i s f a c t o r y 
agreement with the expected value of about 2. 

( i i i ) The Bingham Y i e l d Value , τ £ . According 
to Equation (19) τ β should be p r o p o r t i o n a l to 
φ^, and Figure 4 shows that th i s i s approximately 
true even for the τ β - φ 2 r e l a t i o n . Figures 4,5 and 
6 show how important the^effect of temperature i s 
on τ β i n the neighbourhood of the theta temperature. 
The r e s u l t s for MgS04 were less r e l i a b l e because 

α 5 - α 3 = 2 C M ψχ (1 - Θ / Τ ) yfe (26) 

where i s the l i m i t i n g v i s c o s i t y number. 
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Figure 3. Comparison of Ostwald flow curves for particles of different 
radii (116 nm (a) and 164 nm (b), respectively) at the same temperature 
(35°C). Note that the shear rate at which the linear region begins de

creases with increase in particle size. 

Figure 4. The effect of volume fraction on yield 
value for two systems of the same particle radius 
(167 nm); φί = 0.072, φ2 = 0.055. The dotted 
line shows the square of the ratio of the gravi
metric volume fractions which should be equiva
lent to the τ Β ratios at that particular temperature. 
The points (O) give the experimental values for 

this ratio. 
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1.5 I -

30 40 50 
Temperature PC) 

Figure 5. Tn— temperature curves for a series of 
particles in K2SOfl (0.45M). The effect of particle 
radius on the position of the maximum in the curve 
is described in the text. The particle radii were 
(a0)i = 164 nm; (a0)2 = 116 nm; (a0)3 = 103 nm. 

40 SO 
Temperature (°C) 

Figure 6. Comparison of theoretical (1) and experimental 
(2) τn—temperature data for a particular size (116 nm) par

ticle using a Hamaker constant of 1 X 10~20 J 
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the higher temperatures invo lved made measurements 
more d i f f i c u l t but they showed the same q u a l i t i v e 
behaviour pat tern as the K 2 S 0 4 systems i l l u s t r a t e d 
i n Figures 4 - 6 . 

The r i s e i n the value o f τ β at about the theta 
temperature and i t s reaching a maximum value at 
s l i g h t l y higher temperatures are in q u a l i t a t i v e 
accord with Equations (19) and (22). Note that for 
most o f the systems the Tg value never f a l l s below 
i t s value at the theta temperature (c f . Equation 22). 
Note p a r t i c u l a r l y that the extent o f the r i s e and 
f a l l i n for Τ > θ i s c r i t i c a l l y dependent on the 
core p a r t i c l e radius (Figure 5) . Figure 6 gives a 
comparison between th
curves . 

( iv) The van der Waals constant , A. Values o f 
A c a l c u l a t e d from τ β ( θ ) using Equation (21) depend 
c r i t i c a l l y on the choice of the dis tance o f c lo ses t 
approach. The smal lest pos s ib l e value i s set by the 
condi t ion that the in terven ing polymer chains are 
compressed to t h e i r normal dens i ty i n the s o l i d . 
This would occur at Η = 4 nm which i s obv ious ly 
too small for i t woulâ require the expuls ion of a l l 
so lvent from around the polymer chains . For avalue 
of 5 nm the van der Waals constant comes out to be 
1 χ 10"20j which i s very reasonable . The much 
l a r g e r values of H which are c a l c u l a t e d for s table 
systems by equating the hydrodynamic compressive 
force with the e l e c t r o s t a t i c r e p u l s i o n (14) , would 
requ ire correspondingly higher values for A. That 
model, however, does not a t t r i b u t e the extra energy 
d i s s i p a t i o n to van der Waals a t t r a c t i o n (see below). 

D i s c u s s i o n . The separat ion energy which appears in 
Equation (10) for the Ostwald flow curves does not 
a r i s e from van der Waals a t t r a c t i o n energy between 
core p a r t i c l e s . These systems are s table and so the 
r e p u l s i o n should i n any case dominate over a t t r a c t i o n . 
A l s o , Figures 2 and 3 and Table I show that the 
separat ion energy i s independent of core radius but 
dependent on temperature which i s the opposite of the 
behaviour expected of a van der Waals energy. 

We be l i eve that the separat ion energy i s due to 
the necess i ty for the shear f i e l d to tear p a r t i c l e s 
apart at a rate which i s f a s t e r than the r e l a x a t i o n 
time of the i n t e r a c t i n g polymer chains . The r e l a x 
a t i o n time for the PEO chains can be expected to be 
(19, 20) about 5 χ 10" 4 sec. The l i f e - t i m e of a 
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shear doublet , t g , i s given by Equation (6) and 
even for D = 10^ sec - 1 i t i s about 7 χ 10-3 s e c ; 
i t w i l l be even longer for lower shear r a t e s , so 
there i s ample time for the chains to f i n d t h e i r 
time averaged conf igurat ions as the p a r t i c l e s 
approach and ro ta te around one another i n a doublet . 

Suppose that the p a r t i c l e s are being separated 
by a simple laminar shear f i e l d with a v e l o c i t y 
gradient of 300 s ec" 1 . I f the p a r t i c l e centres 
are d i sp laced by one diameter i n the d i r e c t i o n of 
the v e l o c i t y g r a d i e n t , then the v e l o c i t y of one 
p a r t i c l e with respect to the other i s 3 χ 10~3 χ 
300 = 1 0 ' 2 cm s e c " 1 . I f the dis tance o f polymer 
i n t e r p é n é t r a t i o n i
the doublet apart i
or an order o f magnitude f a s t e r than the polymer 
chains can r e l a x . Hence the shear f i e l d has to 
"tear 1 1 the p a r t i c l e s apar t . On the other hand, when 
separat ion occurs by Brownian motion, the process 
can occur slowly enough to allow the polymer chains 
to re lax (tg > 10" s e c ) . In our ana lys i s only 
the energy requ ired for shear separat ion i s import
ant and Table I shows that i t has a value of a 
few times kT. 

As a fur ther piece of c i r c u m s t a n t i a l evidence 
for the hypothesis that cha in :cha in i n t e r a c t i o n s 
are respons ib le for the Bingham y i e l d va lue , we 
show i n Figure 7 a p l o t o f E g against (1 - Θ / Τ ) . 
According to F l o r y f s ana lys i s (17), the free energy 
change which occurs on mixing polymer chains i s 

δ(Δ G/kT) - constant ψ 1 ( 1 - Θ/Τ)δν 

and although the data i s subject to a wide margin 
of e r r o r i t does appear to c o r r e l a t e with F l o r y 1 s 
equat ion. 

The suggestion that the f a l l o f f i n x g at 
temperatures above θ i s due to a reduct ion i n the 
e f f e c t i o n c o l l i s i o n frequency (and hence f(<j>2) i n 
Equation (23)) i s supported by the data i n Figure 
5. For small p a r t i c l e s , increases i n temperi 
have a p r o p o r t i o n a t e l y l a r g e r e f f e c t than fo 
large p a r t i c l e s because S*-/a.Q i s l a r g e r and hence 
f(a) i n Equation (22) undergoes l a r g e r changes 

with temperature. 
The i n t e r p r e t a t i o n of enhanced v i s c o s i t y i n 

terms of the usual d e s c r i p t i o n (14,15) of the 
secondary e l e c t r o v i s c o u s e f f ec t (Equation (25)) 
presents some d i f f i c u l t i e s . Although the e l e c t r o 
s t a t i c r e p u l s i o n forces are e s s e n t i a l l y zero i n 
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Figure 7. Energy of separation Es vs. (1 — θ/T). The straight line suggests that 
the energy of separation is due to polymer chain interactions. 
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these systems there are s t i l l r e p u l s i v e forces 
between the p a r t i c l e s , as i s evident from the 
s t a b i l i t y o f the s o l . According to Chan et a l (14) 
th i s would cause an increase i n the hydroïïynamic 
energy d i s s i p a t i o n because the r o t a t i n g doublet i s 
increased i n s i ze and the e f f e c t should increase 
with increase i n V R . Yet we f i n d that r a i s i n g the 
temperature (which reduces V R ) causes an increase 
i n the value of E g i n Equation (24) (see Figure 7). 
This i s e s p e c i a l l y true o f the unstable suspensions 
above the theta temperature where the i n t e r a c t i o n 
i s wholly a t t r a c t i v e . The c o l l i s i o n doublet would 
i n that case presumably be smal ler than i t i s at 
lower temperatures

One e f f e c t o
l i m i t the approach o f two p a r t i c l e s during a 
c o l l i s i o n because the outflow time for the i n t e r 
vening f l u i d i s long compared to the c o l l i s i o n time. 
This i s e s p e c i a l l y true for l arger p a r t i c l e s and 
above a 0 = 5 ym i t becomes the dominant e f f e c t . 
The behaviour of smal ler p a r t i c l e s ( a ç < 1 ym) i s 
not known with such c e r t a i n t y but i t i s c l e a r that 
i f the hydrodynamic forces are to be large enough 
to separate a c o l l i s i o n doublet , the p a r t i c l e s 
invo lved cannot be permitted to approach to the 
p o t e n t i a l energy minimum. 

Perhaps the d i f f e r e n c e i n behaviour o f these 
s t e r i c a l l y s t a b i l i s e d systems can be traced to the 
fac t that the r e p u l s i v e force does not appear u n t i l 
polymer chain i n t e r p é n é t r a t i o n i s s i g n i f i c a n t . The 
d e t a i l e d c a l c u l a t i o n of the energy d i s s i p a t i o n as 
the doublet ro ta tes and separates would pose very 
cons iderable d i f f i c u l t i e s i n t h i s case, s ince the 
flow behaviour of the in terven ing f l u i d i s undoubted
l y in f luenced by the l o c a l polymer segments. 

Some aspects of th i s work are publ i shed 
elsewhere {22_, 23) . 

Summary 

Latex p a r t i c l e s s t a b i l i z e d by adsorbed hydro
p h i l i c polymers e x h i b i t both pseudoplas t i c and Ostwald 
type flow behaviour i n the neighbourhood of the 
c r i t i c a l f l o c c u l a t i o n temperature ( c f . t . ) , which 
corresponds c l o s e l y to the theta-temperature of the 
adsorbed polymer. Ostwald flow occurs below the 
theta temperature i n s table systems with a f i n i t e , 
though s m a l l , y i e l d va lue . It can be explained 
q u a n t i t a t i v e l y by c a l c u l a t i n g the excess energy 
which the shear f i e l d must supply to destroy a l l 
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doublets not broken down by Brownian motion. 
At and above the c . f . t . a l l systems e x h i b i t a 

y i e l d va lue , τ „ , and the dependence of τ β on temper
ature can be q u a l i t a t i v e l y explained by cons ider ing 
both the i n t e r a c t i o n energy and the p r o b a b i l i t y o f 
c o l l i s i o n between p a r t i c l e s . The energy of 
i n t e r a c t i o n i s independent of core p a r t i c l e radius 
and i s of the order of a few times kT. 

The p l a s t i c v i s c o s i t y of the system obeys the 
E i n s t e i n r e l a t i o n with an e f f e c t i v e volume f r a c t i o n 
which suggests that the adsorbed polymer chains 
are s tre tched to about twice t h e i r normal r . m . s . 
l ength . 
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Nonaqueous Dispersion: Carbon Black in Heptane 
Solution of Manganese and Zinc Salts of 
2-Ethylhexanoic Acid 

B. R. VIJAYENDRAN 

Copier Products Division, Pitney Bowes, Inc., Norwalk, Conn. 06852 

Introduction 

Nonaqueous dispersions have drawn considerable 
amount of a t t e n t i o n r e c e n t l y both from the academic 
and industrial chemists. Several papers (1-10) have 
been published in this area covering various aspects 
such as coagulation, origin of charge, stability, 
theoretical s tudies, e t c . , of the interesting as 
w e l l as industrially u s e f u l nonaqueous d i s p e r s i o n s . 
Patent literature i s abundant with various com
p o s i t i o n s of nonaqueous dispe r s i o n s useful in organic 
coatings and paints. One area where nonaqueous 
dispersions have found some new a p p l i c a t i o n s has 
been in electrostatic copying as well as in electro
- deposition of paints. The electrical characteristics 
of the dispersed particles are of paramount impor
tance in such a p p l i c a t i o n s . We shall restrict to 
this aspect of nonaqueous dispersions in this study. 

In the electrostatic copying process using 
liquid development (11), the latent electrostatic 
images are toned from a suspension (commonly called 
toner) c o n s i s t i n g of charged colored particles 
(carrying electrical charge opposite to that of the 
latent image) in a low dielectric and insulating 
solvent. The charged toner particles migrate to the 
oppositely charged image areas on the photoconductor 
through e l e c t r o p h o r e t i c m o b i l i t y . In some cases, 
there i s al s o some d i e l e c t r o p h o r e s i s due to the 
inhomogenous e l e c t r i c f i e l d around the image. 
E l e c t r o s t a t i c c o l o r copying has been ahcieved by a 
s i m i l a r process using the photoelectrophoresis 
property of some materials (12). As one can see, 
the charge on the toner p a r t i c l e i s very important 
f o r e l e c t r o s t a t i c copying process. Besides, the 
charge on the p a r t i c l e a l s o imparts the necessary 
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s t a b i l i t y to the toner d i s p e r s i o n s . Table I l i s t s 
some of the t y p i c a l p r o p e r t i e s of toners based on 
carbon black. 

Table I (13, 35) T y p i c a l Properties and Process 
Parameters f o r E l e c t r o p h o r e t i c 
Development of Latent Images 

P a r t i c l e s i z e 
Average toner charge 
Zeta p o t e n t i a l 
D i e l e c t r i c constant 

of medium 
Volume r e s i s t i v i t y 

of medium 

0.05 - 2 micrometers 
10"" 1 0 - 10-13 micro coul 
20 - 75 mV 

2 - 3 

10*° ohms-cms 

E l e c t r o p h o r e t i c m o b i l i t y 5-40 cm' 

Apparent surface 
p o t e n t i a l 

s e c . v o l t 
150 - 250 v o l t s 

χ 10 -5 

The a c t u a l mechanism responsible f o r charging 
the suspended p a r t i c l e s i n low d i e l e c t r i c constant 
and h i g h l y i n s u l a t i n g l i q u i d s i s not w e l l understood. 
In general, charges on p a r t i c l e s i n l i q u i d s are pro
duced by one of three phenomena (1£) : Contact 
e l e c t r i f i c a t i o n , p r e f e r e n t i a l adsorption of ions 
and proton t r a n s f e r . Contact p o t e n t i a l occurs when 
electrons move between two s o l i d s , two l i q u i d s , or 
a s o l i d and l i q u i d as a r e s u l t of a d i f f e r e n c e i n 
the work functions. Electrons move from the m a t e r i a l 
with the lower work fu n c t i o n to the m a t e r i a l with 
the higher work fu n c t i o n , and the surfaces acquire 
p o s i t i v e and negative charges, r e s p e c t i v e l y . Such 
a charging mechanism i s responsible f o r the f i r e 
hazard i n the petroleum industry (15). 

There are several experimental studies to show 
that s e l e c t i v e adsorption of ions generates charge 
on the p a r t i c l e . J u s t to mention a few: Koelmans 
and Overbeek (16) reported e l e c t r o p h o r e t i c m o b i l i t y 
values of several substances i n xylene and found 
F e 2 ° 3 a n d BaSO^ i n xylene became p o s i t i v e l y charged 
by the adsorption of o l e i c a c i d , f a t t y a c i d s , Cu 

S i 0 9 and CaCO (17, 18) Oleate and Aerosol OT; 
became p o s i t i v e by the adsorption o f J A e r o s o l OT; 
Carbon black i n benzene became p o s i t i v e by the 
adsorption of calcium s a l t of d i - i s o p r o p y l s a l i c y l i c 
a c i d (19). The nature and magnitude of the charge 
i s influenced strongly by the presence of trace 
amounts of water i n the system. This i s very pro-
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nounced f o r p a r t i c l e s having p o l a r groups such as 
Ti0 2 # A 1 2 0 3 # and F e 2 Û 3 . Papers r e l a t i n g to t h i s 
aspect (ίθ_, 21) of nonaqueous suspensions have been 
p u b l i s h e d . I t i s i n t e r e s t i n g to note that the normal 
zeta p o t e n t i a l of 50 - 125 mV observed i n nonaqueous 
systems i s generated by something l i k e 10 - 30 ions 
adsorbed per p a r t i c l e . Because of such low concen
t r a t i o n s needed f o r the charging of p a r t i c l e s , very 
smal l q u a n t i t i e s of i m p u r i t i e s w i l l a f f e c t the 
r e s u l t s d r a s t i c a l l y . T h i s i s probably one reason 
why r a t h e r c o n t r a d i c t o r y experimental r e s u l t s on 
s i m i l a r systems have been reported i n the l i t e r a t u r e . 

Fowkes and assoc ia tes (22) have proposed a 
proton t r a n s f e r mechanism i n an attempt to e x p l a i n 
the nature o f surfac
appears to e x p l a i n th
p a r t i c l e s suspended i n hydrocarbon l i q u i d s i n the 
presence of polymers capable of undergoing a p r o t o n 
t r a n s f e r wi th the p a r t i c l e s u r f a c e . T h i s view i s 
confirmed i n a recent study (23). 

The aim of t h i s paper i s to present the data 
obta ined i n the study of a carbon b lack ( S t e r l i n g R) 
i n heptane i n the study of manganese and z i n c 
octoates ( sa l t s of 2-ethylhexanoic a c i d ) . Data on 
the e l e c t r i c a l c o n d u c t i v i t i e s of the heptane s o l u 
t i o n s of the two oc toates , adsorpt ion isotherm of 
the two octoates on S t e r l i n g R as w e l l as zeta 
p o t e n t i a l of S t e r l i n g R i n the heptane s o l u t i o n s 
conta in ing the s a l t s are r e p o r t e d . I t i s accepted 
i n t h i s work, tha t i o n p a i r s are i n e q u i l i b r i u m wi th 
f ree ions desp i t e the f a c t that the d i e l e c t r i c 
constant of the medium i s low. Z inc octoate was 
chosen f o r t h i s s tudy , s ince c o n d u c t i v i t y s tud ies 
of metal soaps i n nonaqueous media ( 2 £ , Z5, 26) have 
shown that z i n c soaps behave d i f f e r e n t l y because of 
the weaker i n t e r a c t i o n s of the z i n c - c a r b o x y l a t e 
bond. Since t h i s property of z inc soaps i n non
aqueous l i q u i d s p lays a r o l e i n determining i t s 
s o l u t i o n p r o p e r t i e s , v i z . , equ iva lent c o n d u c t i v i t y , 
i t appears that i t i s reasonable to assume here 
that i t should a l s o a f f e c t the e l e c t r o p h o r e t i c 
property of the suspended p a r t i c l e s . Manganese 
octoate was chosen as the r e p r e s e n t a t i v e of metal 
soaps having f a i r l y s trong p o l a r bond. H o p e f u l l y , 
the d i f f e r e n c e s i n the e l e c t r o p h o r e t i c behavior of 
carbon b lack i n the two metal oc toa tes , i f any, 
would shed some l i g h t on the mechanism of charging 
of carbon b lack i n the present system. 

Experimental 
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M a t e r i a l s . Manganese 2-ethylhexanoate (refer r e d 
to as manganese octoate - Mn(oct>2) and zinc 2-ethyl-
hexanoate (zinc octoate - Zn(oct) 2) were obtained 
from Research Organic/Inorganic Chemical Corp., 
Sun V a l l e y , C a l i f o r n i a . These were used without any 
f u r t h e r p u r i f i c a t i o n . The metal content of the two 
octoates determined using atomic absorption agreed 
w e l l with the t h e o r e t i c a l metal content assuming 
Mn(oct)2 and Z n ( o c t ) 2 to be t h e i r compositions. The 
r e s u l t s were as follows ( t h e o r e t i c a l values i n 
pare n t h e s i s ) : Mn(oct) 2: Μη 15.91 (16.11%); Z n ( o c t ) 2 : 
An 18.2% (18.5%). The s a l t s were kept over P 2 0 5 

p r i o r to being used. Reagent grade η-heptane was 
r e f l u x e d over P 2 Û 5 and f r a c t i o n a l l y d i s t i l l e d . 
S t e r l i n g R of the Cabo
of carbon black. Th
black was extracted with acetone and heptane. The 
washed sample was d r i e d at 100 - 110°C f o r 2 - 3 
hours before the preparation of the suspension. 
The BET surface area of S t e r l i n g R has been found 
to be 21 m^/g and the surface showed presence of 
some v o l a t i l e >CO groups. 

Procedure. Solutions of the metal octoates i n 
heptane were prepared by adding known amounts of the 
s a l t to a convenient volume of heptane. E l e c t r i c a l 
c o n d u c t i v i t i e s of the metal octoate s o l u t i o n s i n 
heptane were measured using a 1620A General Radio 
capacitance assemblv and Balsbaugh p r e c i s i o n three 
terminal c e l l at 25 C. Extreme care was taken to 
eliminate any p o s s i b l e moisture contamination during 
the c o n d u c t i v i t y as w e l l as other measurements. 

Adsorption isotherms of the two octoates from 
heptane on S t e r l i n g R at 25°C were determined. Carbon 
black suspensions i n heptane containing various known 
amounts of manganese and z i n c octoates were prepared 
by adding a small quantity of the carbon black to 
100 ml of heptane s o l u t i o n and then subjecting to a 
b r i e f u l t r a s o n i c r a d i a t i o n . Then the suspensions 
were shaken f o r 24 hours to a t t a i n e q u i l i b r i u m . The 
concentration of the metal octoate i n the s o l u t i o n 
a f t e r the attainment of adsorption e q u i l i b r i u m was 
determined. In the case of manganese octoate, a 
simple absorption vs. concentration p l o t at 600 nm 
was used to determine the r e s i d u a l concentration of 
manganese octoate. In the case of zinc octoate, 
atomic absorption was used to determine the z i n c 
content. 

Microelectrophoresis on the S t e r l i n g R sus
pensions were c a r r i e d out to obtain zeta p o t e n t i a l . 
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The f l a t c e l l used was constructed of quartz and 
has been described elsewhere (27_) · Suspensions of 
S t e r l i n g R i n heptane containing various concen
t r a t i o n s of manganese and zinc octoates f o r the 
ele c t r o p h o r e s i s experiments were prepared by d i l u t i n g 
the suspensions made f o r adsorption studies with the 
appropriate metal octoate s o l u t i o n such-that the 
concentration i s about 10 pa r t i c l e s / c m . Immediately 
before f i l l i n g the c e l l the dispersions were subjected 
to u l t r a s o n i c r a d i a t i o n f o r 5 minutes. Carbon black 
p a r t i c l e s dispersed by the metal octoates were ag
gregates which were nearly s p h e r i c a l and the mean 
diameter of which were 1 - 3 ym. Experiments were 
done a t 25°C 

The c r i t e r i a f o
observed and the d i s t r i b u t i o n of v e l o c i t i e s , from 
wa l l to w a l l was pa r a b o l i c i n a l l cases (2£) . Only 
a f t e r a steady state had been reached w i t h i n the c e l l 
(=30 - 45 minutes) measurements of the e l e c t r o 
p h o r e t i c m o b i l i t y were made. Between 6 - 1 0 
p a r t i c l e s were tracked over a distance of 48 pm and 
the f i e l d p o l a r i t y was often reversed to ensure . 
absence of p o l a r i z a t i o n . F i e l d s as high as 15Ov cm"" 
were used i n the present work without any evidence of 
p o l a r i z a t i o n . This i s i n agreement with the fi n d i n g s 
of van der Minne and Hermanie (28) and P a r r e i r a (27) 
who used high f i e l d s with carbon black i n benzene. 

The e l e c t r o p h o r e t i c m o b i l i t y μ i s r e l a t e d to 
the zeta p o t e n t i a l ζ by the Equation, 

ζ = K-f ( K a ) " l e y i r « n / e (1) 
where f (ica) i s the Henry f a c t o r , η i s the v i s c o s i t y 
of the medium, ε i s the d i e l e c t r i c constant of the 
medium, and Κ i s the c o r r e c t i o n f a c t o r due to the 
r e l a x a t i o n e f f e c t of the double l a y e r . 

The appropriate value of f (ica) depends on the 
shape of the p a r t i c l e and a l s o the r e l a t i v e mag-
nitudes of the "thickness of the double l a y e r " κ" 1 

and the p a r t i c l e radius a. In nonaqueous systems 
the double l a y e r i s q u i t e extended (jc-l. i s of the 
order of seve r a l micrometers) and as a r e s u l t Ka i s 
found to be small. Under these conditions, Henry (29) 
has shown that f (ica) = 1/6 f o r spheres and i s 1/4 or 
1/8 f o r c y l i n d e r s with t h e i r axes p a r a l l e l or per
pendicular to the f i e l d , r e s p e c t i v e l y . The cor
r e c t i o n f a c t o r due to r e l a x a t i o n (K) i s close to 
unity when Ka i s small and the zeta p o t e n t i a l i s of 
the order of 100 mV (30). 

Hence Equation (1) reduces to Henry's equation. 
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ζ = 6πη·μ/ε (2) 

f o r spheres. Most authors have used f Oca) = 1/6, 
which implies a s p h e r i c a l shape f o r the p a r t i c l e s , 
even though van der Minne and Hermanie (28) assumed 
a value of 1/4 without an apparent reason. Recently, 
Lewis and P a r f i t t (31) f e l t that a value of 1/6 could 
not be j u s t i f i e d since there was e l e c t r o n microscope 
evidence to show that l i n e a r aggregation of p a r t i c l e s 
resembling r i g i d c y l i n d e r s with t h e i r axes p a r a l l e l 
to the f i e l d were formed, before the e l e c t r o p h o r e t i c 
measurements were made. Hence they used a value of 
f(Ka) = 1/4. As mentioned above f(Ka) can vary from 
1/4 to 1/8, therefore, the true value of f (fca) must 
l i e between those l i m i t s . Thus, the value of 1/6 
used i n t h i s , and other works, appears to represent 
best value f o r f(Ka) despite an assumed s p h e r i c a l 
shape f o r the carbon black p a r t i c l e s . 

Results 

Figure 1 shows the v a r i a t i o n i n conductance with 
concentration of Mn(oct) 2 and Z n ( o c t ) 9 s a l t s i n 
heptane. Figure 2 shows the e f f e c t of concentration 
on the equivalent conductance. The most s t r i k i n g 
features of the r e s u l t s are, f i r s t , the r e l a t i v e l y 
high c o n d u c t i v i t i e s of the metal octoates i n such a 
non polar solvent as heptane and, secondly, the 
unusual form of the equivalent conductance concen
t r a t i o n r e l a t i o n i n the case of Z n ( o c t ) 2 . We s h a l l 
discuss t h i s l a t e r . Conductance of the magnitude 
observed here has been reported by others i n the 
following systems : Aerosol OT i n heptane (20); 
metal soaps i n toluene (2E[, 26) and others (24) ; 
t h i s shows that the conduction i s due to ions and/or 
other charged species such as m i c e l l e s or t r i p l e i o n 
formation of the metal octoates i n heptane. 

Figure 3 shows the adsorption isotherm of the 
two metal octoates on S t e r l i n g R. The manganese 
s a l t appears to be adsorbed more so than the z i n c 
s a l t . 

Figure 4 gives the zeta p o t e n t i a l of S t e r l i n g R 
i n the two octoate s o l u t i o n s . S t e r l i n g R i s charged 
p o s i t i v e l y i n a l l the s o l u t i o n s . In pure heptane 
no e l e c t r o p h o r e t i c m o b i l i t y i s observed. This i s 
i n agreement with the observation of others (31, 32̂ , 
33). The zeta p o t e n t i a l i s found to decrease, a f t e r 
an i n i t i a l sharp increase, with i n c r e a s i n g concen
t r a t i o n of the octoates. The maximum i n the zeta 
p o t e n t i a l at low concentration has been observed by 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



Nonaqueous Dispersions 217 
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Metal Octoate Concentration mM/1 

Figure 1. Effect of metal concentration of metal 
octoate on conductivity. Q: Mn(oct)2; Δ: Zn(oct)2. 

Figure 2. Effect of metal concentration on 
equivalent conductance. 0 : Mn(oct)2; A' 

Zn(oct)2. 
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Metal Octoate Concentration mM/1 

Figure 4. Effect of metal octoate concentra
tion on the zeta potential of Sterling R in 

heptane. Q: Mn(oct)2; Δ: Zn(oct)2. 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



14. vijAYENDRAN Nonaqueous Dispersions 219 

others working with carbon black i n nonaqueous media 
(19, 31, 32, 33). The maximum has not been f u l l y 
understood, even though a few hypothesis have been 
advanced. B e l l and Levine (3£) ascribed the maximum 
to a discreetness of charge e f f e c t . The presence of 
water has been invoked. I t i s also p o s s i b l e that i t 
may be caused by the d i f f e r e n c e s i n conductances 
between the bulk and the surface phases, p a r t i c u l a r l y 
at low s a l t concentrations, where the maximum 
generally occurs. An i n t e r e s t i n g speculation (32) 
that may be worth considering here i s whether the 
c r i t i c a l m i c e l l e concentration (cmc) of the s a l t s i s 
r e l a t e d to the maximum. In the case of Mn(oct)2 the 
maximum i s seen to occur at a lower concentration as 
compared to that i n Z n ( o c t ) . The zeta p o t e n t i a l i s 
seen to be lower i n Z n ( o c t )  than i n Mn(oct) . 

Discussion 

The r e l a t i v e l y high c o n d u c t i v i t i e s of the metal 
octoates i n heptane c l e a r l y i n d i c a t e there i s some 
degree of d i s s o c i a t i o n of these s a l t s i n heptane. 
Such occurence of i o n i c conductance i n metal soap-
hydrocarbon systems have been reported exhaustively 
(24, 25, 26) . Conductivity behavior and m i c e l l e 
formation of metal soaps i n nonaqueous l i q u i d s 
r e s u l t s from the i n t e r p l a y of a wide v a r i e t y of 
intermolecular f o r c e s . The co n d u c t i v i t y of soaps 
depend on the metal-carboxylate bond (whether i t i s 
pola r , i o n i c or non-polar) and the tendency to form 
m i c e l l e s . Increasing p o l a r i t y of the metal-carboxyl
ate bond has been found to increase c o n d u c t i v i t y 
(25, 26), but soaps having i o n i c type metal-carboxyl
ate bond are often found to be i n s o l u b l e i n nonpolar 
l i q u i d s . The m i c e l l e formation i n nonaqueous l i q u i d s 
(the m i c e l l e s are of inverse s t r u c t u r e , namely, the 
pola r groups are i n the core and the non polar hydro
carbon chains f a c i n g the solvent) depends on the a c i d 
(soft or hard) and base c h a r a c t e r i s t i c s of the soap 
as w e l l as the solvent. These f a c t o r s governing 
m i c e l l e s formation i n nonaqueous l i q u i d s have been 
treated (24). 

Nelson and Pink (25, 26) measured c o n d u c t i v i t i e s 
and aggregation numbers of d i v a l e n t soaps i n toluene 
and found that the con d u c t i v i t y increased i n the 
order of in c r e a s i n g p o l a r i t y of the metal-carboxylate 
bond i n the approximate order of z i n c , copper, n i c k e l , 
manganese, magnesium and calcium. They a l s o found 
that the aggregation numbers to be l e s s i n zinc soaps 
as compared to n i c k e l or magnesium soaps. The higher 
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degree of a s s o c i a t i o n i n n i c k e l or magnesium soaps as 
opposed to zin c has been explained by stronger a c i d -
base i n t e r a c t i o n s i n the former case leading to l a r g e r 
m i c e l l e s (24_) . 

In our case, we observe s i m i l a r conductance 
behavior i n Mn(oct) 2

 a n d Z n ( o c t ) 2 s o l u t i o n s of heptane. 
The manganese octoate appears to behave l i k e a s a l t 
with f a i r l y p o l a r Mn-carboxylate i n t e r a c t i o n s leading 
to higher conductance a t lower concentration and prob
ably l a r g e r m i c e l l e s . In the case of z i n c octoate, 
the conductance i s low (compared to that i n Mn(oct) 2 

up to a c e r t a i n concentration but increases r a p i d l y 
(more so than Mn(oct) 2 ) at higher concentration. This 
i s more apparent i n Figure 2 where i t i s seen that the 
equivalent conductance increases dramatically with 
concentration i n th
probably due to the much lower tendency of zin c soaps 
to d i s s o c i a t e and form m i c e l l e s i n nonaqueous media 
(micelle s i z e s are smaller and m i c e l l e s are not 
observed at lower concentrations). In the case of 
Mn(oct) 2 the d i s s o c i a t i o n as w e l l as m i c e l l e formation 
appears to be more favorable. The much lower tendency 
to form m i c e l l e s i n the case of z i n c i s due to the 
f a c t that i t i s a s o f t type lewis a c i d (zinc i s a 
bo r d e r l i n e case and i s a l e s s stronger lewis a c i d 
than manganese) and cannot bind strongly to the 
carboxylate groups. 

The adsorption isotherm of the two octoates on 
S t e r l i n g R r e f l e c t s the d i f f e r e n c e s i n s o l u t i o n 
p r o p e r t i e s of the two s a l t s i n heptane. Mn(oct) 2 

being more d i s s o c i a t e d than Z n ( o c t ) 2 , i t i s adsorbed 
more strongly than the l a t t e r . 

I t i s reasonable to assume from the c o n d u c t i v i t y 
data that the metal octoates d i s s o c i a t e s i n heptane 
as fo l l o w s : 

M(oct)2 = M ( ° c t ) + + o c t " 1 

Since the p a r t i c l e s are p o s i t i v e l y charged as observed 
from microelectrophoresis, i t i s also reasonable to 
assume that the adsorption i s brought about by the 
i n t e r a c t i o n of the p o s i t i v e l y charged ions of the 
s a l t s and the negatively charged > CO groups present 
on S t e r l i n g R. This again would explain why 
Mn(oct) 2 i s adsorbed more strongly than Z n ( o c t ) 2 . 
Of course, there w i l l be adsorption of other species 
such as m i c e l l e s on the carbon black which a l s o has 
some hydrophobic s i t e s . 

Now l e t us look at the zeta p o t e n t i a l i n the 
two octoate s o l u t i o n s . Both e x h i b i t a maximum i n the 
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zeta p o t e n t i a l but the maximum i s found to occur at a 
higher concentration i n Z n ( o c t ) 2 as compared to 
Mn(oct) 2. As mentioned e a r l i e r , i f the maximum i s 
r e l a t e d to the cmc of the s a l t s then t h i s would be 
consistent with the observation that m i c e l l e s are 
formed more e a s i l y i n Mn(oct) 2 than i n Zn(oct)?. 
However, the maximum i n t h i s case i s found to Be 
around 10" 2 moles/1 whereas the cmc i n nonaqueous 
media are around 10~ 4 moles/1. This discrepancy may 
be due to the f a c t the octoates having shorter chain 
length probably have a higher cmc. Further work i s 
needed to understand the maximum i n zeta p o t e n t i a l at 
low concentration, which has been observed i n several 
nonaqueous systems (19, 31, 32,, 33) . 

I t i s als o see
i n Z n ( o c t ) 2 as compared to that i n Mn(oct) . This i s 
consistent with the adsorption isotherm as wel l as 
cond u c t i v i t y behavior of the s a l t s , namely, Mn(oct) 2 

i s more d i s s o c i a t e d and adsorbed strongly on S t e r l i n g 
R surface thus c r e a t i n g a higher charge. 

P a r r e i r a (32) i n h i s studies on the e l e c t r o 
phoresis of carbon black i n benzene i n the presence 
of a l k a l i n e earth s u l f o s u c c i n a t e s s a l t s found carbon 
black to be p o s i t i v e l y charged and the p o s i t i v e charge 
to increase i n the order of Ba<Ca<Mg. He explained 
h i s r e s u l t s by arguing that the i o n i c adsorption of 
the s a l t s onto the surface i s caused by the ion induced 
i n t e r a c t i o n between the surface >CO groups and the 
metal. Further, he showed that the i n t e r a c t i o n energy 
or the three a l k a l i n e earth metals i s i n the order of 
Mg>ECa>EBa. The energy of i n t e r a c t i o n i s dependent 

on the i o n i c radius of the metal element, v i z . , 
smaller ions have a higher i n t e r a c t i o n enery i n keeping 
with the theory that the small i o n i s the p r e f e r 
e n t i a l l y adsorbed species (16). The same type of 
argument can be made to expl a i n the adsorption as w e l l 
as the zeta p o t e n t i a l r e s u l t s obtained i n t h i s study. 
Greater adsorption and higher zeta p o t e n t i a l are 
observed with Mn(oct) 2 as compared to Z n ( o c t ) 2 because 
Mn + + being smaller than Zn ++, the former i s p r e f e r 
e n t i a l l y adsorbed and the energy of the ion induced 
d i p o l e i n t e r a c t i o n with >CO groups of the carbon black 
w i l l be such that EMn> EZn. Other s i m i l a r studies (35) 
of carbon black i n nonaqueous media i n the presence of 
various metal soaps seem to agree with t h i s explanation. 

Of course t h i s i s a very s i m p l i s t i c p i c t u r e of 
the various i n t e r a c t i o n s taking place at the i n t e r f a c e 
of S t e r l i n g R and heptane i n the presence of metal 
octoates. One should a l s o probably consider the 
negative i o n adsorption as the concentration increases. 
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C a r e f u l examination of Figure 4 suggests that zeta 
p o t e n t i a l decreases with increase i n concentration 
and t h i s cannot be completely due to double l a y e r 
compression e f f e c t s since such e f f e c t s are n e g l i g i b l e 
i n low p e r m i t i v i t y l i q u i d s . This i s probably why 
Lewis and Parfitt (31) and others (2) have found 
carbon blacks containing >C0 groups to negatively 
charged by Aerosol OT. One cannot a l s o ignore other 
hydrophobic i n t e r a c t i o n s at the i n t e r f a c e . These 
f a c t o r s are d i f f i c u l t to separate and study 
i n d i v i d u a l l y , because of the complex nature of the 
systems. 
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Summary 

Adsorption isotherm, micro e l e c t r o p h o r e s i s of a 
S t e r l i n g R carbon black dispersed i n heptane, i n the 
presence of various concentrations of manganese and 
zinc s a l t s of 2-ethylhexanoic a c i d (octoate) are 
reported. Conductivity of the two octoates i n heptane 
are a l s o reported. Differences observed i n the con
d u c t i v i t y , adsorption and zeta p o t e n t i a l c h a r a c t e r i s 
t i c s between the two octoates are ascribed to the 
d i f f e r e n c e s i n the metal-carboxylate i n t e r a c t i o n s 
as w e l l as i o n i c s i z e . The zeta p o t e n t i a l i s found 
to be p o s i t i v e and decreasing with increase i n con
c e n t r a t i o n with an i n i t i a l sharp increase. The 
generation of charge on the carbon black has been 
found to be due to the p r e f e r e n t i a l i o n i c adsorption 
from s o l u t i o n caused by an ion induced surface d i p o l e 
mechanism. 
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Micelle Formation in Nonaqueous Media 
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Introduction 

Experimental facts about micelle formation of oilsoluble 
surfactants in nonaqueous media have been recently compiled(1-3). 
Thus micelle formation in nonpolar solvents such as hydrocarbons 
ia markedly affected by the kind of polar parts of surfactants 
(4). For example, ionic surfactants make larger micelle than 
nonionic ones, anionic sulfates making larger micelle than 
cationic ammonium salts(4). On the other hand, the effect of 
hydrocarbon parts of surfactants on micelle formation is not so 
much remarkable than the effect in aqueous media. However, the 
considerable effect of hydrocarbon parts on micelle formation in 
nonpolar systems has been recognized. Thus the aggregation number 
of micelle decreased with increase of the carbon number of hydro
carbon part of quarternary ammonium halides or sodium di-(n-alkyl) 
sulfosuccinates(4). This trend was also shown by metal soaps in 
toluene(5). 

In order to consider a theory of micelle formation in non-
polar media, the interaction was divided into two parts, that i s , 
the interaction among polar parts of surfactants and that of 
hydrocarbon parts themselves and hydrocarbon parts and solvent 
molecules. The former can be estimated by ionic force for ionic 
surfactants or hydrgen bonding for nonionic surfactantsQ3,6,7_ ). 
As for the effect of hydrocarbon parts, Singleterry and Fowkes 
suggested the steric hinderanceQ^e). However, no quantitative 
explanation about the latter has yet been proposed. 

In this paper, the idea of the entropie and enthalpic para
meters for the interaction of hydrocarbon parts with solvent 
molcules at micelle formation wil l be introduced. The idea has 
been proposed by Flory for dissolution of polymers(8). This idea 
can be essentially uti l ized for low molecular weight substance. 
The idea has been used for elucidation of the protective effect 
on colloidal dispersion, that i s , by Fischer^), Meier (10), 
Napper(11) and Bagchi and Void(12) for polymer dispersants and 
by Ottewill and Walker(13) for surfactant dispersants. 
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Theory 

The model as shown in Figure I was assumed to make a theory 
for micelle formation of a surfactant in nonpolar media. It was 
assumed that the monomer solution of an oil-soluble surfactant is 
ideal and micelle formed becomes nonideal in the area which 
hydrocarbon parts exist. 

Excess chemical potential of the solvent resulting from non-
ideality can be expressed as follows(8,13): 

2 2 
μ - μ°= -δΤ(ψ - κ )ν 2=-ΕΤ(ψ - κ )c /D (1) 

ι ι 1 1 2 ι ι 
where ψι and Κ ι are entropie and enthalpic paramters of mixing 
Proposed by Flory and vz being volume fraction of hydrocarbon 
part of the surfactant i
reduced to c/D(c is the concentratio
the area,kg 1~ and D the density of hydrocarbon). Equation (1) 
was alternatively deduced by Fischer with use of second v i r i a l 
coefficient Β as Equation ( l 1 ) : 

- - 2 

μ - μ° = -RTBVc ( l f ) 
ι ι 

where V is the partial molar volume of the solvent. 
On the other hand, the excess osmotic pressure π β χ can be 

related to excess chemical potential by the following equation 
thermodynamically: 

μ - μ° = -π V (2) ι ι ex v 

Equation (3) can be obtained from Equation (1) and (2): 

IT =ΕΤ(ψ - κ )c 2 /VD 2 (3) ex ι i 

Hence the free energy change of hydrocarbon parts, AG, ? ? resulting 
from micelle formation can be expressed by Equation (4). 

2 2 
AG, =/TT dV = {ΕΤ(ψ -κ )c /VD }/dV (4) η ex ι 1 

where fdV shows the volume of the area which hydrocarbon parts 
exist. 

We concider ionic surfactants in this paper. Interaction 
among polar parts can be expressed by electrostatic force in ionic 
parts. It can be written in micelle as follows: 

2 
AG.=-Xe /2·4πε° d (5) 

1 et 

where λ is the aggregating number of micelle, e the elementary 
c h a r g e , ε

β £ the effective permittivity and d interionic distance in 
the interior of micelle. The numeral 2 is the factor for pair 
counting. 
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Total free energy change following micelle formation ^G is 
the sum of Equations (4) and (5). That i s , 

AG=AG. + A G. =JMiz£i ) £ i / d V - X e * (6) 
h 1 VD* 8ve°fd 

Furthermore, c can be rewitten as follows: e 

c=Np0X//dV (7) 

where Ν and ρ are the number and the mass of CH2group in the 
hydrocarbon part of the surfactant. Then Equation (6) is reduced 
to Equation (8) with use of Equation (7), 

L c _ RTÇih-KQNWX 2 Xê  ( g ) 

V

Numerical Calculations 

A few assumptions were made in order to calculate numerically: 
1) We assumed that micelle is a concentric sphere as shown 

in Figure 2 in which the polar ionic part makes an inner sphere 
having radius R and the hydrocarbon area makes an outer sphere 
having thickness r . For a surfactant having longer hydrocarbon, 
thickness of the hydrocarbon area is thicker than the ionic part, 
so that r » R was assumed as an extreme case. Then we can obtain 
the following equation: 

JdV= 4πτ 3 / 3 (9) 

Contrary, for a surfactant of shorter hydrocarbon, r « R can be 
assumed as another extreme case. Then Equation (10) can be 
obtained: 

/dV= 4TCR2r (10) 

2) Next, we assumed two limiting cases for r . A polymer 
model was taken for longer hydrocarbon, that i s , 

r= (2N1) 1 / 2 (11) 

where 1 is the carbon-carbon distance. On the other hand, we 
took a rod-shaped model for shorter hydrocarbon, that i s , 

r= N l f (12) 

where l f is the length proportional to 1. For a real surfactant, 
r would have the value between Equations (11) and (12), that i s , 
Equation (13) would be true: 
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Monomer solution 
(Ideal solution) 

Micelle 
/Hydrocarbon part: \ 
\Nonideal solut ion / 

Figure 1. Model of micelle formation in nonaqueous media 

Figure 2. Model of micelle depicted in Figure 1 
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r = *Νη1 1/2 < n< 1 (13) 

where k is a constant. 
For a longer hydrocarbon surfactant, AG is rephrased as 

Equation (T4) from Equations (9) and (11). 

AG = AGh+AG i= KX2ifa - Xe 2 /8 ire° f d (14) 

where Κ = 3ΕΤ(ψ 1 -κ 1 )ρ§/4/2πνΊ) 2 1 3 (15) 

The equilibrium aggregation number λ 0 can be obtained from 
8(AG)/3X=0, that i s , 

λ„ =

We took a benzene system tentatively. Here numerical 
values are as follows: 

Ψι-Κ!=0.1*, po=0.014/6.02xl023 kg, V=97.5xl0"6 m3 mol""1, 
D=700 kg m"3, 1=1.54x10"10m, T=300 K. 

Then K=1.3xl0~22 was obtained. In order to compare the theory 
with the experiment on the benzene solution of dialkyl dimethyl 
ammonium bromide, the following value of d was assumed: 

d = r B r - + r ( C H 3 ) 2 N H = 5 - 3 x l 0 " 1 0 m ' 
Hence Equation (16) is reduced to the following equation with 
use of above values: 

λ 0 = 840/ee£vfa (17) 

where ε ~ is effective dielectric constant. 
Aneexperimental point of the Reference 4 ( λ 0 = 6 . 2 at N=20) 

was uti l ized to determine the value of ε - with use of Equation 
(17). The value of 30 obtained as ε ~ i f reasonable from view of 
polar property in micelle. Then Equation (17) is reduced to 
Equation (18): 

λ 0 = 28/*4* (18) 

The theoretical curve following Equation (18) was drawn as a fu l l 
line in Figure 3 in which open circles indicate experimental 
results in the Reference 4. 

For shorter hydrocarbon surfactants, we took another limiting 
case to which Equations (10) and (12) are applied. 

* We referred to the value of Napper (11) as$i-Ki. 
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Here Equation (8) can be expressed as follows: 

AG = K fλ 2Ν - Xe2/8-ne°efd (19) 

where Kf= R T ^ i - K l ) p § / 4 W D 2 R 2 l l (20) 

Similar to the way of obtaining Equation (16), the following 
equilibrium aggregation number XQ can be obtained: 

λ 0 = e 2 / 1 6 7 T K f N e ° £ d (21) 

Now no direct estimation of K* was done, because values of R and 
1 · are diff icult to be estimated. With use of the ε f value 
obtained above and the λ 0 value at lower Ν(for example, λ 0 = 8 . 8 
at N=16),_the value of K
K f=2.6xl0" 2 3. Hence Equatio
equation: 

λ 0 = 140/N (22) 

This theoretical curve was depicted as a dotted line in Figure 3. 
The real theoretical curve should be between Equations (17) and 
(21), because both equations express two limiting cases. 

Equation (14) or (19) indicates that the longer hydrocarbon 
surfactant has lower equilibrium aggregation number. We can 
graphically elucidate the theoretical result by Figure 4. This 
corresponds with the experimental results that increase of carbon 
number of surfactant hydrocarbon decreases the aggregation number 
(4,5). Since AG. is considerably negative for ionic interaction, 
minima appear in total AG and the equilibrium aggregation numbers 
λο are present as shown in Figure 4. However, i f polar interact
ion is small, that i s , AG is low, total AG is always positive and 
no aggregates are presint. This can be seen in benzene solution 
of nonionic surfactants (-4, 14). 
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16 20 2 A 28 32 

C a r b o n N u m b e r : N 

Figure 3. Region of aggregation number and carbon number 
of RR'N(CH3)2Br in benzene. Q: experimental; , : 

theoretical. 

>N*.low 

Figure 4. Qualitative explanation of equilibrium aggregation 
number (λ0) 
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Introduction 

The understanding of the thermodynamics of micelle form
ation is of much theoretical and practical importance.Even 
though a great many studies on the thermodynamics of micelle 
formation have been reported in the literature (1-14), the 
data available are not completely consistent. The purpose of 
this study is to report on the current theories and to comment 
on the data reported in the l iterature on the thermodynamics 
of micelle formation. The variation of c r i t i c a l micelle con
centration (CMC) and the aggregation number (N) of a nonionic 
surfactant (Triton-X-100) with temperature were measured,since 
these data are essential in order to discuss the current 
theories reported on the micelle formation in the l i terature. 

Experimental 

Triton X-100 (OPE1o) was used as supplied by Rohm and 
Haas Co. The sample is reported to be polydisperse with respect 
to the ethyleneoxide adducts. C r i t i c a l micelle concentration 
(CMC) of OPE1o  in water and 0.025 M-KBr was determined at 
three different temperatures,viz.,25,35 and 45°C by the U.V. 
difference spectrophotometric method,as reported in litera
ture (10). The values of CMC in water and in 0.025 M-KBr were 
ident ica l , i . e . within the experimental accuracy. Furthermore, 
these results agreed with the data reported by other investig
ators in water at these temperatures (1 θ ) . 
The micellar molecular weights (number average,M r) of OPE^ 
were determined in 0.025 M-KBr aqueous solutions by using 
membrane osmometry, as reported by us elsewhere in detail 
(15 . 16 ) . The micelle molecule weights,and subsequently the 
aggregation numbers,N,were determined at various temperaturesΨ 

e.g.,5,10,15,25,30,35*40 a n d * 5 e C 
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Results and Discussion 

It is of interest to describe the micellar system of a 
nonionic surfactant, before discussing the data on the var
iation of aggregation number of micelles,N, and the CMC with 
temperature. The process of micellization involves the rever
sible aggregation of Ν molecules of the amphiphile to form a 
micelle ( 2 » 1 7 . 1 6 , 1 9 ) as given below: 

N-m f - M (1) 

The equilibrium constant of this reaction is given by: 

where A and A^ are th
respectively. At low surfactant concentrât ion,however, i t is 
reasonable to replace the activit ies of monomer and micelles 
by their respective concentrations (12.) : 

where C and C., are the concentrations of monomer and micelle 
, m M respectively. 

Assuming ideal i ty, the chemical potential of micelles is 
given by: 

μΜ - μ° + RT In C M (4) 

and for monomer: 

U = μ° + RT In C (5) m m m 

At equilibrium we have : 

N \ - M,, 

From these relations the standard free energy of micellization, 

AG°,per monomer is found to be given by (19)s 

AG 0 » RT In C - RT / Ν In C M (7) 
RT In C + RT / Ν In Ν - RT / Ν In C M ( θ ) m M 

where Ο. = Ν. Ο. . It i s generally assumed that i f Ν is large, 
then at CMC , tKe Equation (8) reduces to (2,19)? 

AG 0 %zRT In C « RT In CMC (9) 
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Many investigators have further assumed that i f the variation 
of Ν with temperature is negligible 0 . 2 t 6 - 1 0 , 1£ ) , the 
enthalpy of micelle formation,AH°,can be obtained by using a 
Clausius-Clapeyron type of relationship: 

ΔΗ0 = - T 2 (dâa°/T /&T) (10) 

= - RT 2 ('d In CMC / d T) (.11) 

A great number of investigations on the determination of ΔΗ0 

by applying Equation ( 1 1 ) have been reported in the l iterature 
for both the ionic and nonionic micellar systems ( 1 , 2 » 6 - 1 0 ) . 
These ΔΗ® values reported,however,do not a l l give a s t r i c t l y 
consistent description of the micellar formation. For instance, 
the heat of micellizatio
determined from Equatio
(I) f while the calorimetric value is reported to be 2 6 0 0 
cal/mole ( j j . Another typical example is that of the n-dodecy-
lpyridinium bromide in 2Μ urea solutions f the ΔΗ0 values 
by Equation ( 1 1 ) and by calorimetric method are reported to 
be - 7 9 8 cal/mole and - 3 4 9 6 cal/mole,respectively (lj .)» This 
indicates that the method of using the relation in Equation 
(II) to obtain ΔΗ· is imprecise,probably due to certain ass
umptions used in the derivation of this relation,as discussed 
further below. Further,in many investigations reported on the 
determination of ΔΗ0 by using Equation ( l l ) , the data obtained 
does not give a s t r i c t l y consistent description of the micelle 
formation ( 7 , 8 , 1 0 - 1 3 ) . T h i s analysis therefore clearly indicates 
that the usage of the relationship given in Equation ( l l ) , i s 
not s t r i c t l y val id for obtaining the heat of micellization, 
as also pointed out by other investigators (19)* 
It was therefore considered of interest to reconsider the 
assumptions made in the derivations of Equations (9) and 
( 1 1 ) . Since μ° is a function of T,p and Ν (12.), the var ia
tion of CMC and Ν with temperature of a nonionic surfactant, 
OPE^ ,was determined. The values of CMC were found to agree 
with 0the values reported by other investigators ( 1 0 ) . The 
aggregation number,N,was determined by using membrane osmomet
ry as described under experimental section. 
The relationship in Equation (β) at the CMC,can then be re
written as Î 

àG° = RT In CMC + RT / Ν In Ν ( 1 2 ) 

It is thus seen that the relation given in the above Equation 
( 1 2 ) differs from that given in Equation (9 )» in that while 
former is a function of both CMC and N, latter is only a 
function of CMC. 
The results of CMC and Ν versus temperature of 0 ? E

1 O are 
given in Figure 1 . It is seen that the CMC decreases with 
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Temperature (°C) 

Figure 1. Aggregation number (N) and CMC vs. temperature of 
OPE10 in 0.025M KBr 
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temperature, and f ina l ly around 40-45°C no change in CMC with 
temperature is observed,as also reported by other investigators 
( 10 ).The aggregation number,N, on the other hand increases 
with temperature from 5 - 45°C. This is typical for the non
ionic micelles,as reported in l i terature, and discussed else
where (jhSj.The results in Figure 1 thus clearly show that the 
heat of micellization is not zero around 40 - 45°^* as has been 
reported in literature (lO)by using the Equation (11).The 
second term in the Equation (12) relates to the transfer of 
material to and from already exsisting micelles. Since the 
Equations (12) and (9) dif fer by the term: 

HT / Ν In Ν (13) 

we find that the difference in ΔΗ  determined after making 
this correction for AG
5-45 C (from the data given in Figure 1). The aggregation 
number ,N, of C. Eg, c i 2 E 6 , C 1 4 E 6 3 1 1 ( 1 C16E6 h a v e b e e n r e P o r t e d 

(5.)to change wixR temperature^" as expressed below: 

Coin N/dT) p » 0.109 (14) 

This shows that the Ν increases with increasing temperature, 
and that the alkyl chain has no effect on this change. It is 
also reported that the rate of change of Ν with temperature 
decreases as the number of ethyleneoxide adducts increases 
( i f u ^ h u s in Figure 1, the change of Ν for 0PE1 is about 
four times lesser than that reported for the alkyl chain 
with six ethyleneoxide adducts,as mentioned above (^).In 
other words,the AH 0 values w i l l d i f fer by about 600 cal/mole 
due to the term in Equation (13) in the case of these 
surfactants with six ethyleneoxide adducts. 
To summarize,we have shown that the aggregation number ,N,of 
nonionic micelles changes appreciably with temperature.Prelim
inary results of another nonionic surfactant,nonylphenol with 
10 ethyleneoxide units,also indicates that Ν changes with 
temperature quite appreciably,as determined by membrane 
osmometry. Since the relation given in Equation (9) for AG 
does not seem to give consitent results for the heat of micell
ization, i t is clear that at this stage the thermodynamics of 
micelle formation is far from well understood. In the case of 
nonionic micelles,the determination of Ν as a function of 
temperature gives a more consistent description. It shows 
that this process has positive enthalpy over a large temperatu
re range (from 5 - 45°C , for both OPE^ and nonylphenol with 
10 ethyleneoxide adducts). 
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Introduction 

The behavior of amphipathic compounds such as ordinary sur
factants having a hydrophobic hydrocarbon moiety and a hydro
philic polar one or of the perfluoro surfactants in which al l the 
hydrogens of the hydrophobic moiety are replaced by fluorines is 
now reasonably well understood. Partially fluorinated sur
factants, in which the hydrophobic moiety contains both hydrogens 
and fluorines, present, however, anomalies to which we wish to 
call attention. Our main point is that these anomalies can be 
readily understood once it is realized that the partially 
fluorocarbon parts, though both hydrophobic, are not mutually 
philic but phobic and tend to exclude each other. The lipo
phil ic hydrocarbon part is fluorophobic and the fluorocarbon part 
is lipophobic. 

The anomalies of the partially fluorinated surfactants 
involve both macroscopic phenomena such as their cr i t ical micell i-
sation concentrations (c.m.c.) and microscopic ones as revealed 
by fluorine-NMR results. Both are in accord however with the 
bulk behavior of fluoro- and hydrocarbons and with the mixed 
micelle formation of ordinary and perfluorosurfactants. 

The Mutual Phobicity of Hydrocarbons and Fluorocarbons 

Though often neglected, this has been known and well docu
mented since the early days of fluorocarbon development. In 
1950 Simons and Dunlap (V) reported that n-pentane and n-
perfluoropentane were completely miscible only above 265.5 Κ 

*The main conclusion of this paper was presented at the Fall 1970 
ACS meeting in Chicago in connection with a paper by Mukerjee, P. 
and Cardinal, J . R. (unpublished work). The principal arguments 
were submitted in a paper received July 19, 1971, but not accepted 
by the Journal of Physical Chemistry. This material has been re
organized and amplified for presentation at the Voids symposium. 
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whereas regular solution theory would predict 62°K for their con-
solute temperature. The corresponding carbon compounds form two 
phases up to 40°C (2). Hildebrand, Prausnitz, and Scott devote 
several pages of their book (3) to this tendency of perfluoro-
carbons and hydrocarbons to unmix. 

Even though completely miscible at room temperature, the C* 
compounds form extremely non-ideal solutions, the activity coeffi
cient of the perfluorobutane reaching the value of 10 at infinite 
dilution (4). In other words, the tendency of an isolated per
fluorobutane molecule to escape from η-butane is ten times greater 
than when i t is surrounded by its own kind. For η-butane the 
activity coefficient reaches 5 (4). 

Thus clearly hydrocarbons and fluorocarbons, though they wil l 
mix i f the temperature is high enough, show a considerable reluc
tance to do so and a considerabl

Mixed Micelle Formation Between Ordinary and Perfluoro Surfactants 

Klevens and Raison (5_) had published about 20 years ago what 
seems to be the only study thus far of the micellization of such a 
mixed system, namely sodium dodecyl sulfate (SDS) and perfluoro-
octanoic acid (F0A). Figure 1 shows their results for surface 
tension measurements on the pure systems (though the SDS i tsel f 
contains minor impurities as shown by the minimum) and at four 
intermediate mole fractions, plotted as a function of total sur
factant concentration. They noted the peculiar character of their 
results but an interpretation had to wait t i l l a better under
standing of solubilization and mixed micelle formation of ordinary 
surfactants had been gained. Details of such an interpretation 
wil l be given elsewhere (6) and only the feature pertinent to the 
present discussion wil l be brought out here. 

It may be noted that ordinary surfactants generally form mi
celles which are mutually completely miscible. Thus commercial 
non-ionic surfactants which are generally mixtures of many homo
logues behave very much as their average, and the phase diagram of 
sodium decyl and dodecyl sulfates (7) (Figure 2) shows only minor 
deviations from ideality. 

If the results of Klevens and Raison for systems containing 
1.0, 0.75 and 0.20 mole fraction F0A are plotted against the con
centration of the F0A as shown in Figure 3, several points become 
apparent. All three systems reach substantially the same low and 
constant surface tension after a sharp change of slope which indi
cates the formation of F0A micelles after a definite c.m.c. for 
them. For the 1.0 and 0.75 mole fraction systems, the values of 
the c.m.c. are indistinguishable at about 8.5 mM showing that the 
solubility of the SDS in these micelles is sufficiently small to 
be undetectable. In the 0.2 mole fraction system these micelles 
do not form until the F0A concentration reaches 30 mM, i .e. 
21.5 mM higher than in the other two. This system also shows a 
change of slope and perhaps a small minimum around 2 mM F0A where 
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SURFACTANT, mM 

Figure 1. Surface tensions of sodium dodecyl sulfate, per-
fluoro octanoic acid and their mixtures as a function of the 
total surfactant concentration. This is Figure 4 of reference 

(5) replotted from the data given in that reference. 

mole % NaDS 

Journal of Colloid Science 

Figure 2. The equilibrium compositions of micelles and 
monomers in the sodium decyl and dodecyl sulfate system. 
Solid lines represent the behavior of ideal solutions of both 
monomers and micelles. X = experimental c.m.c!s. = 
the composition of mixed micelles as deduced from conduc

tivity data (7). 
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the concentration of SDS is about 8 mM. Hence this is where SDS 
micelles must begin to form. Thus i t appears that between these 
concentrations some of the FOA is solubilized by the SDS micelles 
but the rest continues to increase its monomer activity t i l l i ts 
c.m.c. is reached. The 21.5 mM FOA difference indicates upon 
closer analysis that the SDS micelle dissolves about 15 moles% of 
FOA. The resulting phase diagram is shown schematically in Fig
ure 4. The contrast with Figure 2 is striking and clearly can 
only be ascribed to the mutual phobicity of hydro- and perfluoro-
carbons. Thus this characteristic of macroscopic behavior is also 
found in the micellar realm. 

Following presentation of this paper an interesting confirma
tion of this point was reported by Tiddy and Wheeler (8) who found 
that the solubilization of octanol by ammonium perfluorooctanoate 
was about 4 times less than that by sodium octanoate. 

C.m.c.'s of Perfluorinated Surfactants 

Perfluoro alkanes are more hydrophobic than the hydrocarbon 
ones. Though comparative solubility data are sparse, the effect 
is clear. CF4 is almost seven times {9) less soluble in water on 
a mole basis than CH* and water is also almost seven times (10) 
less soluble in perfluoroheptane than ordinary heptane on a weight 
basis and this becomes a factor over 25 on a mole basis. This 
greater hydrophobicity leads to a more pronounced amphipathic 
character of the perfluoro surfactants as shown by their well 
known greater surface activity both in terms of surface tension 
lowering at same concentration, and by the ultimate value attained 
which goes below 20 dyne/cm for many perfluoro surfactants. This 
is also reflected in their lower c.m.c.'s. 

Figure 5 shows the available comparisons (11 ). The best 
documented values are those for the potassium octanoates. Here 
the perfluorocompound has a 13-fold lower c.m.c. than the ordinary 
one. At lower chain!engths the difference seems to decrease as 
shown by the only three-fold lower values for the very poorly 
documented potassium hexanoate and for the better established 
butyric acids. In this last case the c.m.c.'s are of the order of 
1 M so that the intermicellar liquid is no longer simply aqueous. 
Since in the following comparisons we wil l consider only compounds 
having 8 or more carbon atoms in the chain, we can conservatively 
take 13 as the ratio of c.m.c.'s in hydrocarbon and perfluoro-
carbon systems. 

C.m.c.'s of Partially Fluorinated Surfactants 

If partially fluorinated chains were to behave ideally, one 
would expect the c.m.c.'s of these compounds to l ie between those 
of the corresponding perfluoro and ordinary surfactants varying 
approximately linearly with the fraction of hydrogens replaced by 
fluorines as indicated by the solid line of Figure 6. As shown 
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Figure 3. Data for selected systems of Figure 1 as a function 
of the concentration of perftuorooctanoic acid present 

tsh-
SDS 

(MICELLES/ 

CnS04Na 
•—> . . . 1. 

-C8OOH 

Figure 4. Schematic of the equilibrium 
compositions of micelles and monomers in 
the sodium dodecyl sulfate and perfluoro 
octanoic acid system. Note the presence of 
two types of micelles having limited mutual 

solubility. Based on Ref. (6). 
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Figure 5. Critical micelle concentrations of 
perfluoro and corresponding ordinary surfac
tants as a function of carbon atoms. Data from 

Ref. (11). 

Figure 6. Relative critical micelle con
centrations of ordinary, perfluoro, and 
partially fluorinated surfactants as func
tion of the F/H ratio in the molecule. 
Based on Figures 5, 7, and 8. Solid line 

indicates ideal behavior. 
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also on that figure, the real situation is quite different. 
The two groups of intermediate points of Figure 6 correspond 

to the ω-hydro perfluoro and the ω- t r i f l uo ro compounds. The com
parison of c.m.c.'s on which these points are based are shown in 
Figures 7 and 8. It should be noted that the replacement of a 
single fluorine by a hydrogen increases the c.m.c. by a factor of 
about 3 or 5, i .e. brings i t within a factor of 3 or 4 of the 
ordinary surfactant. Replacement of three ω-hydrogens by fluor
ines in the ω-trifluoro surfactants actually raises the c.m.c. 
instead of reducing i t as would be expected from the simple mix
ture rule. 

These anomalous c.m.c.'s of the partially fluorinated surfac
tants are readily understandable, however, in terms of the mutual 
phobicity of the hydrocarbon and fluorocarbon portions of their 
chains which counteracts the aggregating tendency due to the hy
drophobic character of th
hydrophobic character of the fluorocarbon part. Additional fac
tors reinforcing the mutual phobicity at the water interface 
include the dipole moment of the partially fluorinated chains (12J 
and the possible tendency of the ω-hydrogen to form hydrogen bonds 
with water (13). 

Fluorine NMR Results 

The NMR line of an atom shifts generally with the solvent and 
thus can be used to investigate the surroundings of an atom within 
the micelle. Muller (14) developed the concept of the "degree of 
hydrocarbon-like character," Z, of the environment of such an 
atom. Ζ = ( a m ~ £ h ) / ( ô - ô h ) where δ is the line shift and the sub
scripts indicate m, tne micelle, h hydrocarbon, and w, water, 
respectively. This can be readily generalized to a "degree of 
organic character" by replacing 6u by δ0 for the shift in the 
appropriate organic solvent as Muller has effectively done 
later (15). 

Perfluoro Surfactants. There are data for two perfluorosur-
factants, the C4 carboxylic acid reported by Bailey and Cady (16) 
and the Cg sodium carboxylate studied by Muller and Simsohn (loT. 
The former authors did not interpret their results in terms of 
environment effects but their data permit the calculation of Ζ 
factors using the anhydrous perfluorobutyric acid i tself as the 
basis for the δ0 value and obtaining the 6m values by extrapola
tion of the linear portion of their graph. Table I shows the Ζ 
values so obtained as well as those given by Muller and Simsohn. 

It is apparent from Table I that Ζ is higher, i .e. the en
vironment is more organic for the ω-carbon than for the /8-carbon 
and this is higher than for the <*-carbon. That the α-carbon of a 
micellized surfactant should be exposed to water for a significant 
fraction of the time is to be expected from the fact that i t is 
attached to the hydrophilic group which, along with its hydration 
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Figure 7. The c.m.c.'s of ω-Η-fluoro and cor
responding perfluoro surfactants as a function 
of the number of carbon atoms. Data from 

Refs. (11,32). 

Figure 8. The c.m.c.'s of ω-trifluoro and corre
sponding ordinary surfactants as a function of 
the number of carbon atoms. Data from Refs. 

(11,14,22,23). 
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Table I. The Degree of Organic-like Character as Determined by 
Fluorine-NMR Line Shifts for Perfluoro and Some ω-trifluoro Sur
factants. 

1 = ( y 
g,p ff-F ctf-F 

Perfluoro C\00H 0.71 0.77 0.82 
(from data of ref. 16) 

Perfluoro Cg00Na (15) 0.37 0.66 0.84 

">-F3(C1 0,C1 2,C1 3)00Na (14) — — 0.53 

sphere, resists strongly immersion in the hydrophobic part of the 
micelle. Thus the α-carbon is held at the water-core interface 
and any thermal fluctuation will expose is even more. Direct 
evidence for the high degree of wetting of this carbon atom comes 
from the work of Kurz (]7_) who found that the spontaneous hydro
lysis of the dodecyl sulfate ester anion by water, known to in
volve the cleavage of the carbon-oxygen bond, was hardly affected 
by micellization. That the 3-carbon is somewhat exposed to water 
because of its attachment to the<*-one is not surprising. 

That even the ω-carbon seems to be hydrated to a definite 
though slight degree cannot be ascribed to experimental uncertain
ties alone. There could be a contribution due to the fact that any 
point within the micelle is always close to the water--the micelle 
is a l l a surface monolayer—whereas the reference δ is taken for 
bulk systems, but more important certainly is the fact that the 
polar heads do not cover completely the surface of the micelle but 
leave some of its hydrophobic surface exposed. This is inherent 
in the fact that micelles are the result of two opposite tenden
cies: that of the hydrophilic groups to diffuse away from each 
other, and that of the hydrophobic ones to aggregate and reduce 
their contact with water. The balance has to involve some yield
ing on both accounts and therefore some organic-water interface. 
Furthermore, for the longer chain-lengths and especially for the 
bulkier perfluoroalkanes, the surface of a micelle limited in i ts 
spherical or cylindrical radius by the length of the chain, has a 
larger surface than can be covered by the polar groups. Figure 9, 
taken from the work of Stigter (18) shows a scale drawing of the 
probable surface aspect of the micelle of sodium dodecyl sulfate 
with the crosshatched areas indicating the core surface accessible 
to the center of the counterions and hence certainly also to water 
molecules. Supporting evidence comes from the study of volume 
changes accompanying micellization in homologuous series (19) 
which suggests that from 2 to 4 carbons are hydrated and also from 
proton NMR chemical shifts (20, 21_) which point to as much as 4 
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Journal of Physical Chemistry 

Figure 9. Schematic surface view 
of the micelle of sodium dodecyl 
sulfate showing to scale the rela
tive size of the ions, polar groups, 
and (crosshatched) the exposed 
hydrocarbon surface. Reproduced 

from Ref. (18). 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



17. MUKERJEE A N D M Y S E L S Partially Fluorinated Surfactant Micelles 249 

hydrated carbon atoms. Both lines of argument involve however 
somewhat questionable assumptions and the fact that butyric acid 
does form micelles shows that the latter value must be an over
estimate in some cases. In the perfluoro derivatives the exist
ence of micelles of the C3 acid shows that the number of hydrated 
carbons is s t i l l smaller. 

The ω-Trifluoro Surfactants. Muller and co-workers have 
studied the ω-trifluorinated C10 to C-|? carboxylates Q2), the C12 
sodium sulfate (22) and a Cg nonionic (23). In each case they 
found Ζ values close to 0.5, i .e. a semi-aqueous surrounding of 
the terminal CF3 group. On the implicit assumption that this 
group fair ly samples the hydrophobic core, they concluded that 
"There is considerable penetration of water into the interior of 
the micelles" (12.). 

This last conclusio
basis of al l the work on association colloids up to that time but 
clearly ran counter to i t . The presence of water within the core 
of the micelle would seem to destroy what has been assumed hereto
fore to be the basic reason for micelle formation, namely the hy
drophobic! ty of the ta i l s , their tendency to escape from the 
aqueous environment or, more exactly, the tendency of the strongly 
bonded water to press them out into a small droplet. That the 
micelle is indeed a sufficiently permanent structure to apply this 
reasoning and not a highly ephemeral one for which macroscopic 
concepts are misleading (24) is shown by recent work of Oakes (25) 
who reported the resolution of the ESR spectra of solubilized and 
unsolubilized probes in a micellar solution. Hence the lifetime 
of the solubilized specie, and therefore of the micelle, had to be 
long on the ESR time scale of about 10~6 seconds. This is cer
tainly also sufficient for diffusional and molecular rearrange
ments to reach equilibrium within the micelle. 

More quantitatively, the solubility within the micellar core 
accounts presumably for the solubilization of non-polar molecules. 
Those that are only slightly solubilized and thus affect the least 
the structure of the micelle are most useful in exploring its 
nature. Hartley has already studied (26) the behavior of trans-
azobenzene in cetylpyridinium chloride and found that the solubi
l i ty in the micellar core was very close to that in n-decane. 
This led him to conclude in 1938 " . . . the paraffin chain sa l t . . . 
behaves as a liquid solvent upon solution in water, and that part 
of i t which is responsible for the solvent action is not diluted 
by the water...." (the emphasis is Hartley's). The same conclu
sion can be drawn from the behavior (27) of the so-called "Orange 
OT" dye which is l-o-tolylazo-2-naphthol (c . i . solvent orange 13). 
The data for both are shown in Table II. 

The solubility of water in hydrocarbons is also known (29) 
and, as may also be seen in Table II, i t is much lower than that 
of either azobenzene or of "Orange OT". Would i t not be most sur
prising i f i ts solubility in the core of the micelle were several 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



250 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

Table II. Solubilities in Hydrocarbons and in Micelles of Some 
Sparingly Solubilized Compounds and of Water. 

orders of magnitude greater? Indeed, a study of proton NMR shifts 
of the hydrophobic moiety of a nonionic surfactant has led Podo, 
Ray, and Nemethy (30) to conclude that there is no water or very 
l i t t l e in the interior of the micelle. That the presence of 
fluorines does not affect this argument is evident from the fact 
that as already mentioned, water is even less soluble in per
i l uoroalkanes than in simple alkanes. 

Thus, i t is apparent that the apparent hydration of the 
ω - t r i f l u o r o methyl group in the partially fluorinated surfactants 
must be due to the fact that they are partially and not completely 
fluorinated, to their part hydrocarbon, part fluorocarbon nature. 
Indeed, there is no independent support for the implicit assump
tion that the trifluoromethyl group samples uniformly the interior 
of the otherwise hydrocarbon core of the micelle. The opposite 
assumption, that this group is concentrated on the core's surface, 
has already been proposed (31) and is an obvious consequence of 
the non-ideality of mixing of fluoro- and hydrocarbons, i .e. of 
their mutual phobicity and the additional factors pointed out 
above. This then explains both the difference between the sur
roundings of the ω-group in micelles of perfluoro and of ω-
trifluoro surfactants and the highly aqueous environment in the 
latter case as shown by Muller, et a l 's experiments. 

Conclusion 

Partially fluorinated surfactants show at least two apparent 
anomalies: Their c.m.c. is higher than could be expected from the 
change produced by perfluorination, and the ω - t r i f l u o r o group has 
a much more aqueous environment than expected for the core aver
age. Both facts are, however, in harmony with what is known about 
the mutual phobicity of hydrocarbon and perfluorogroups from the 
limited mutual solubility and high non-ideality of solutions of 
hydrocarbons and fluorocarbons and is in accord with the very 
limited mutual solubility of the micelles of corresponding 

Saturation mole fraction at room temperature 
in alkanes in Micelles 

tr-Azobenzene (26) 0.144 (Ci 0) 0.148 (Cetylpyridiniurn 
0.176 (C 1 6) sulfate) 

"Orange OT" 
(l-o-tolylazo-2-
naphthol) 

0.0076 (C 1 9) (28) 0.008 (Sodium dodecyl 
u ~ sulfate) (27) 

Water (29) 
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surfactants. It is this resistance to mixing of these two kinds 
of groups that reduces their tendency to micellize when attached 
to the same chain and causes the ω-trifluoro group to sample 
predominantly the water-micellar core interface rather than the 
core average when this core is hydrocarbon-like. 
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Introduction 

Soap-water systems form in addit ion to i so trop ic solutions 
and c r y s t a l l i n e phases several d i f f erent types of mesophases 
which have properties intermediate between l i q u i d s and s o l i d s . 
The mesophases are often very viscous but the motion of the 
i n d i v i d u a l molecules i s normally almost as rapid as in an o r d i 
nary liquid. The viscous appearence of the phases i s caused by 
the formation of large aggregates and by the presence of long
-range order. The various mesophase structures differ in the types 
of aggregates and in the i r packing c h a r a c t e r i s t i c s . In a lamellar 
mesophase the soap molecules usual ly form double-layered lamellae 
which are separated by lamellae of variable thickness containing 
the water molecules and the counterions. In a normal hexagonal 
phase, on the other hand, the soap molecules form long rodshaped 
aggregates which are arranged i n a hexagonal array. In addit ion 
to these two phases, which are best understood, a hexagonal phase 
of the reversed type and d i f f erent types of cubic i so tropic meso
phases may form i n a binary soap-water system. I f a t h i r d compo
nent i s added to a soap-water system the phase equilibria may 
become quite complex and in  addit ion to those phases mentioned 
also other types of structures may occur. A thorough account of 
the phase equilibria i n amphiphilic systems as we l l as of the 
present state of knowledge of the phase structures has recent ly 
been given by Ekwall (1) . 

In mesophases the molecular arrangement is more ordered than 
in a solut ion but the ordering is less than in a crystalline 
phase. In order to understand the structure and the properties of 
the soap-water mesophases i n more detail it is necessary to have 
information on the or ientat ion effects on a molecular level. 
During recent years it has been demonstrated that some s t a t i c 
magnetic resonance parameters may provide pertinent information 
in  th i s respect . Previous studies have mostly been concerned 
with orientat ion effects i n the soap lamellae whereas the aqueous 
part has attracted less in teres t , par t l y because orientat ion 
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effects here are small and consequently d i f f i c u l t to study. 
Recent studies have, however, demonstrated that s t a t i c quadrupole 
effects i n NMR spectra can give rather deta i led information on 
or ientat ion effects i n the aqueous l ayers . The present study was 
aimed at providing an ins ight into water or ientat ion e f fec t s , 
using deuteron NMR, for c h i e f l y some lamel lar l i q u i d c r y s t a l l i n e 
phases occurring i n three-component systems of soap, a lcohol and 
heavy water. Thereby we have studied how water or ientat ion 
depends on sample composition, on temperature and on the counter-
i o n . The study also provides some information on the orientat ion 
effects i n the amphophilic lamellae by invest igat ing the deuteron 
NMR s igna l of the -0D group of the a lcoho l . 

Deuteron NMR studies on soap-water mesophases have been 
reported previously ( for a review see Ref. 2) but since some 
misunderstanding of the
seems to exis t i n the l i t e r a t u r
the theore t i ca l background o f deuteron NMR studies of anisotropic 
systems. E s p e c i a l l y we want to point out some effects which may 
complicate the analysis of the NMR spectra. 

Theory 

The deuteron has the spin quantum number 1 = 1 and thus 
possesses an e l e c t r i c a l quadrupole moment. Through the quadrupole 
moment the nucleus interacts with e l e c t r i c a l f i e l d gradients i n 
the surroundings. The main terms i n the deuteron spin hamiltonian 
are the Zeeman term, H z , and the quadrupole coupling term, H^, 

Η = H 7 + Η π = - ν I- + 3 n Z ( - l ) q V A (1) 
Δ q OÙ Q ^ - q q 

Here the V ^ s are the i rreduc ib le components o f the e l e c t r i c 
f i e l d gradient tensor (of second rank) and the A^'s the standard 
components of a second rank spin tensor operator (_3). $Q i s given 
by eQ/2I(2I- l )h . The hamiltonian i s expressed i n frequen
cy u n i t s . 

In an i so trop ic l i q u i d the mean value of HQ i s zero and the 
quadrupole in terac t ion contributes only to re laxat ion . In an 
anisotropic medium as , for example, a lamel lar or hexagonal 
mesophase the mean value of HQ i s no longer zero and a quadrupole 
s p l i t t i n g appears i n the NMR spectrum. To elucidate the effects 
of the anisotropic medium more c l e a r l y i t i s convenient to 
rewrite HQ as (3) 

H n = β Σ (-1)*1 V M A L „ D ( ? } (Ω n M ) D (

f ^ t <0Tn) (2) 
qq'q" " q q q q q q 

The indices M, L and D stand for the molecular, laboratory and 
d i rec tor reference frames, respect ive ly (see Figure 1) . The 
j)(2)f s ape second rank Wigner ro ta t ion matrix elements and Q^j 
denotes the euler ian angles that specify the transformation from 
coordinate system j to system i . The d i rec tor i s defined by the 
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symmetry of the mesophase and i s usual ly coincident with the opt i 
c a l ax i s . I f i t i s assumed that a nucleus stays within a domain 
of a given or ientat ion of the d i rec tor over a time that i s long 
compared to the inverse of the quadrupole i n t e r a c t i o n , the mean 
value of H i s 

Η π = β . Σ (-1)^· V M A L

t f D ( 2 ) (QnM) D ( 2 ) ( Ω τ η ) ( 3 ) 
qq" ~ q q o q q 

Here we have made use of the resu l t that the mean value D . (Ω___) 
ο ο DM 

i s zero for q f ^0 i f there i s a threefold or higher symmetry^ 
around the d i rec tor ax i s . 

The quadrupole term i s usual ly small compared to the Zeeman 
term and, to f i r s t order, i t i s only the secular part of ÏÏQ that 
contributes to the time-independen
H 0 = "Vz + "β" ( 3 C O s L D - Z "

The order parameter, S, i s given by 

S = i { (3 c o s 2 6 D M -1) + η ( s i n 2 cos2 φ β Μ ) } 

and ν by 

3 2 2 

= ^ ^ q * ( 6^ ^ ^ s t n e quadrupole coupling constant.) 

Here η i s the asymmetry parameter of the e l e c t r i c f i e l d gradient 
tensor 9 eQ the nuclear quadrupole moment and eq i s twice the l a r 
gest component of the e l e c t r i c f i e l d gradient tensor, θ and φ 
are equal to the eulerian angles 3 and γ respect ive ly . 

The hamiltonian given i n Equation ( 3 ) gives the three 
energy leve ls 

E l = ~ \ + V ( 3 0 0 s 2 6 LD " 1 ) / 6 

E o = -v Q S (3 c o s 2 6 L D - l ) / 3 

E - l = V o + V ( 3 C O s 2 9 LD " 1 ) / 6 

and for an oriented sample with a uniform d irec tor orientat ion 
the deuteron ΝMR spectrum consists of two equally intense peaks 
separated by 

Δ ( θ ) = |v Q S ( 3 cos 2 8 L D - 1 ) | ( 5 ) 

For a powder sample, where a l l values of cos are equal ly 
probable, the NMR spectrum consists of a broad absorption curve 
with two marked peaks separated by 

Δ = I v Q S 1 (6) 
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We denote Δ (and Δ ( θ ) ) the quadrupole s p l i t t i n g . 
One point that may be made from these theore t i ca l considera

tions i s that the asymmetry parameter may affect the magnitude of 
the s p l i t t i n g but not the spectra l shape 0 0 . Therefore, conclu
sions i n the l i t e r a t u r e about the magnitude of the asymmetry 
parameter from the spec tra l shape are not j u s t i f i e d . 

Chemical Exchange 

The equations given i n the previous sect ion were derived 
under the assumption that the deuterons are f ixed i n the mole
cules . In systems containing heavy water and an a l coho l , for 
example, the deuterons can exchange between the water and the 
a lcohol molecules. Furthermore, deuteron exchange between water 
molecules in teract ing d i f f e r e n t l
have to be taken into account
ty of deuteron exchange we have to modify the equations given 
above. The e f fect o f chemical exchange on the deuteron NMR spect
rum depends on the r a t i o between the exchange rate and the d i f 
ference i n quadrupole s p l i t t i n g between the d i f f erent deuteron 
environments. 

In the l i m i t of slow exchange the NMR spectrum i s a super
pos i t ion of the NMR spectra of the d i f f erent binding s i tes and 
for each s i t e the Equations (5) and (6) are separately v a l i d . In 
the opposite l i m i t when the exchange i s much faster than the 
s p l i t t i n g difference only a s ingle quadrupole-spl i t deuteron 
NMR spectrum i s observed with a s p l i t t i n g given by 

Here p. i s the f r a c t i o n of deuterons i n s i t e i and the s p l i t 
t ing character iz ing th i s s i t e . By means of Equation (7) i t may 
be possible to obtain s i g n i f i c a n t information on the mode of 
molecular or i en ta t ion . Thus i f i t i s possible to observe the 
deuteron spectrum i n both the exchange l i m i t s the r e l a t i v e signs 
of the order parameters of two d i f f erent s i t es may be determined. 

In the region of intermediate exchange rate a broadening 
o f the NMR s igna l appears, which i s analogous to the well-known 
chemical exchange effects i n proton NMR. For a powder sample th is 
broadening i s less marked than i n proton resonance since the s i g 
nals are broad even i n the absence of exchange. I t is,however, 
possible to determine the exchange time from an exchange-
broadened powder spectrum ( 5_). Although the prec i s ion of such a 
determination i s rather low the method i s of interes t since i t 
allows studies of exchange phenomena which are much more rap id 
than those which are within reach of ordinary proton NMR methods. 
Also the prec is ion may be improved by using macroscopically 
aligned samples, for which the peaks are more narrow and thus a 
more precise determination of the amount of exchange broadening 
i s poss ib le . Furthermore, i n the case of macroscopically aligned 
samples the s p l i t t i n g d i f ference , and thus also the range of 
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exchange rates a t ta inable , may be varied by changing the angle 
between the magnetic f i e l d and the constraint responsible for 
macroscopic alignment. 

The effect of chemical exchange on quadrupole-spl i t NMR 
spectra was deduced only recently and no systematic appl icat ion 
of the method to chemical problems has yet been performed. For 
deuteron NMR spectra of soap-alcohol-heavy water mesophase 
samples the peaks are , however, often broadened due to deuteron 
exchange espec ia l ly at temperatures s l i g h t l y above room tempera
ture. As an i l l u s t r a t i o n we give i n Figure 2 some spectra 
obtained for a lamellar mesophase sample composed of l i th ium 
n-octanoate, decanol and D2O. 

Double Quantum Transit ions 

The appearance of a
addition to the "powder pattern" i n the deuteron spectrum of an 
unoriented sample has often been interpreted as due to phase i n -
homogeneities (_6, _7), which cause part of the water molecules to 
reside i n an e s sent ia l ly i s o t r o p i c environment. This cen tra l 
peak can, however, be observed i n spite of a c a r e f u l sample pre
paration to avoid a two-phase system. This would seemingly i n d i 
cate that there are deuterons moving i s o t r o p i c a l l y even i n the 
anisotropic mesophase structure (_8). There i s , however, an a l t e r 
native explanation to the observation of a centra l peak. From 
the energies of the deuteron spin system given above i t follows 
that E__j_ - Ej_ = 2 v 0 independently o f θ ^ . A double quantum t r a n 
s i t i o n at the frequency 

should then appear i n the spectrum at s u f f i c i e n t l y strong RF-
f i e l d s . I t has been shown for one system, sodium n-octanoate-
n-octanoic a c i d - ^ O , that these double quantum trans i t ions are 
c l e a r l y observable (9). As shown i n Figure 3 the centra l peak i s 
unobservable at low R F - f i e l d amplitudes while i t i s much more 
intense than the powder pattern at high R F - f i e l d strengths. As 
described i n Ref. 9 i t i s e a s i l y invest igated by determining the 
dependence of the s igna l in t ens i ty on the R F - f i e l d strength i f 
a centra l peak i s due to a double quantum t r a n s i t i o n or has 
another cause. 

Macroscopic Alignment 

The deuteron NMR spectrum from an anisotropic soap-heavy 
water mesophase usual ly shows the t y p i c a l powder pattern a r i s i n g 
from a random d i s t r i b u t i o n of d i rec tor orientat ions i n the sample. 
I t i s though usual ly possible to or ient at least lamel lar meso
phase samples by placing a th in layer of the sample between glass 
plates (10). From the angular dependence of the s p l i t t i n g i t can 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



258 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

Chemica Scripta 

Figure 1. Schematic
lamellar liquid
nate systems used in the text are outlined in the figure, 
laboratory frame (L), director frame (D), and molecular 
frame (M). 6LD and 6DM denote the angles between the 
Ζ axes of the laboratory and director systems and the 

director and molecular systems, respectively (3). 

Acta Chemica Scandinavica 

Figure 2. Deuteron NMR spectra illustrating the effect of deuteron exchange. 
The spectra were obtained for a lamellar mesophase sample with the molar ratio 
D20.lithium octanoateidecanol being 83.0:6.8:10.2. a) Spectrum for the water 
deuterons at 27°C. b) Spectrum for the decanol-OD group at 27°C. c) Spectrum 
at 40°C showing deuteron exchange effects, d) Computer-simulated spectrum, 
corresponding to spectrum c, obtained according to a procedure described in Ref. 

5, with intermediate exchange rate (exchange time 23 μ$) (5). 
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be deduced how the d i rec tor i s oriented r e l a t i v e to the glass 
plates . For lamellar mesophase samples composed of a l k a l i soap, 
decanol or octanoic acid and heavy water and placed i n layers 
between t h i n glass plates we have invest igated how the s p l i t t i n g 
depends on the angle between the magnetic f i e l d and the normal 
to the glass p lates . As an example we give i n Figure *+ the 
angular dependence for a sample composed of sodium n-octanoate, 
n-octanoic acid and D2O. A comparison with Equation (5 ) shows 
that the normal to the glass plates coincides with the d irec tor 
and therefore i n t h i s , and the other systems we have studied, the 
lamellae are aligned p a r a l l e l to the glass p la tes . 

Four-component systems of water, soap, alcohol and a simple 
s a l t do sometimes orient spontaneously i n a magnetic f i e l d 
(11, 12). The structure of these phases has not yet been f u l l y 
e luc idated . One charac ter i s t i
been oriented i n the magneti
f ixed p o s i t i o n , a rotat ion o f the sample destroys the or ientat ion. 
This e f fect disappears though i f the procedure i s repeated 
without removing the sample from the magnetic f i e l d (11). The 
most obvious, but not necessari ly the only, explanation to these 
observations i s that the d i rec tor i s oriented perpendicularly to 
the magnetic f i e l d (11). I n i t i a l l y th is resu l t s i n the directors 
being randomly d i s tr ibuted i n the plane perpendicular to the 
magnetic f i e l d . The successive reorientat ions then lead to an 
or ientat ion o f the d irec tor along the rotat ion ax i s . I f a sample 
that has been oriented i n a f ixed pos i t ion i n the magnetic f i e l d 
i s rotated i n the magnetic f i e l d and a NMR spectrum i s taken 
before the new or ientat ion has taken place the spectrum should 
consist of a broad absorption but not the usual powder pattern. 

A ca l cu la t ion using the methods of Cohen and Reif (13) gives 
that the lineshape g(v) i s 

g(v) = 2 P(cos θ ) ^ cos θ = / 2 2 1 ( 8 ) 

3VQS cos θ / s i n α - cos θ 

for a sample that has been rotated an angle a a f ter a s ingle 
or ientat ion i n the magnetic f i e l d . Using the r e l a t i o n 

V 2 
ν = ± -f- (3 cos θ - 1) 
Equation (8) gives, using arbitrary intensity units and the 
abbreviation χ = v/v^, 

1+x - 1 / 2 2 1+x - 1 / 2 2 g+(x) = (±ψ ) (sin α - — ) ; - 1 < χ < 3 sin α - 1 

g_(x) = (—τ-) ( s in α —) ; 1-3 s m a <_ χ _< 1 

g(x) = g + (x) + g_(x) (9) 
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Journal of Magnetic Resonance 

Figure 3. Deuteron NMR spectra illustrating the effect of double quantum transitions. 
Spectra were obtained for a lamellar mesophase sample with the molar ratio D20 .sodium 
octanoate.octanoic acid being 77.2:12.6:10.3. The RF field amplitudes were a: 4.8 Hz, b: 
39 Hz, and c: 159 Hz. d is a computer-simulated spectrum, with parameters correspond
ing to those of spectrum b, taking double quantum transitions into account. A detailed 

description of the calculations is given in Ref. 9 (9). 

Figure 4. Deuteron quadrupole splittings for 
a lamellar mesophase sample aligned between 
glass plates. The sample composition was in 
mole fractions 0.770 D20, 0.147 sodium octa-
noate and 0.083 octanoic acid. The quadrupole 
splitting is given as a function of the angle, θ', 
between the normal to the glass plates and the 
magnetic field direction. Dots show observed 
quadrupole splittings whereas the solid curve 
gives the angular dependence expected for the 

case where θ' = 0LD (cf. text). 
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The spectrum, which i s given i n Figure 5 has a = 9 0 ° and thus 
corresponds to a s i tua t ion where the d irectors are randomly 
oriented i n a plane containing the magnetic f i e l d d i r e c t i o n and 
the ro ta t ion ax i s . (A normal powder pattern i s also shown i n 
Figure 5 for comparison.) An "experimental confirmation of th is 
predicted spectrum would give a strong support for the proposed 
model of or ienta t ion . 

The spectra l shape given i n Equation (9) should also apply 
for the case where macroscopic alignment i s achieved by glass 
plates but where the d irectors are oriented i n p a r a l l e l to the 
p lates . 

Amphiphile Orientation 

For unoriented lamella
n-octanoate, decanol and heavy water we have recorded the 
deuteron NMR spectrum as a function of sample composition and 
temperature. For temperatures around 20°C the observed spectra 
consist of two quadrupole-spl i t powder patterns, one for the 
decanol-OD group and one for the water deuterons. I t i s according 
to Equation (6) possible to calculate the absolute value of the 
order parameter from an assumed value of the quadrupole coupling 
constant (e 2 qQ/h) . Since the water molecules are d i s tr ibuted over 
several d i f ferent s i tes i n the system a knowledge of the e f fec
t ive S i s of l imi ted value without a further analysis ( c f . below). 
The decanol molecules, on the other hand, most probably reside 
with the polar heads at the interface between the hydrocarbon 
and the water lamellae and a qual i ta t ive interpretat ion of S i s 
d i r e c t l y poss ib le . 

For lamellar mesophase samples composed of a l k a l i n-octa-
noate, decanol and heavy water we have determined the decanol-OD 
quadrupole s p l i t t i n g as a function of sample composition at 2 7 ° C . 
The experimental resu l t s are given i n Figure 6 at two constant 
molar fract ions of D 2 0 as a function of % o n j [ ç 9 the molar r a t i o 
between ion ic and t o t a l amphiphile. Since variat ions i n the 
quadrupole coupling constant can be assumed to be small the data 
give information on the v a r i a t i o n of the order parameter with 
sample composition. I t i s seen that the degree of decanol o r i e n 
ta t ion i s roughly independent of the counter!on present but 
increases with decreasing water content and increasing ^ ο ^ ς , · 

The observed decanol quadrupole s p l i t t i n g s are within the 
range 2 0 - 3 0 kHz. The quadrupole coupling constant for the 
hydroxyl deuteron i n methanol i n the gas phase i s e2qQ/h=303 kHz 
(1*4), which i s very close to the value for water. Hydrogen bonds 
which form i n the l i q u i d phase tend to reduce the quadrupole 
coupling constant and we estimate e2qQ/h=220 kHz i n the l i q u i d . 
From the data we then obtain |S|=0.12-0.17. This i s a factor of 
two smaller than the values obtained by Charvol in et a l . (15) 
for the main part of the deuterons i n the a l iphat i c chain of 
potassium n-dodecanoate i n the lamellar phase. This indicates 
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Figure 5. Calculated NMR absorption spectra for a liquid crystal 
where a) the director is randomly oriented in a plane containing the 
magnetic field direction and b) the director is completely randomly 

oriented. The frequency scale is in units of V/(VQS). 

Figure 6. Observed deuteron quadrupole 
splittings at 27 °C of decanol-OD deuterons 
for lamellar mesophase samples composed of 
D20, alkali octanoate, and decanol. The split
tings are given as a function of Rimic, the molar 
ratio of octanoate to octanoate plus decanol, 
at two mole fractions of D20. In the case of 
lithium XD2o = 0.83 and for the other alkali 
ions XD2o = 0.77 (filled symbols) or XD2o = 

0.83 (open symbols). 
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that the polar head of decanol has a greater freedom of motion 
than the part of the hydrocarbon chain that i s c losest to the 
surface. One simple model to r a t i o n a l i z e th i s f inding i s to 
assume that the C a - bond ( C a i s the carbon adjacent to the 
hydroxyl group) i s fixed i n p a r a l l e l to the d i r e c t o r . With a free 
i so trop ic ro ta t ion about the - C a and C a - 0 bonds one obtains 
S values i n accordance with the experimental resu l t s for the 
decanol deuterons. 

The increase i n S with increas ing R i o n i c can be interpreted 
as r e s u l t i n g from a stronger in teract ion between -COO" and -OH 
than between two -OH groups, poss ibly through hydrogen bonding 
which perhaps leads to complex formation in the interface as has 
been proposed by Fonte11 et a l . (16). Another a l ternat ive i s that 
a higher concentration of charged species at the hydroph i l i c -
hydrophobic interface tend

Our observation tha
i s , within our experimental e r r o r , independent of the a l k a l i ion 
presents support for previous proposals (see e .g . Ref. 17) that 
the counterions are hydrated over the whole range of existence of 
the lamellar phase. As w i l l be shown i n the next sect ion the 
degree of water or ientat ion i s , on the other hand, quite d i f 
ferent for d i f ferent counterions. 

Water Orientat ion 

For samples containing no exchangeable deuterons on the 
amphiphile or when the exchange i s slow i t i s possible to 
d i r e c t l y obtain the s p l i t t i n g charac ter i s t i c of the water 
deuterons from the NMR spectrum. Also for the case of i n t e r 
mediately fast deuteron exchange i t i s possible from the change 
i n the spectrum on accelerat ing the exchange by e .g . a pH 
a l t era t ion to separate out the amphiphile and water quadrupole 
s p l i t t i n g s . 

The water deuteron quadrupole s p l i t t i n g s are usual ly smal l . 
In the lamellar mesophases of the a l k a l i n-octanoate-decanol-
D 2 0 systems they are of the order of 1-2 kHz over a wide com
pos i t ion range. This corresponds to an order parameter of the 
order of 10"* , 

One way of r a t i o n a l i z i n g the water deuteron s p l i t t i n g s i s to 
assume a two-site model for the water, the two s i tes correspon
ding to "free" water (denoted f) and water bound to the ampho
p h i l i c surfaces (b) . At least i n the region of a lamellar phase 
where one has an one-dimensional swell ing ( 1 £ ) on water addit ion 
one would expect that i t i s only the amount of free water that 
changes when the t o t a l water content i s changed. One has then for 
the water deuteron s p l i t t i n g 
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Δ = I P f ( v Q S ) f + p b ( v Q S ) b I = I ( v Q S ) f + 

9 - , b nX 
-Cv f ts>K I = I (v n s) , + - a ( (v n s) K - ( v f t S ) f ) I (10) 

Here X D 2 0 3 1 1 ( 3 1 xam 3 X 1 0 t h e m o l e f ract ions of D 2 0 and t o t a l amphi-
p h i l e , respect ive ly . Xn Λ \ i s the mole f rac t ion of bound water 

and η the average hydration number of the amphiphile. 
I f the model considered i s v a l i d we expect according to 

Equation (10) to obtain s tra ight l ines i f Δ i s plotted versus 
X a m / X n 2 0 - *t c a * i be see
several systems. In these cases the intercept i s zero within the 
experimental error ind ica t ing that the deuteron s p l i t t i n g for 
the free water molecules i s zero. Accordingly, no long-range 
ordering effect i n the water layers with respect to the amphi-
p h i l i c layers i s indicated i n our data . The non-l inear p lot 
obtained for the sodium oc ty l sulphate -dec anol-D 2 0 system i n d i 
cates that there i s a change i n the polar group hydration over 
the concentration i n t e r v a l invest igated. 

Table I . Values of η · Δ^ (c f . text) Obtained from Plots as i n 
Figure 7 for Dif ferent Lamellar Mesophases. 

System η · Δ ^ kHz 

Aerosol 0T - D 2 0 26.6 
Lithium octanoate - decanol - D 2 0 9.8 
Sodium octanoate - decanol - D 20 8.2 
Potassium octanoate - decanol - D 20 7 Λ 
Rubidium octanoate - decanol - D 2 0 7.9 
Sodium octanoate - octanoic acid - D 2 0 2.5 

In Table I we give the slopes of p lots according to 
Equation (10) for those cases where s tra ight l ines are obtained. 
These slopes constitute the products of η and Δ^ which can not 
be separated unless addi t iona l information on e i ther quantity i s 
ava i lab le . Even i f we assume η = 1 we obtain an order parameter 
of D 20 which i s smaller than that obtained for the amphiphilic 
deuterons. Therefore, i t can be concluded that the degree of 
ordering o f the bound water molecules i s considerably smaller 
than that for the amphiphilic polar head. 

In the systems a l k a l i octanoate-decanol-D 2 0, spectra were 
obtained at the same temperature i n both the slow and fast ex
change l i m i t s . I t was found that on fast exchange, which was 
achieved by addit ion of a small amount of a l k a l i hydroxide, the 
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s p l i t t i n g i s given by 

Δ = I P D 2 O ( V Q S ) D 2 O + P C 1 0 O H ( V Q S ) C 1 0 O H I 

where p n ~ and p^ Λ „ are the fract ions of water and decanol 

deuterons, respect ive ly , and the (VQS) ! S the s p l i t t i n g s observed 
i n the slow exchange l i m i t . On the strength of Equation (7) we 
may conclude that the order parameter has the same sign for the 
water and the decanol deuterons. An analogous conclusion may be 
drawn from the data published for the octylammonium c h l o r i d e - ^ O 
system (19). 

I t can be "seen from Table I that the degree of water o r i e n 
tat ion may be quite d i f f erent for d i f f erent counterions. This i s 
more c l e a r l y shown i n Figur
quadrupole s p l i t t i n g i s given as a function of Rionic " 
stant mole f rac t ion of D 2 0 for lamellar mesophase samples com
posed of a l k a l i octanoate, decanol and D2O. Since decanol only 
gives a small contr ibut ion to the observed s p l i t t i n g and since 
th is contr ibut ion i s independent of counterion (see above) the 
differences between counterions i n Figure 8 can be attr ibuted to 
differences i n water or ientat ion . I t can be seen that the degree 
of water or ientat ion i s i n the sequence L i + > Rb + - K + > N a + . At 
present we are unable to provide a def in i te explanation for the 
i rregu lar var ia t ion of the degree of water or ientat ion with the 
ion ic rad ius . 

From studies on various types of soap systems ( 20-2*4·) i t can 
be concluded that a considerable f rac t ion of the counterions are 
more or less f i rmly attached to the amphiphilic lamellae and that 
the bound counterions are hydrated (see a lso above). I f the water 
of hydration of the bound counterions i s extensively oriented 
with respect to the lamellae we expect the degree of water o r i e n 
tat ion to follow the hydration numbers, _i.e_. L i + > Na + > K + > Rb + . 
Were, on the other hand, e i ther the whole hydration complex or 
the water molecules i n the hydration sphere rotat ing i s o t r o p i c a l -
l y we would expect the reverse sequence for the degree of water 
or ientat ion . Possibly a combination of these two effects may be 
the explanation of our observations. Thus only the strongly 
hydrated l i th ium ion may be oriented with i t s water of hydrat ion. 

I t has recent ly been proposed that hydrogen bonding between 
the water of counterion hydration and the surfactant end-group 
may be an important factor for the counterion binding in surfac
tant systems (25). This i s supported by NMR and d i f fus ion studies 
(21, 26, 27) which show that the mode of counterion binding may 
be quite d i f f erent for d i f f erent soap end-groups. Of the a l k a l i 
ions the hydrogen bonding should be strongest between the water 
of counterion hydration and the COO~-groups i n the case of 
l i th ium and th i s may explain the high degree of water or ientat ion 
observed i n the l i th ium octanoate-decanol-D20 system. However, 
th i s can not be the only ef fect since we have observed also i n 
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2.0 

0 0.

Figure 7. Observed water deuteron quadru
pole splittings at 20°C for different lamellar 
amphiphile-D20 mesophases. The splittings 
are given as a function of the molar ratio of 
total amphiphile to D20. The systems studied 
are Aerosol OT-D20 (O), lithium octanoate-
decanol—Ό 20 (+), sodium octanoate-decanol-
D20 (Δ), sodium octyl sulphate-decanol-D20 
(·), and sodium octanoate-octanoic acid-

D20 (•). 

Figure 8. Observed deuteron quadrupole 
splittings at 20°C for lamellar mesophase 
samples composed of alkali octanoate, deca
nol, and D20. The splittings are given as a 
function of Ri0nic, the molar ratio of ionic 
amphiphile to total amphiphile, at a con

stant mole fraction of water being 0.83. 
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the systems a l k a l i o c t y l sulphate-decanol-^O that the water 
deuteron s p l i t t i n g s are considerably greater with l i th ium than 
with sodium as counterion. Further studies on d i f ferent systems 
are i n progress with the hope of e luc idat ing the mode of water 
or ientat ion i n amphophilic l i q u i d c r y s t a l s . 

A further p o s s i b i l i t y to investigate the or ientat ion of 
water i n a mesophase i s to compare the deuteron ( A D ) and 1 7 0 (AQ) 
quadrupole s p l i t t i n g s of the same sample. The e l e c t r i c a l f i e l d 
gradients at the deuterons and at the oxygen have d i f ferent r e l a 
t ive orientat ions and the s p l i t t i n g s can be used to determine the 
two independent or ientat ion parameters for the water molecule. 
One has 

Δ 0 = |VQ { I (3 cos 2 6

A D = l V Q { 1 ( 3 c o s 2 6DM " 1 } ( 3 C O s 2 θ " 1 } + 

+ S i n 2 6DM C 0 S 2
 % S I N 2 Θ } I 

Here i t has been assumed that the asymmetry for the deuteron 
quadrupole coupling i s n e g l i g i b l e . The angle θ i s the angle 
between the p r i n c i p a l axes of the 1 < 7 0 and 2 H e l e c t r i c a l f i e l d 
gradient tensors and the angles θπ^ and φηπ specify the trans
formation from the coordinate system defined by the molecular 
symmetry and the d i rec tor coordinate system. 

Experimental 

Heavy water was purchased from Norsk Hydro, Norway or CIBA-
Geigy, Switzerland, and had an i sotopic enrichment of at l eas t 
99.7%. Sodium octanoate, decanol and octanoic ac id were obtained 
from the B r i t i s h Drug Houses (BDH), England, sodium o c t y l 
sulphate from Schuchardt, Germany and Aerosol OT (sodium 
di- (2-ethylhexyl ) -sul fosuccinate) from FLUKA, Switzerland. A l l 
these chemicals were of at least 97% p u r i t y . The other a l k a l i 
octanoates were prepared as described i n Ref. 5. Lithium o c t y l 
sulphate was prepared by adding chlorosulphonic acid to octanol 
i n ether solut ion followed by neutra l i za t ion with LiOH in an i c e -
ethanol mixture. The product was dried i n vacuo. Samples were 
prepared by weighing the appropriate chemicals to t o t a l weight of 
ca 1 g into 10 mm tubes which were sealed o f f immediately. Homo-
genisation was achieved by heating the samples above the melting 
point of the l i q u i d c r y s t a l . The a l k a l i o c t y l sulphates hydrolyze 
at elevated temperatures ( 8 0 ° - 9 0 ° C ) so these samples were 
shaken vigorously at lower temperatures with a 5 mm glass bead i n 
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the tube to f a c i l i t a t e mixing, 
NMR-spectra were obtained by means of a Varian V-4200 wide-

l ine spectrometer equipped with a V-3603 12 inch magnet. The 
magnetic f i e l d and the radio frequency were 1.403 Τ and 9.1786 
MHz, respect ive ly and were control led by a Varian Mark II F i e l -
d i a l unit and a c r y s t a l o s c i l l a t o r c i r c u i t . A Varian V-4540 
Temperature Contro l ler kept the sample temperature at a constant 
value which was 20°C where not otherwise s tated. The amplitudes 
of the R F - f i e l d and f i e l d modulation were set s u f f i c i e n t l y low 
not to cause any gross d i s t o r t i o n of the obtained der ivat ive 
spectra. 

Because of s igna l in tens i ty the decanolic deuteron s p l i t 
tings had to be measured for 4 g samples, which did not f i t in to 
the temperature c o n t r o l l e r . The sample temperature then 
was 27 ± 2 ° C . In th i s cas
t ion f i e l d s had to be rathe
the values o f the s p l i t t i n g s s i g n i f i c a n t l y . 

Summary 

The general theory for the descr ipt ion of s t a t i c quadrupolar 
effects i n deuteron magnetic resonance o f l yo trop ic l i q u i d c r y s 
t a l l i n e systems i s presented. E s p e c i a l l y the influence on the NMR 
spectrum of or ientat ion effects on both the molecular and the 
macroscopic leve ls i s considered. Furthermore, effects on spectra l 
shape of chemical exchange phenomena and double quantum t r a n s i 
t ions are b r i e f l y described. Experimentally determined amphiphile 
and water deuteron quadrupole s p l i t t i n g s for soap-water mesophases 
are discussed i n terms of the theore t i ca l r e s u l t s . For lamel lar 
mesophase samples composed of a l k a l i soap, decanol and heavy water 
i t i s possible to obtain both the decanol -OD and the water 
deuteron quadrupole s p l i t t i n g s . The degree of decanol or ientat ion 
i s considerably greater than that of water and, furthermore, the 
decanol -OD deuteron s p l i t t i n g i s only moderately affected by 
composition changes. The water deuteron s p l i t t i n g on the other 
hand changes considerably with counterion and with sample compo
s i t i o n . The water deuteron s p l i t t i n g s are compared with a simple 
model which assumes two types of water namely free and bound 
water molecules. I t i s shown that i f the s p l i t t i n g s of each s i t e 
are independent of water content the degree of or ientat ion of 
free and bound water molecules can be separately obtained. I t i s 
found that no long-range ordering of the water molecules with 
respect to the amphiphilic lamellae seems to e x i s t . 
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Influence of Electrolyte on Phase Equilibria and Phase 
Structure in the Binary System of Di-2-Ethylhexyl 
Sulphosuccinate and Water 
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Fysikalisk kemi 2, Lunds Tekniska Högskola, Lund, Sweden 

Introduction 

Addition of electrolytes is known to influence the phase 
equilibria and phase structures of systems containing amphiphiles 
and water. From the 1920's until the 1940's McBain and associates, 
including the Volds, studied extensively the total composition 
range of systems of common soaps, electrolytes and water at va
rious temperatures (1-11). They showed that there are large simi
larit ies between different systems in that the observed differen
ces were not in kind but in degree. The phases observed in ter
nary systems derive from phases existing in the binary soap 
-water systems. One additional phase, kettle soap, was believed to 
occur in the ternary systems but its existence has later been 
questioned by Vincent and Skoulios (12). However, except for the 
time of McBain there have been remarkable few publications desc-
ribing phase diagrams covering the complete concentration range. 
Most studies have been directed towards understanding changes in 
the properties caused by the electrolyte within the composition 
region of a single phase, especially premicellar or micellar so
lution phases at low amphiphile contents. 

Systems containing the amphiphile sodium di-2-ethylhexyl 
sulphosuccinate (Aerosol OT X) have been previously studied both 
from technical and theoretical aspects (13-19). The molecule has 
a forklike conformation with two branched hydrocarbon chains held 
together by a rather large polar sulphosuccinate group. The mole
cular structure is somewhat similar to that of a short chain 
lecithin. 

The addition of sodium chloride to aqueous systems of Aero
sol OT has recently been reported to cause "coarcervate forma
tion" (20). The term "coarcervation" has been used to describe 
the process of separation into two liquid layers caused by addi
tion of halide ions to an aqueous lipide system. The term was o r i -

xThe isomer sodium di-octylsulphosuccinate also goes occasionally 
under the same trade name. 
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g i n a l l y introduced by Bungenberg de Jong for cases where i t was 
not certain that a true phase separation occurred (21). 

In the above mentioned investigation the sodium chloride 
was added to the binary Aerosol OT - water mixtures without d i s 
tinguishing the phase behaviour of the parent system and i t was 
ignored i n the discussion. In addition, some of the findings 
were d i f f i c u l t to reconcile with experiences gained from our pre
vious studies of the binary system of Aerosol OT and water (16, 
22). It was therefore deemed of interest to study the phase 
diagram of the ternary system Aerosol OT - sodium chloride - wa
ter over i t s whole composition range. 

Experimental 

The study was performe
gy was the same as i n our previous studies of phase e q u i l i b r i a 
and phase structures i n amphiphile systems (23) and was essen
t i a l l y the same as used by McBain and associates (6-8). Aerosol 
OT was obtained from Fluka AG. Switzerland, and used as such 

ο · · after drying i n vacuo at 78 C over phosphorous pentoxide ; sodium 
chloride was of Baker "Analar Grade" and the water was twice-
d i s t i l l e d "conductivity water". The components of the individual 
specimens were weighed into ampoules which were subsequently 
sealed. The samples were shaken at room temperature and after a 
homogeneous system been obtained were stored at 20 C before 
inspection for any phase separation. Separation into two or three 
phases was sometimes instantaneous but i n other instances was 
observed after prolonged storage. The separation process could 
i n p r i n c i p l e be speeded up by using centrifuging (23) but pre
vious studies of the phase e q u i l i b r i a i n binary Aerosol OT -
water systems have shown that the separation of the phases i n 
water-rich specimens may be influenced by the gravitational f o r 
ces of the centrifugal f i e l d (22). The separated phases were ana
lysed for the sodium chloride content by argentometric t i t r a t i o n ; 
for the Aerosol OT content by the t i t r i m e t r i c method of Epton 
(24); and for the water content by the Karl Fisher method. 

Results and Discussion 

Several studies of the phase e q u i l i b r i a of the binary system 
Aerosol OT - water have been published (16, 25). The Aerosol OT 
dissolves at 20 C to a very s l i g h t extent i n water, ca. 1.3 %. 
The anhydrous compound i s l i q u i d c r y s t a l l i n e . It i s biréfringent 
and exhibits i n the polarizing microscope the texture of a midd
le phase. The two-dimensional hexagonal structure of a middle 
phase has been confirmed by X-ray d i f f r a c t i o n (16, 17). The b u i l 
ding units of the structure are thus rod-like units of the re
versed nature, that i s the polar groups and the sodium ions form 
rods which are hexagonally arranged i n a non-polar hydrocarbon 
matrix. 
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This hexagonal structure may take up about 18 % of water, 
the water entering into the polar cores of the rods (16). On 
further addition the structure breaks down and after passing a 
two-phase zone the region for a viscous isotropic phase i s enter
ed. The X-ray d i f f r a c t i o n findings for this phase are reminiscent 
of those Luzzati and coworkers have obtained for a viscous i s o 
tropic phase exhibited by anhydrous strontium myristate at 232 C 
and there i s thus a strong probability that the internal struc
ture i s the same (26-28). Luzzati has been able to determine for 
his phase i t s space group, Ia3d, and has put forward a proposal 
for i t s structure. The structure units would be short rodaggre-
gates containing the polar groups of the amphiphile, the sodium 
ions and the water molecules of the specimen; the rods are joined 
i n threes at each end and form two independent mutually i n t e r 
penetrating networks while the hydrocarbon parts of the amphiphi
le form a surrounding non-pola
these two net-works which gives the system i t s body-centered 
cubic structure. 

The region of existence of the viscous isotropic phase en
compasses only about 3 % of water. On increasing the water con
tent one enters, after passing a two-phase zone, the region for 
the lamellar l i q u i d c r y s t a l l i n e phase. The water content of this 
phase varies between wide l i m i t s , from about 30 % up to about 
90 % of water. Throughout the phase there i s an ideal swelling, 
that i s the amphiphilic lamellae are unaltered when the water 
content i s increased while the thickness of the intercalated 
water layers increases from 2 nm to above 10 nm (20-100 Â) (22). 

The overall phase diagram of the ternary system Aerosol OT -
sodium chloride - water at 20 C i s sketched i n Figure 1. The part 
of the diagram with high contents of amphiphile and/or halide 
was not studied i n d e t a i l . As i t i s d i f f i c u l t to v i s u a l i z e the 
phase e q u i l i b r i a involved i n the Aerosol OT corner Figure 2 
attempts to give a clearer impression but this i s obtained on the 
expense of the re l a t i o n between the units on the three concentra
tion axis. 

The reversed middle phase, F, has a very low capacity for 
taking up sodium chloride. The region of existence of the viscous 
isotropic phase, I, extends with sodium chloride contents of 1-
2 % as a narrow wedge towards higher contents of water, almost 
40 %. The lamellar phase, D, can take up about 1 % of sodium 
chloride. On exceeding that amount one enters after passing a 
two-phase zone the region for an isotropic l i q u i d phase, L 2- The 
region of existence of this phase i s a narrow band running almost 
p a r a l l e l with the base of the triangular phase diagram. The width 
of this region i s only about 0.1 % of sodium chloride, while the 
contents of the two other components may vary widely, 40-96 % of 
water, and 3-35 % of Aerosol OT. On further increase of sodium 
chloride, there occurs separation between the l i q u i d phase L 2 and 
an aqueous sodium chloride solution Lj^ containing minimal amounts 
of Aerosol OT. On s t i l l further increasing the sodium chloride 
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S o d i u m c h l o r i d e 

Figure 1. Tentative overall phase diagram of the ternary 
system di-2-ethyïhexylsulphosuccinate—sodium chloride-
water at 20°C. The concentrations are in weight %. 
Some two- and three-phase zones are not marked for read
ability. Key: Aerosol OT = sodium di-2-ethyïhexylsul-
phosuccinate; Lu L / , L2 = isotropic liquid solution 
phases; D = lamellar liquid crystalline phase; I = vis
cous isotropic cubic phase; F = reversed hexagonal liquid 
crystalline phase; G = three-phase zone Lt + F + 

NaCl(s); G' = two-phase zone F + NaCl(s). 

Figure 2. An attempt to visualize the principles for the phase 
equilibria in the Aerosol OT corner of the phase diagram of 
Figure 1. Units on the axis are distorted for readability. 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



274 COLLOIDAL DISPERSIONS A N D M I C E L L A R BEHAVIOR 

concentration other two- and three-phase zones are entered. The 
saturated brine i s i n equilibrium with sodium chloride crystals 
and the reversed hexagonal phase. In the intermediate region the 
viscous isotropic and reversed hexagonal phases do not separate 
i n pure state, but as dispersions of rather s o l i d consistency. 
The gross appearance of the samples i s very similar but the pha
ses may be distinguished i n the polarizing microscope,by X-ray 
d i f f r a c t i o n , and by the different densities of the phases with 
respect to the separated brine. 

The conditions i n the water corner of the ternary diagram 
are shown i n Figure 3. Above an Aerosol OT content of about 
0.02 % the aqueous solutions have a low capacity for d i s s o l 
ving sodium chloride, i t amounts at most to about 0.02 %. On ex
ceeding that amount one obtains turbid systems that are extremely 
d i f f i c u l t , i f not impossible
when the sodium chlorid
there i s an instantaneous d i v i s i o n into an aqueous sodium chlo
ride solution and another isotropic l i q u i d phase, the previously 
mentioned L 2 phase. 

The exact location of the apexes of the intermediate three-
phase triangle - D - L2 (Figure 3) are d i f f i c u l t to determine 
because the spread of the anal y t i c a l results for the sodium chlo
ride content i s larger than the width of the zone and furthermore 
there i s an additional error i n the determination of the Aerosol 
OT content of the D phase apex. 

The v i s c o s i t y of the lamellar l i q u i d c r y s t a l l i n e phase de
creases on addition of the halide. The region of existence of 
the phase extends to higher contents of water on addition of so
dium chloride, up to 95 % of water. The basic X-ray repeat d i s 
tance remains unaltered for a sample containing the maximum 
amount of sodium chloride compared to one with the same Aerosol 
OT content and no s a l t . (However, specimens from the region con
taining high amounts of water have dimensions 15 nm (150 Â ) , 
which were outside the capability of the present X-ray d i f f r a c 
tion set-up). These findings may be compared with those of Balm-
bra and coworkers (29) for the ternary system of decyltrimethyl-
ammonium decylsulphate, sodium bromide and water. They have simi
l a r l y observed that addition of the halide extends the region of 
existence of the lamellar l i q u i d c r y s t a l l i n e phase towards large 
amounts of water. However, i n their system the addition of the 
halide caused a decrease i n the basic repeat distance. 

The molecular composition at the water-rich end of the i s o 
tropic l i q u i d phase L£ i s 1 mole of Aerosol 0T: 2.8 moles of 
sodium chloride: 600 moles of water while the composition at the 
water-poor end i s about 1:0.275:24. The phase i s i n equilibrium 
with aqueous sodium chloride solutions of concentrations between 
0.17 and 1.4 molar (1-8 %) and with the lamellar l i q u i d c r y s t a l 
line phase D, whose Aerosol 0T content ranges from about 4 to 
70 % while the sodium chloride content i s at most 1 %. At the 
water-poor end the L 2 phase i s i n equilibrium with the op t i c a l 
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Figure 3. The water corner of the phase diagram in 
Figure 1 
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isotropic viscous phase I. The macroscopic appearance of the pha
se L<2 i s a somewhat o i l y l i q u i d with v i s c o s i t y ranging from 
about 4 to 100 cP. The phase also exhibits thixotropic behaviour. 
At high contents of water the phase has a bluish t i n t , which 
suggests that the internal building units i n this part of i t s 
region of existence are rather large. 

Due to the s i m i l a r i t y i n the molecular structure of Aerosol 
OT with that of a short-chain l e c i t h i n , one possible phase 
structure would be of vesicular type. That i s , the building 
units would be "microdroplets" consisting of a bilayer of amphip
h i l e surrounding a polar core of aqueous sodium chloride solu
tion and these microdroplets i n turn being dispersed i n an 
aqueous medium. If the suggestion i s correct i t should be possib
le to obtain information about differences i n the packing of the 
hydrocarbon chains i n the inner and outer parts of the vesicular 
bilayer by NMR studies
for l e c i t h i n vesicles (30). However, attempts have so far f a i l e d 
because the addition of the s h i f t reagent caused the sample to 
separate into two phases. 

Summary 

Addition of sodium chloride to the binary system sodium d i -
2-ethylhexylsulphosuccinate (Aerosol OT) and water causes the 
occurrence of a new phase i n addiiton to those already existing 
i n the system. The new phase has an isotropic l i q u i d structure. 
Its region of existence i s a narrow band running p a r a l l e l with 
the water - Aerosol OT axis of the triangular phase diagram. Its 
content of sodium chloride amounts to about 1.6 %, while the 
content of Aerosol OT ranges from about 3 to 58 % and the content 
of water from about 40 to 95 %. The appearance of the phase i s 
a somewhat o i l y l i q u i d which exhibits thixotropic behaviour. At 
high contents of water the phase has a bluish t i n t . The struc
ture of the c o l l o i d a l aggregates of the phase i s s t i l l not 
established. 
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Introduction 

Regular solutions (including i d e a l solutions and 
athermal s o l u t i o n s ) , electrolyte solutions and regular 
polymer solut i o n s were already fairly well explored (1, 
2, 3). The types of solvents and intermolecular 
forces involved i n these solutions covers wide v a r i e 
ties, namely, from water to hydrocarbon and from 
London d i s p e r s i o n forces to ion-ion i n t e r a c t i o n s . 
Nevertheless, solvent and solute mix randomly i n all 
of these solutions and the theories also assume random 
mixing of components. Such an idealization seems ade
quate i n these s o l u t i o n s , but it is the most simple 
and naive idealization. 

These s o l u t i o n s , however, are rather exceptional 
solutions among so many solutions that we encounter i n 
nature, i n biological systems, i n the process of manu
f a c t u r i n g or i n enviromental problems. Hence, i n our 
opinion, the study on solutions of more so p h i s t i c a t e d , 
delicate and realistic systems i s craved f o r . Most 
striking feature of these solutions may be the disso
lution due to the o r i e n t a t i o n , arrangement and struc
ture formation of solute molecules, which are other
wise practically i n s o l u b l e by random mixing. One typ
ical example i s a m i c e l l a r s o l u t i o n of surfactant, i n 
which surfactant molecules o r i e n t , arrange and form 
micelles. The s o l u t i o n which i s explored i n recent 
two decades applying s o l u t i o n theory (4). The satura -
tion concentration of molecular ( ionic) d i s p e r s i o n i s 
very small, yet the solubility i s unexpectedly large. 
Because, it d i s s o l v e s forming m i c e l l e s . Polymer which 
con s i s t s of h y d r o p h i l i c groups and lypophilic groups 
may d i s s o l v e by o r i e n t a t i o n , rearrangement and struc
ture formation of molecules. This type of dissolution 
seems very important, yet not well explored. 
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It i s with t h i s image that we began t h i s study. 

Experimental 

M a t e r i a l s . P a r t i a l l y saponified p o l y v i n y l acetate 
(PVA-Ac) were obtained from Nihon Gosei Kagaku Kogyo 
Co.. D i l u t e aqueous solutions of PVA-Ac (2-5 wtl) were 
heated and separated into two phases above the cloud 
point. Impurities which i s more water-soluble, such as 
s a l t s , were eliminated by repeated décantation of water 
phase. Then the samples were d r i e d by freeze-drying, 
so that they w i l l more e a s i l y mix with water. PVA-Ac 
fr a c t i o n a t e d by adding water to acetone s o l u t i o n d id 
not show appreciable change i n the phase diagram. 

Extra pure grad
n-butanol, ethyl acetate, D - s o r b i t o l of WaKo Pure Chem
i c a l s Co. were used. KCl was furt h e r p u r i f i e d by re-
c r y s t a l l i z a t i o n three times from water, since i t was 
used as standard s o l u t i o n f o r i s o p i e s t i c vapor pressure 
measurements. 

Procedures » 

Phase diagram. Various amounts of PVA-Ac, water, 
( s a l t or organic compound) were sealed i n ampoules. 
Cloud point were determined by r a i s i n g and lowering 
temperature at a rate of 0.5°C per minute. In the case 
of very d i l u t e s o l u t i o n s , say le s s than 1 w t l , the am
poules were l e f t at constant temperature from several 
hours to 3 days t i l l the p r e c i p i t a t i o n occurred, be
cause i t was d i f f i c u l t to perceive that the s o l u t i o n 
became cloudy. Otherwise the apparent cloud point 
would have decreased with concentration i n i t i a l l y . 

Vapor-pressure measurements. The vapor pressure 
of water i n aqueous solutions of PVA-Ac was determined 
by the i s o p i e s t i c method (5») . A c y l i n d r i c a l glass d i s h 
containing PVA-Ac s o l u t i o n was put on a glass-made sup
porter placed i n a c y l i n d r i c a l , separable glass v e s s e l 
and reference s o l u t i o n was added at the bottom of glass 
v e s s e l . A s e r i e s of such samples was kept i n an a i r 
thermostat i n reduced pressure for two to s i x months 
and the equilibrium concentration was determined by 
weight. KCl solutions were used as reference solutions 

The water a c t i v i t i e s were inte r p o l a t e d from the ac
t i v i t y - c o n c e n t r a t i o n r e l a t i o n given by Robinson and 
Stokes applying Debye-HUckel 1 s formula (2). 

Results and Discussion 
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Phase Diagram of PVA-Ac-H-Q System. PVA-Ac was 
prepared by a l k a l i s a p o n i f i c a t i o n of p o l y v i n y l acetate 
i n aqueous acetone s o l u t i o n . It i s considered that 
PVA-Ac resembles the block copolymers of v i n y l acetate 
v i n y l alcohol (6, 7). In order to be soluble i n water, 
s a p o n i f i c a t i o n cTegree of PVA-Ac has to be more than 72 
I or so. I f the s a p o n i f i c a t i o n degree i s optimum, PVA-
Ac dis s o l v e s i n water at lower temperature over a l l 
composition but s p l i t s into two phases at higher tem
perature. The phase diagram of PVA-Ac-r^O as a func
t i o n of temperature i s shown i n Figure 1. The curve 
ABCD represents the mutual s o l u b i l i t y of water and PVA-
Ac. The shape of the curve as well as the lower c r i t i 
c a l s o l u t i o n temperature implies that the s o l u t i o n i s 
quite nonregular. It i s c l e a r from Figure 1 that the 
l i q u i d - l i q u i d s o l u b i l i t y curve i s a f f e c t e d s e n s i t i v e l y 
to the s a p o n i f i c a t i o n degree, but not to the polymeri
zation degree. Although the s o l u t i o n i s so viscous and 
d i f f i c u l t to d i s s o l v e above 20-25 wtl (without the a i d 
of added a l c o h o l ) , i t i s soluble i n water over a l l com
p o s i t i o n below the cloud p o i n t , ( r e g i o n BC). The solu
t i o n becomes cloudy and s p l i t s into two phases at tem
perature above the cloud point curve. The one i s a po
lymer phase containing a large amount of water, and the 
other i s the water phase containing p r a c t i c a l l y no p o l 
ymer. The water a c t i v i t y of t h i s phase i s close to 
unity as shown l a t e r . The steep slope of BC curve may 
be r e s u l t e d from the d i s t r i b u t i o n of the s a p o n i f i c a t i o n 
degree of polymers. 

The s o l u b i l i t y of polymer i n water phase i s con
v e n t i o n a l l y shown by 

In a 2 = In Φ2 + Φ χ ( 1 - ν 2 / ν χ ) + V^B'/RT (1) 

On the other hand, the s o l u b i l i t y of water i n polymer 
phase i s conventionally shown by 

In a x = In Φ χ + Φ 2(1 - V 1/V 2) + V^B'/RT (2) 

where a i s the r e l a t i v e a c t i v i t y , V. the molecular v o l 
ume of respective component i n s o l u t i o n , Φ- the volume 
f r a c t i o n and B f the enthalpy of s o l u t i o n per u n i t v o l 
ume (3). It i s expected from Equation (1) that the 
s o l u b i l i t y of polymer may be very small, because the 
molecular volume V 2 and therefore the heat of s o l u t i o n 
of polymer i s very large. Inversely, the molar volume 
of solvent V-, i s so small that water d i s s o l v e i n f i n i t e 
l y i n polymer, provided the heat of s o l u t i o n per mole 
i s smaller than *RT. 

The cloud point curve BC i n t e r s e c t s to the solu-

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



20. KUNiEDA A N D SHiNODA Wat er-Soluble Polymers 281 

b i l i t y curve AB. S i m i l a r d i s c o n t i n u i t y i n s o l u b i l i t y 
curve i s observed i n nonionic surfactant-water system 
(8, 11). In the case of polymer, curve AB approaches 
to tEe water axis much c l o s e r than nonionic sur fac tant 
s o l u t i o n , because polymer does not d i s s o c i a t e in to 
small molecules . Whereas the s a t u r a t i o n concentra t ion 
of sur fac tant phase i s equal to the s a t u r a t i o n concent
r a t i o n of s i n g l e molecules . The s o l u b i l i t y of water i n 
polymer phase i s large (99.99 mole! or 76 wtl ) a lready 
at po in t C. The d i s s o l u t i o n of water in to polymer pro
ceeds with temperature depress ion due to the increase 
of i c e -berg formation and hydrat ion of water surround
ing so lute molecule , and f i n a l l y water and polymer mix 
each other completely below the temperature at B. The 
schematic diagram of
which cons i s t s of h y d r o p h i l i c and l y p o p h i l i c groups, i n 
water i s shown i n F igure 2. It i s considered that wa
ter d i s so lve s i n f i n i t e l y in to polymer phase and pseudo-
phase i n v e r s i o n occurs i n polymer phase. I f i t hap
pens, water becomes continuous phase. Polymer mole
cules w i l l o r i e n t , rearrange so as to decrease the free 
energy of mix ing . This phenomena i s ak in to the m i c e l -
l a r d i s s o l u t i o n of sur fac tant due to the increase of 
water s o l u b i l i t y into nonionic sur fac tant phase at low 
temperature (11). I f the s a p o n i f i c a t i o n degree of PVA-
Ac i s smal l er , i . e . , l ess h y d r o p h i l i c , the curve BC 
w i l l s h i f t to lower temperature and CD curve w i l l s h i f t 
to higher concentra t ion , because the hydrat ion of water 
per u n i t weight of polymer w i l l decrease. Only swe l l 
ing of water i n polymer may occur below a c e r t a i n sa
p o n i f i c a t i o n degree (y70 I ) , and i n s o l u b l e i n water. 
Although molecules are aggregated to m i c e l l e s by phys
i c a l bond i n the case of s u r f a c t a n t , and monomers are 
connected by covalent bond i n polymer, the mechanism 
of d i s s o l u t i o n i n water i s s i m i l a r . Important cond i 
t ions for complete d i s s o l u t i o n of these substances are 
1) the f i n i t e aggregation of these molecules i n water 
and 2) i n f i n i t e mixing with water. 

R e l a t i v e A c t i v i t y of Water i n PVA-Ac-H^O System. 
The r e l a t i v e a c t i v i t y of water i n aqueous s o l u t i o n of 
PVA-Ac ( s a p o n i f i c a t i o n degree 75.6 %, po lymer iza t ion 
degree 2200) at 25 °C i s p l o t t e d i n F igure 3. Because 
of the large molecular weight, polymer s o l u t i o n whose 
weight per cent ranges from 0 to 50 wtl corresponds to 
0 - 0.00015 i n mole f r a c t i o n u n i t . The dotted l i n e ex
presses the r e l a t i v e a c t i v i t y of water i n i d e a l d i l u t e 
s o l u t i o n . The curve represents the r e l a t i v e a c t i v i t y 
of water determined by i s o p i e s t i c method. The r e l a t i v e 
a c t i v i t y of water i s p r a c t i c a l l y equal to 1 up to 40 
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Figure 1. Phase diagram of PVA-Ac-H20 as 
functions of temperature, saponification degree 
(D.S.), and polymerization degree (D.P.). Ç): 
O.P. 2200, 80% saponified. Φ: O.P. 2200, 75.6% 
saponified. Q: O.P. 1200, 75.1% saponified. 

O: D.P. 550, 74.1% saponified. 

HzO Polymer 

tfU ^ 

Figure 2. Schematic of dissolution process 
of polymer in water consisting of hydrophilic 

and lypophilic groups 
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wtl s o l u t i o n , i . e . , deviate to p o s i t i v e side from that 
of i d e a l s o l u t i o n . Applying Gibbs-Duhem equation, 

^ ί 1 ^ 1 ) + χ 2 ( τ ΐ τ 2 ) = 0 ( 3 ) 

we know that the a c t i v i t y of polymer also does not 
change with concentration. The r e l a t i v e a c t i v i t y of 
water decreases r a p i d l y above 40 wt% s o l u t i o n . It can 
be concluded from t h i s r e s u l t that the s o l u t i o n i s akin 
to two phase mixture of pure water and water swollen 
polymer phase. Hence, we know one phase s o l u t i o n below 
the cloud point (25 C) and two phase s o l u t i o n above 
the cloud point (60 °C) i n Figure 1 resemble each other 
thermodynamically, but not o p t i c a l l y . The d i f f e r e n c e 
between two states i
gates i n f i n i t e l y above the cloud point, whereas the 
aggregation i s f i n i t e below the cloud point. The mutu
a l s o l u b i l i t y of l i q u i d s i n ordinary s o l u t i o n changes, 
gradually with temperature. On the contrary, polymer 
(PVA-Ac) i s p r a c t i c a l l y i n s o l u b l e i n water above the 
cloud point, but i t mixes with water over a l l composi
t i o n s l i g h t l y below the cloud point. It i s concluded 
that the change from the complete s o l u b i l i t y to i n s o l 
u b i l i t y with the small change of temperature i s charac
t e r i s t i c to polymers. Similar phenomenon can be ob
served also to the minute change i n h y d r o p h i l i c - l y p o -
p h i l i c balance of polymer molecules, because the cloud 
point of PVA-Ac i s moved to higher or lower temperature 
depending on the s a p o n i f i c a t i o n degree. It i s also de
pressed or r a i s e d i n the presence of t h i r d substances. 
The e f f e c t of added inorganic s a l t s and organic addi
t i v e s on the cloud point of 2 wtl aqueous s o l u t i o n of 
PVA-Ac ( s a p o n i f i c a t i o n degree 75.6 % and polymerization 
degree 2200) i s shown i n Figures 4 and 5. The trends 
of the change of cloud point i n PVA-Ac s o l u t i o n i s 
s i m i l a r to those i n aqueous s o l u t i o n of nonionic sur
factant (12). It i s then concluded that the change 
from complete s o l u b i l i t y to i n s o l u b i l i t y of polymer 
with water may occur by the a d d i t i o n of t h i r d sub
stances at a constant temperature. Complete i n s o l u b i l 
i t y and s o l u b i l i t y are important, because b i o l o g i c a l 
t i s s u e has to be f a i r l y h y d r o p h i l i c and yet completely 
i n s o l u b l e . 

Conditions of the Complete D i s s o l u t i o n of Water-
Soluble PolymefsT In the process of the d i s s o l u t i o n 
of a water-soluble polymer, many fac t o r s come into 
play. 
1. L i q u i d state of polymer i n the presence of solvent. 

D i s s o l u t i o n of polymer with solvent i s , i n r e a l i -
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Figure 5. Effect of organic additives on the cloud 
point of 2 wt % aqueous solution of PVA-Ac (saponi
fication degree, 75.6%; polymerization degree, 2200) 
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ty the d i s s o l u t i o n of solvent into polymer, because the 
s o l u b i l i t y of polymer i n solvent i s n e g l i g i b l y small. 
It i s necessary that a polymer i s i n a l i q u i d state i n 
the presence of solvent, so that solvent can mix with 
polymer. 
2. Linear molecule. 

If a polymer i s three dimensional i t w i l l swell 
solvent, but the swelling does not proceeds i n f i n i t e l y . 
3. F l e x i b l e molecular str u c t u r e . 

Polymers which possess both h y d r o p h i l i c and lypo-
p h i l i c groups have to o r i e n t and rearrange so as to de
crease the energy of mixing with water. In t h i s con
text block polymer may be preferable.. Enthalpy of 
mixing, V,B f, has to be smaller than *RT. 
4. Hydrophile-Lipophile Balance (HLBJ and Pseudo-Phase 
Inversion. 

The most important f a c t o r i n the process of disso
l u t i o n of water-soluble polymer seems to be 1) the 
swelling of solvent i n polymer and 2) in v e r s i o n of the 
continuous medium from polymer to water. This means 
that i n the f i r s t instance the polymer i s the continu
ous medium, but i n the next step the water-soluble p o l 
ymer molecules o r i e n t themselves so as to decrease the 
energy of mixing, h y d r o p h i l i c groups being oriented 
outside and hydrophobic groups inside and f i n a l l y water 
becomes the continuous medium due to the increase of 
d i s s o l v e d water. Once t h i s pseudo-phase in v e r s i o n oc
curs i n the polymer phase, both phase may e a s i l y mix. 
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Thermodynamic Aspects of the Mixing of Mono
-Amides and Poly-Peptides with Water 

P. ASSARSSON, Ν. Y. CHEN, and F. R. EIRICH 

Department of Chemistry, Polytechnic Institute of New York, Brooklyn, N.Y. 11201 

Introduction, Review of Earlier Work, and Experimental 

The solvation of amides is a subject of considerable inter
est partly because of the wide use of the low molecular weight 
members as solvents for organic and inorganic compounds, and also 
because the higher members can be considered as models for the 
physical properties and solution functions of the peptide bond in 
polypeptides and proteins. We studied the interaction of water 
with p-(vinyl pyrrolidone) PVP) and of alkyl-substituted simple 
amides several years ago and some of the main results were 
subsequently published (1). In the following we wish to report 
on a number of yet unpublished data and, further, on new work on 
the heats of mixing of three amino acids, glycine (gly), proline 
(pro), and hydroxyproline (hypro) and some of their polymers and 
copolymers. 

The compounds in question are shown on Figure 1. It is 
interesting to note that N-acetamide, with an endothermic heat 
of solution, is only partially soluble in water.  A l l other 
amides studied are miscible with water in all proportions, three 
to four carbons in the alkyl groups being the upper limit for 
complete solubility ( 2 .3 ) . One may conclude that the breaking of 
inter amide polar bonds in the bulk phase and the forming of 
hydrogen bonds between amide dipoles and water are the predomi
nant features governing this solubility pattern. The preference 
of the amide group in N-methyl acetamide to associate preferen
t i a l l y with water rather than with itself has been proven by 
spectroscopic investigation in the near infrared by following 
the N-H absorption band in the 1.5 micron region (4). Also 
likely to be pertinent for the solvation pattern is the fact that 
the atomic coordinates for the amide bond as investigated by 
Pauling (5) and confirmed by x-rays, shows the atoms to lie 
practically planar, and the N-C bond to have a partial double 
bond character. 

Our substituted, and in particular the di-substituted, 
amides were studied over the whole range of concentration in 
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water by measuring the absolute viscosities of the solutions, 
their density and volume changes, the heats of mixing and the 
heat capacities by micro-calorimetry, and the phase diagrams by 
further following the freezing point depressions. Supplementary 
infrared and NMR spectroscopic data were also obtained, but will 
not be discussed in this context. 

Figures 2, 3, and 4 show some representative data obtained 
for the substituted amides. In general, di-substitution leads 
to higher exothermic heats of mixing than mono-substitution, 
while increasing length of the carbon alkyl chains causes the 
heat of mixing to become less negative. We concluded from these 
data that a definite molecular interaction exists between the 
peptide dipole and water. 

The common feature among the amides and pyrrolidones inves
tigated, see Figures 1-4, is the evidence, from thermodynamic 
and viscosity data, that two molecules of water are being bound 
per^NGO-group. The logical sites for this association through 
hydrogen bonding are the unshared electron pairs of the carbonyl 
oxygen, a postulate which is in line with a l l spectroscopic 
studies and NMR data on the reactivity of the amide group (£)· 
Even the fully substituted amides appear to be able, to some 
degree, to hold a third water molecule in the immediate solva
tion sphere by less energetic interaction with the unshared elec
trons of the nitrogen. The fact that one does not find evidence 
of a third water molecule associated with the N-substituted 
pyrrolidones is probably caused by the special geometry of the 
ring which leads also to the greater densities of these compounds. 
It is not possible, on the basis of known bond angles and bond 
distances of the water molecule, to say whether the two water 
molecules which are postulated to be hydrogen-bonded to the 
carbonyl might join into a ring structure. 

Heat Capacities and Thermodynamic Functions 

a Mono-Amides. We would like to report now briefly on the 
heat capacities and partial excess thermodynamic functions of 
water in the same substituted amides obtained from freezing point 
depressions (2£F x c e e f l) calorimetry ( Δ Η ). Two typical 
diagrams obtained are shown in Figures 5.anS 6. It is seen that 
the free energies change very l i t t l e up to about 85 mole % of 
water (15 mole % of the amide), whereas the heats of mixing 
become increasingly negative over the same range. We have not 
followed the heats of mixing over the whole range, but qualita
tive evidence indicates that they remain negative. It is inter
esting that the entropy changes are also negative, so that some 
amount of the binding which was evidenced by the phase diagrams, 
or at least ordering, of water, is likely to extend into the 
higher dilutions of the amides in water. 

Of particular interest are the data for the changes in heat 
capacities which we obtained over the whole range of compositions, 
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VISCOSITY AT 25°C 
PHASE DIAGRAM 

ΔΗ MIX DENSITY AT 25°C 
HEAT OF MIXING 
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Figure 3. The a) (top) N-methylacetamide and the b) (bottom) Ν,Ν-dimethylacetamide-
water systems 
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see Figure 7. We interpret the many interesting features of the 
plots as follows: we make the assumption that the heat capacities 
of a mixture of molecules (partly due to the intramolecular 
degrees of freedom and partly to the vibrational and transla-
tional degrees of freedom of the molecules in the mixtures as a 
whole) are additive unless the external degrees of freedom are 
changed by non-ideal grouping or pairing of the mixing molecules* 
The straight lines connecting the heat capacity values of the 
pure amides, on the left side, with the heat capacity of pure 
water, on the right hand side, are drawn to represent such an 
ideality. In fact, N-Methyl acetamide, not shown here, exhibits 
such a linear relation up to 67 mole % of water. Strong devia
tions and changes in directions of the real heat capacity curves 
from this "ideality" should, therefore, indicate non-average 
changes in the arrangement and packing of the molecules in the 
mixture. Positive deviation
from a rise in the number of molecules which are capable of in
creasing the numbers of their intermolecular degrees of freedom. 
In the mixtures under investigation we deduce that primarily the 
inter-molecular degrees of freedom of vibration and rotation, but 
not of translation, are increased, since we find that the densi
ties of the mixtures rise less, while the viscosities rise more, 
than ideally. 

Specifically, we see on Figure 7 that the f i r s t introduction 
of water up to a molar ratio of 1:4 into the partly polar, partly 
hydrocarbon, moiety of the pure amides changes the liequid struc
ture only to a minor degree. From this point, the number of the 
molecules per volume acquiring previously inactive degrees of 
freedom, i.e. amides as well as the introduced water, rises sub
stantially up to a mole ratio of about 1:1. From there, the heat 
capacity s t i l l stays in excess of additivity, though slightly 
declining, until a mole ratio of 3 molecules of water to 2 amides 
is reached. 

We interpret the deviations up to this 3:2 ratio as being 
the result f i r s t of a breakup of amide association by the water, 
followed by hydrogen bonding up to 1 molecule of water per amide. 
At s t i l l higher amounts of water and consequent Η-bonding, the 
excess heat capacity declines further, with a striking jump 
around the 20:1 ratio of water to amide. This signifies most 
likely the beginning of the formation of the regular water struc
ture or, coming from the side of pure water, the completion of 
the breakdown of the water structure by the amide (7). In most 
studies of amide or peptide solutions in water in the literature 
i t is this range of concentrations which has been covered. Mix
tures near the 1:1 ratio have not been studied. Yet, in some 
biological systems in which we know that bound water is an 
essential part of the native conformations, this may be the very 
range of importance. Another aspect which we would like to 
emphasize is that the coincidence of breaks, or maxima, in the 
mixing functions for a variety of substituted amides at 67% of 
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water, indicates a returning form of interaction between the 
amide group and water, somewhat modified by the substiuents on 
the nitrogen or on the alpha carbon, consisting of coupling 2 
water molecules per substituted peptide bond. 

b Poly-Amides. In unsubstituted amino acids, and in parti
cular in polypeptides, the hydrogen of the amide group w i l l , of 
course, participate in bonding to other peptide groups and to 
water. We have extended our studies, at f i r s t , to the three 
mentioned amino acids gly, pro, and hypro, and to some of their 
homo-oligomers and polymer and copolymers. N-substituted gly
cines were also studied by means of viscosity, density, and 
freezing point measurements. While this work is s t i l l in pro
gress, we want to report here on some heat of mixing data 
obtained by a calorimeter with a precision of better than 1/100 
of a degree. In conjunction with the heat capacity of the instru
ment, this amounts to a precision of about 0.2 cal. Because of 
the rather low solubility of some of the oligomers and polymers, 
low number average molecular weights from about 4,000 to 9,000 
were used so that the polymers would dissolve in a sufficiently 
short period of time commensurate with the heat insulation of 
the instrument, and in sufficient amounts to yield data within 
the limits of our precision. The monomer concentrations up to 
about 4%, and of the polymers up to approximately 1% in water 
were studied. Based on an average amino acid molecular weight, 
the solutions were therefore approximately 1/1000 molar in amino 
acid residues. The polymer molecular weights were determined by 
osmometry and the composition of the copolymers by optical rota
tion analysis. 

Among other basic difficulties encountered were the unknown 
degrees of crystallinity of the monomeric samples undergoing 
solution, (the polymers were found to be non-crystalline by x-ray 
and birefringence analysis), which caused endothermic solution 
enthalpies which varied with the state of crystallinity. We 
instituted therefore dilution studies in which we extrapolate to 
zero water, a method which yields also the heats of fusion for 
which we can not find data in the literature. At this moment 
we want to report qualitatively that the heats of mixing of the 
simple amino acids are less negative than those of the d i -
substituted amides, and that heat of fusion for the three amino 
acids gly, pro, hypro are of the order of 3,000-4,000 cal. 

Figures 8 and 9 show the heats of mixing of two of the homo-
polymers, pro and hypro. The polymer of gly is too insoluble to 
obtain data. The Figures show also curves of copolymers of pro
line and glycine, of hydroxyproline and glycine, of proline and 
hydroxyproline, and a terpolymer of gly-pro-hypro at the approxi
mate mole ratio of 3:4:5. The most important results are that 
a l l the heats of mixing are negative, substantially more so than 
those expected for the monomers once they will be fully 
evaluated. From data not here presented there is l i t t l e effect 
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of molecular weights in our molecular weight range. The heats 
of mixing for these unsubstituted polypeptide groups are also 
substantially more negative than those for the N-substituted 
peptides. 

Discussion 

By and large, during the introduction of dry, unsubstituted, 
polypeptides into water three factors w i l l affect the heat of 
mixing: the disruption of the inter-peptide forces, the disrup
tion of the water structure, and the rebuilding of a different 
water structure around the solute. In the light of our earlier 
solvation studies on peptides the exchange of bulk hydrogen 
bonding to heterogeneous Η-bonding, i.e., from the Α-A to the 
A-B type, should not make a major difference. The increased 
negativity of the enthalpie
restructuring of water in the sense of iceberg formation which 
is well known to be the cause of the negative heats of mixing 
of the short chain alcohols (§)· 

The finding that the heat of mixing of polypro is substan
t i a l l y more negative than that of polyhypro is surprising in 
view of the hydrogen bonding to be expected between water and the 
hydroxy groups of the hypro. Again, one might explain this in 
terms of the rough equivalence of exchanging Α-A by A-E hydrogen 
bond, and in terms of the more extensive hydrophobic bonding and 
structuring of water around polyproline. Another possibility 
would be differences in the polypeptide conformations (9,10). A 
more t r i v i a l factor may be that not a l l of the protective acetyl 
groups on hypro were removed. 

Looking at the copolymers between gly and pro, Figure 8, we 
see that the heats of mixing are a l l less negative than for 
polypro. The close likeness of the proportions of the monomer 
feed in the reaction mixture to the monomer residue ratio in 
the polymer indicates an approximately random distribution, or 
at least the formation of blocks or of periodicities of similar 
length. Thus, the decrease in the negative heats of mixing for 
increasing gly proportions in the glypro copolymer indicates 
less hydrophobic bonding to this polypeptide. In polyglycine, 
as stated, the absence of nonpolar groups together with high 
chain regularity leads to a high heat of fusion which prevents 
polymer solution. For the prohypro copolymers, Figure 9, the 
heats of mixing l i e approximately between the curves for the 
homopolymers, so that no new factors seem to enter in the 
solvation behavior of these copolymers. Unexpectedly, though, 
the copolymer of glyhypro shows a more negative enthalpy than 
polyhypro, in contrast to the effect of the gly-component in 
the gly-pro copolymer. 
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Summary 

Our data on the thermodynamics of mixing of N-substituted 
amides with water confirm our earlier conclusion (1) of a strong 
binding of two water molecules to di-N-substituted amides, with 
a third more lightly bonded. This indicates that the carbonyl 
group is capable of holding two water molecules by H-bonding, 
the third presumably being attached to the nitrogen. Applying 
this conclusion to N-substituted amides or peptides, these 
should also be solvated by an inner shell of three water mole
cules. In dilute solution, according to our heat capacity data, 
these simple amides affect approximately 15 water molecules in 
an outer zone. Since, in the competition between inter-peptide 
and peptide-water forces, the latter appear to be substantially 
favored, the water molecule
ratio. For unsubstituted polymeric peptides, the regular array 
of hydrogen bonds along the polymeric molecules favors the inter-
pep tide Η-bonding, as indicated by the low solubilities of many 
unsubstituted polypeptides. For the polypeptides of the pro-, 
hypro-, and gly- series here studied, we find great exothermicity 
and therefore more extensive hydrogen bonding and formation of 
water structures than those accompanying the solution of simpler 
peptides and amides. 
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Equilibrium Dialysis and Viscometric Studies on the 
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Introduction 

Ever since the discovery of Kuhn and coworkers (1) i n 1940 
that certa in cat ionic soaps exert powerful d i s in fec t ing act ion on 
bac ter ia , presumably owing to t h e i r combining capacity with the 
cell prote in and that t h e i r action i s proport ional to t h e i r sur
face activity, chemists have evinced keen interest i n studying 
the ro le of synthetic detergents i n b i o l o g i c a l systems and pro
cesses. Recent studies have shown that the nonionic polysorbate 
80 causes a d isrupt ion of the membrane structure (2) and the non
ionic Tr i ton X-100 exerts a s imi lar effect on lysosomes, mito
chondria, and erythrocytes (3,4) . The s o l u b i l i z i n g act ion of 
detergents on cholesterol has been reported to check the develop
ment of atheroma (5). The formation of bile salt-monoglyceride 
mixed micel les has been shown to be a s ign i f i cant factor in lipid 
absorption (6). In view of the important ro le played by the syn
thet ic detergents i n various metabolic processes and t h e i r ever
-growing use i n the food and pharmaceutical indus tr ie s , the need 
to develop a knowledge of t h e i r b i o l o g i c a l effects acquires great 
s ignif icance providing enough justification for carrying out sys
tematic studies on the chemical in teract ion of detergents with 
b i o l o g i c a l effects acquires great s ignif icance providing enough 
justification for carrying out systematic studies on the chemical 
in teract ion of detergents with b i o l o g i c a l substances. In the 
present communication we have discussed the resu l t s of our in
vestigations on some protein-detergent systems employing e q u i l 
ibrium dialysis and viscometric techniques. Substituted pro
t e ins , viz., p-toluene sulphonylated ge la t in (hereafter ca l l ed 
TSG) and iodinated casein (hereafter ca l l ed IC) were used for 
the equi l ibrium dialysis studies which provided evidence for t h e i r 
statistical binding with the anionic detergents: sodium dodecyl 
sulphate (hereafter ca l l ed SDS) and sodium octy l sulphate 
(hereafter ca l l ed (S0S). The viscometric studies were made with 

299 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



300 COLLOIDAL DISPERSIONS AND MICELLAR BEHAVIOR 

ovalbumin (hereafter called OV), a globular protein, and trans
fusion gelatin (hereafter called TG), a f i b r i l l a r protein with 
the anionic detergent sodium lauryl sulphate (hereafter called 
(SLS) and the cat ionic detergent cetylpyridinium bromide (here
after called CPB) with a view to gain an insight into the nature 
of particle-particle interaction. 

Experimental 

Materials (a) Proteins, p-toluene sulphonylated gelatin 
was prepared by adding p-toluene sulphonyl chloride (lOg) in 
small lots to a solution of gelatin (30g) made alkaline (pH 11) 
with potassium hydroxide and maintaining the pH throughout at 
this value by the occasional addition of the a lka l i . The re
action mixture was stirred for 3 hours and then centrifuged. 
The centrifugate was acidifie
was 3.5 when a white coagulum formed. This was separated and 
cut into small pieces which were subjected to prolonged washing 
with cold methyl alchol ( l l i t re ) in a continous extractor for 
a week when a chloride free product was obtained. It was dried 
in vacuo and ground to a powder. Its sulphur content was found 
to be 1.985$. Iodinated casein was prepared by adding chlora-
mine-T (6g) in small lots to a solution of cow1 s whole milk case
in (20g) in water (800ml) containing dissolved sodium bicarbonate 
(6g) and potassium iodide (2.5g). The reaction mixture was 
stirred for an hour and the protein precipitated at pH 3.8 by the 
addition of hydrochloric acid. The curd was subjected several 
times to dissolution in dilute sodium hydroxide and precipitated 
with hydrochloric acid unti l the inorganic iodide was completely 
removed. The product was dried at 80°C. It was found to contain 
1.13% of iodine. Ovalbumin was prepared from egg white according 
to the procedure of S^rensen and H^yrup (j) by extraction with a 
saturated ammonium sulphate solution and crystallizing at a pH of 
about h.6 brought down by adding 0.2N sulphuric acid. Trans
fusion gelatin was obtained through the courtesy of the Director, 
National Chemical Laboratory, Poona, India in the form of 6% so
lution. 

(b) Detergents. A l l the four detergents (SDS, SOS, SLS, and 
CPB) were British Drug House products. These were further puri 
fied by recrystallization from acetone. 

Preparation of solutions. Solutions of TSG and IC were pre
pared by soaking the protein in doubly d is t i l l ed water for sev
eral hours and then st irring the mixture mechanically after add
ing a known amount of 0.1 Μ KOH to bring the pH to 6 .5 . Concen
trations of these solutions were determined by drying a known 
aliquot to constant weight in an air oven at 105°C and applying 
the correction for potassium hydroxide to get the absolute weight 
of the protein. Ovalbumin solution was prepared by shaking i t 
with water at room temperature. The solutions of ovalbumin and 
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transfusion gelatin were purified "by dialysis and the concentra
tions of the dialysed solutions determined "by drying a known vol
ume at 105-U0°C to constant weight in an air oven. 

Procedure for equilibrium dialysis. 20 ml aliquot s of the 
protein-detergent mixture in which the concentrations of SDS and 
SOS varied from 0.2X10"3M to 20.0x10"% at a fixed cone. (6x10 
~5g) of the protein were made "by mixing requisite volumes of 6% 
protein, 0.05M detergent, and d is t i l l ed water, and "brought up to 
the desired pH. These were stored for two days at 2 5 ° C 5 ml por
tion from each aliquot was then pipetted into dialysis bags made 
from 15cm long strips of Visking Nojax sausage casing (l.8cm in 
diameter), freed from sulphur by repeated boiling with d i s t i l l ed 
water, by tying a square knot on one end. Most of the air inside 
the bags was forced out b
two overhead knots, one abov
suspended in a test tube containing 5 ml of double dis t i l led 
water brought up to the same pH, which was then stoppered. The 
tubes were placed in a stand supported inside a water thermostat 
and gently shaken for k8 hours by means of an electrical shaker. 
The dialysis bags were then withdrawn fromthe test tubes and the 
amount of the detergent present in the dialysate was estimated 
spectrophotometrically using the cationic dye pararosaniline 
hydrochloride. 
To 1 ml solution of pararosaniline hydrochloride (1x10 M) was 
added an appropriate volume of the test solution (not exceeding 
k ml). The total volume was made up to 5 ml with dis t i l led 
water. 5 ml of a mixed solvent (equal volumes of chloroform and 
ethyl acetate) were added and the solution shaken manually about 
50 times. It was then centrifuged for about a minute at 5000 
r.p.m. , for complete separation of the organic and aqueous 
phases, the former containing the coloured complex at the bottom. 
Its spectral absorption was measured on Klett Summersion Photo
electric Colorimeter using green f i l t er against a reference tube 
f i l l ed with the solvent. 

Procedure for viscometric studies. Three sets of protein-
detergent aliquots of 20 ml each were prepared for viscosity 
measurements as given below: (i) In the f irst set, the protein 
concentration was fixed (0.5$) while the concentration of the 
detergent varied from 2-50 millimoles per l i t r e . The viscosities 
of the aliquots of this set were measured at pH 2.0 , 3.0, 6.0 and 
8.0 in the case of anionic detergent-protein system and at pH 
2.0, 3 .0, 8.0 and 9-0 in the case of cationic detergent-protein 
system. ( i i ) In the second set, the concentration of the protein 
was varied, from 0.8% to l.k% in the case of 0Y and from 0.6% to 
1.2% in the case of TG using the same concentrations of detergent 
solutions. Viscosity measurements were made at pH 8.0 for the 
anionic detergent-protein system and at pH 3.0 for the cationic 
detergent-pirotein system, ( i i i ) The third set consisted of sol-
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utions having di f ferent protein-detergent r a t i o s . Viscosity-
measurements were made at pH 8.0. The v i s c o s i t i e s were measured 
by Scarpa's method as modified by Prasad et a l . ( 8 ) . The v i s c o -
metric constant, k, was calculated from the experimentally deter
mined values of t^ and t 2 , the time of r i s e and the time of f a l l 
respec t ive ly , for a given volume of solut ion under constant pres
sure (for double d i s t i l l e d water). The v i s c o s i t y , T| , of the 
solut ion i s re la ted to ti and to under constant pressure as 

The v i s c o s i t y of the test solut ion was determined by f inding t]_ 
and t2 for a known volume of solut ion (20ml). A l l measurements 
were c a r r i e d out at 30 + 0 . 1 ° C in a thermostatic water bath. 

Calculat ions 

( i ) Equi l ibr ium D i a l y s i s . The extent of binding was c a l c u 
lated by K l o t z 1 s equation (9): 

V €s 
where € app i s the apparent molar ext inct ion c o e f f i c i e n t , *S the 
molar ext inct ion coef f ic ient of the bound d e t e r g e n t t h e 
molar ext inct ion coef f i c i ent of free detergent and oi i s the f r a c 
t i o n of the free detergent. The value of Vm, the number of moles 
of the detergent bound per mole of p r o t e i n , i s given by the ex
pression : 

V m = A p / P t 

where Ap i s the number of moles of prote in bound detergent and Pt 
i s the t o t a l number of prote in molecules. 

( i i ) V i s c o s i t y . The i n t r i n s i c v i s c o s i t y , [Ή] 9 at d i f ferent 
detergent concentration was obtained by p l o t t i n g 7J Sp/c vs c. 
( 7?Sp i s the spec i f ic v i s c o s i t y and c the cone, o f the prote in 
i n *g/ml) and extrapolatt ing the curves to zero concentration. 
The in teract ion index k, was ca lculated using Kramer's equation 
which has been found to be v a l i d for such systems over a wide 
range of concentrations. The equation i s 

In 7 j r e l / c = [17] - k [ T 7 ] 2

c 

where1 ^ r e l 1 i s the r e l a t i v e v i s c o s i t y . 
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Results and Discussion 

Equi l ibr ium d i a l y s i s studies. Typica l data for the binding 
of SDS -with TSG and of SDS with IC are given i n Table I and I I . 
Typica l curves for the plots of Vm vs log C p and plots of l/\ vs 
1/C are given in Figures 1, 2 and 3. Values of V m obtained from 
extrapolation are given i n Table I I I . The course of binding of 
SDS and SOS with p-toluene sulphonylated ge la t in and iodinated 
casein as the detergent i s added in progress ively increasing con
centration to a f ixed amount of the protein at de f in i t e values of 
pH (7.7 and 9.5) has been followed by p l o t t i n g the average number 
of moles of the detergent bound per 10*g pro te in , V m , against the 
log of concentration of the unbound detergent, log Op (Figure l ) . 
The general shape of the curves obtained with d i f ferent detergent 
prote in combinations at d i f feren
amination of the p lots o
the mode of binding of the surface act ive molecules to the pro
t e i n varies i n three d i s t i n c t patterns as the concentration of the 
former i s gradually increased. These patterns of binding have 
been roughly demarcated by d iv id ing the plots into three regions 
A , B , and C , with a view to f a c i l i t a t i n g a better appreciation of 
the mechanism of detergent-protein interact ion at various stages. 
In the region A , which i s the region of r e l a t i v e l y high propor
t i o n of prote in to detergent, the p lot of V m vs l og Cp follows a 
l inear course. This i s ind ica t ive of a more or less s t a t i s t i c a l 
d i s t r i b u t i o n of the detergent over the ent ire avai lable prote in 
molecules i n t h i s region. Similar observations have been r e 
ported by Klotz et a l . (9) i n dye-protein in terac t ion . The ap
p l i c a b i l i t y of the simple s t a t i s t i c a l theory in the present 
studies may be eas i l y tested by p l o t t i n g l / V m against 1/Cp 
(Figure 2, 3) when a plot i s obtained which i s l i n e a r up to a 
certa in l i m i t . The values of the rec iproca l of the intercepts on 
the ordinate obtained after extrapolations of the s traight l ines 
with various detergent-protein combinations are given i n T a b l e l l l . 
These values represent the maximum number of binding s i tes a v a i l 
able , i . e . , t h e max.values of V m , i n th is region. Beyond the region 
A,the course of the p lots of V m vs log Cp sharply deviates from 
the i n i t i a l l inear course i n the d i rec t i on of higher values of V m , 
r e f l e c t i n g a d i s t i n c t change i n the mode of binding which no long
er appears to be wholly s t a t i s t i c a l . It i s reasonable to assume 
that after combination with the number of moles of detergent as a 
maximum for s t a t i s t i c a l binding (vide Table III) , a large number 
of ions get bound es sent ia l ly as a u n i t . Possibly af ter occupying 
the read i ly accessible s i tes (basic groups) on the surface of the 
prote in molecule,the extra detergent molecules penetrate the or 
i g i n a l t i g h t l y folded prote in molecule causing i t to undergo a 
change i n phys ica l organization i n which form i t offers h i ther -
tofore inaccess ible s i tes for combination and, therefore, exhi
b i t s greater binding capacity for the detergent. With the 
s t ruc tura l disordering of the prote in molecule, the potent ia l 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



T
ab

le
 I

. 
B

in
di

ng
 o

f 
So

di
um

 D
od

ec
yl

 S
ul

ph
at

e 
(S

D
S)

 w
it

h 
p-

T
ol

ue
ne

 
Su

lp
ho

ny
la

te
d 

ge
la

ti
n 

(T
SG

). 
pH

 =
 7

.7
; 

C
on

e,
 o

f 
TS

G
 =

 6
xl

0-
5g

; 
T

em
pe

ra
tu

re
 »

 2
5 

+ 
0.

1°
C

; 
P

er
io

d 
of

 
eq

ui
l.=

l+
8 

ho
ur

s 

C
on

e,
 

of
 

SD
S 

C
on

e,
 o

f 
fr

ee
 

C
on

e,
 

of
 

ho
un

d 
M

ol
es

 S
D

S 
ho

un
d 

lo
g 

C
p 

l/
V

m
 

1̂
 x

lO
5 

(C
) 

xl
O

~5M
 

SD
S(

C
F
) 

X
10

-5
M

 
SD

S(
C

g)
 x

lO
^M

 
pe

r 
lO

^g
 

T
SG

,V
m
 

C
p 

20
 

12
 

8 
1.

33
 

¥.
07
92
 

0.
75
 

0.
08
33
 

30
 

18
 

12
 

2.
0 

1.
25
53
 

0.
50
 

0.
05
55
 

1̂0
 

26
 

16
 

2.
66
 

ΐ.
38
02
 

0.
37
5 

0.
01
+1
7 

60
 

36
 

2k
 

1+.
0 

ΐ.
55
63
 

0.
25
 

0.
02
73
 

80
 

51
.5
 

28
.5
 

k.
75

 
ΐ.
71
18
 

0.
21
 

0.
01
9*
+ 

10
0 

6k
 

36
 

6.
0 

T.
 80
62
 
0.
16
6 

0.
01
56
 

12
0 

75
 

1+5
 

7.
5 

Ί+
.8
75
1 

0.
13

3 
0.

01
33

 
20
0 

11
6 

8k
 

ll+
.O

 
3.
06
1+
5 

0.
07
 

O.
OO

9O
 

30
0 

15
0 

15
0 

25
.0
 

3.
17
61
 

0.
<*
 

0.
00
66
 

i+
oo

 
17
5 

22
5 

37
.5
 

3\
2l
*5
5 

0.
02
6 

0.
00
56
 

60
0 

26
k 

33
6 

56
.0
 

ΙΛ
21

6 
80
0 

3k
2 

1+5
8 

78
.0
 

3.
53
1+
0 

10
00
 

i+
oo

 
60
0 

10
0.
0 

3.
60
21
 

12
00
 

1+
50

 
75
0 

12
5.
0 

3.
65
32
 

16
00
 

52
0 

10
80
 

18
0.
0 

3.
71
60
 

20
00
 

59
0 

11+
10
 

23
5.
0 

3.
77
09
 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



22. M A L I K A N D SAXENA Interaction of Surfactants with Proteins 305 

LoqC F + 5 

Figure 1. Plot of Vm vs. log CF 

Figure 2. Plot of 1/Vm vs. 1/CF (SOS 
with TSG) at pH 7.7 
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barr i er to the entry of more detergent i s progressively reduced 
re su l t ing i n the breaking up of in terna l l inkages. However, i t 
i s evident that the protein i s not f u l l y unfolded i n t h i s region. 

In the region C, V m increases apparently without l i m i t and 
i t s values far exceed the number of t o t a l p o s i t i v e l y charged 
groups on the protein molecule. Obviously, unl ike the region B , 
the binding here i s no longer wholly e l ec tros ta t i c in nature and 
involves nonspecific forces a l so . Such extra bound detergent 
ions have been reported by Yang and Foster (10) from the ir 
studies on the in teract ion of sodium dodecylbenzene sulphonate, 
by Lundgren et a l . ( i l ) , from electrophoret ic invest igat ions with 
ovalbumin, and by Strauss et a l . (12) from e l e c t r i c a l t rans 
ference studies with serum albumin. The excessive binding of the 
detergent with the protein may be at tr ibuted to the non-polar 
a t tract ion of addi t iona
bound ( l l ) . Presumably
s i t e on the protein molecule favours the binding of addi t iona l 
detergent ions i n i t s immediate v i c i n i t y through Van der Waals 
in teract ion of the neighbouring hydrophobic detergent groups. 
This would eventually resu l t i n the formation of mixed mice l l es . 
The extra bound detergent causes further unfolding of the pro 
t e i n mechanically due to the large detergent ions penetrating i n 
to the folds of the once highly condensed polypeptide chain and 
e l e c t r o s t a t i c a l l y due to the repuls ion of the s i m i l a r l y charged 
atoms on the adjacent folds of the chain. This permits the bound 
aggregates to have a close approach to the hydrophobic residues 
of amino acids along the polypeptide chain with the resu l t that 
the d é n a t u r â t i o n of protein takes place . It may be noted that 
over the ent ire range of the detergent concentration employed, 
the extent of binding to the protein i s more with sodium dodecyl 
sulphate than with sodium o c t y l sulphate (Table I , I I ) . A gen
e r a l increase i n the extent of binding with the increasing s ize 
of the detergent anion has been observed by many workers. Boyer 
et a l . (13) have reported increased binding i n interact ions with 
albumin i n the order: butyrate , caproate, caprylate , and caprate, 
while s imi lar resu l t s were obtained by Karush and Sonenberg (lh) 
i n studies with o c t y l , decy l , and dodecyl sulphates. The i n 
creased binding a b i l i t y of longer chain detergent has been 
at tr ibuted to stronger Van der Waal's forces a r i s i n g from i n 
creased molecular s ize . The values of V m , i . e . , the number of 
surfactant (SDS or SOS) moles bound with a de f in i te weight of the 
protein at pH 9.5 are s i g n i f i c a n t l y lower in the region A of the 
curve than those at pH 7.7. However, the values at both the pH 
come closer i n the region Β and s t i l l c loser i n the region C. 
These var ia t ions are i n accordance with the fact that the t o t a l 
number of cat ionic groups decrease with increase i n pH. Since 
the magnitude of binding of the detergent i n the region A depends 
on the t o t a l number of the cat ionic groups avai lable on the pro
t e i n , i t s h a l l be less at higher pH. However, i n the regions Β 
and C , the binding involves hithertofore inaccess ible s i tes and 

In Colloidal Dispersions and Micellar Behavior; Mittal, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



308 COLLOIDAL DISPERSIONS AND MICELLAR BEHAVIOR 

Table III. Values of V m , the Average Number of Moles of SDS or 
SOS Bound per 105 g of Protein Up to Which the Statistical Bind
ing Occurs. Values Obtained From Extrapolation. 

Detergent p-toluene sulphonylated Iodinated 
gelatin. casein 

SDS 
SOS 

pH 7 . 7 

25.0 
30.0 

pH 9.5 
20.0 
25.0 

pH 7.7 
18.0 
20.0 

pH 9.5 

15 Λ 
16.7 

Table IV. Ionizable group
and Native Gelatin. 

Groups Reasonable analytical 
values in native 
gelatin per 105g. 

Observed in case of 
p-toluene sulphony
lated gelatin per 
105g. 

a -Carboxyl 120 
β -Carboxyl 

Imidazole 5 
α-Amino 32 

-Amino 
Guanidinium h9 
Total cationic 86 

110 
h 
0 

h6 

Table V. Ionizable Groups in Native Casein and IC. 

Groups Reasonable analytical Observed in case of 
values in native IC per 105g. 
casein per 105g. 

Of-carboxyl 
β-carboxyl 

Imidazole 
Amino 
Guanidinium 
Tyrosine/Tryptophan 
Total cationic 

96 

20 
56 
2h 
5. 

100 
83 

90 
18 
52 
22 

k. 

92 
67 
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tends to "become increas ingly independent of the cat ionic groups 
of the prote in molecules. A comparison of the binding pattern 
of p-toluene sulphonylated ge la t in and iodinated casein at pH 7.7 
with that of the corresponding native prote ins , v i z . , ge la t in and 
casein (15) at the same pH provides strong evidence for s t a t i s 
t i c a l binding of the detergent to the prote in . The values of the 
number of moles of the detergents bound with the substituted pro
te ins are lower than those with the corresponding native proteins 
i n the region A by a factor of approximately 0.6 i n the case of 
p-toluene sulphonylated ge la t in and approximately 0.9 i n the case 
of iodinated casein. These factors are nearly the same by which 
the t o t a l number of the avai lable ca t ion ic groups on these pro
teins are less than on the native proteins (16) (Table I V , V ) . In 
the regions Β and C, where the binding of the detergent becomes 
increas ingly independen
binding values with the
closer and c loser to those obtained with the native prote ins . 

Viscometric studies . Typica l data for SLS-OV system and SLS-
TG system are given in Tables VI and VII and depicted i n Figures 
W f . V i scos i ty data of SLS-TGS and SLS-OV systems of varying 
detergent-protein r a t i o at pH 8.0 are depicted i n Figure 8. In 
vest igations were carr i ed out on both the ac id ic and basic sides 
of the i s o e l e c t r i c point . The resu l t s show an i n i t i a l decrease 
i n v i s c o s i t y with both anionic detergent-cationic protein (below 
the i s o e l e c t r i c point) and cat ionic detergent-anionic prote in 
(above the i s o e l e c t r i c point) systems (Figure k9 5) u n t i l pre 
c i p i t a t i o n takes place . The p r e c i p i t a t i o n zone i s shown by a 
blank space i n the curves. On adding a large amount of the de
tergent, the prec ip i ta te formed redissolves and an increase i n 
v i s c o s i t y i s observed. In the case of anionic detergent-anionic 
protein neither i n i t i a l decrease i s observed nor the zone of 
p r e c i p i t a t i o n i s r e a l i s e d . On the other hand the v i s c o s i t y con
t inuously increases (Figure k9 5). The proteing molecule which 
i n i t i a l l y existed in the expanded state on ei ther side of the 
i s o e l e c t r i c point gets tightened up with the progressive com
binat ion with detergent ions and consequently the v i s c o s i t y de
creases. Boyer et a l . (13) have reported s imi lar observations 
i n t h e i r studies with serum albumin in the presence of sodium 
caprylate and explained them on the basis of the t ightening up 
of prote in molecule. With further addit ion of the detergent, the 
stage i s f i n a l l y reached when p r e c i p i t a t i o n occurs owing to the 
or ientat ion of the hydrophobic part of the detergent ions i n 
so lut ion. With the addit ion of further quantit ies of the de
tergent , a second adsorption layer i s formed by Van der Waal's 
a t t rac t ion forces between carbon chains (17-20) which makes the 
molecule h y d r o p h i l i c , as such the prec ip i ta te again disperses 
causing the v i s c o s i t y of the solut ion to r i s e . 
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Table-VI . Sodium Lauryl Sulphate-Ovalbumin System. 

Concentration of I n t r i n s i c Interact ion 
detergent i n v i s c o s i t y Index 
m i l l i m o l e s / l i t r e 

0.0 1+0.5 6.30 
10.0 52.2 5.20 
15.0 60.0 h.10 
20.0 72.0 3.50 
25.0 86.5 2.70 
30.0 110.0 2.20 
35.0 12**.0 1.90 
1+0.0 136.0 1.60 

Table-VII . Sodium Lauryl Sulphate-Transfusion Gelat in System. 

Concentration of I n t r i n s i c Interact ion 
detergent i n v i s c o s i t y Index 
m i l l i m o l e s / l i t r e 

0.0 35.55 6.55 
10.0 1+2.10 5.58 
15.0 51+.15 h.h2 
20.0 60.52 3.75 
25.0 69.1+1 3.1+0 
30.0 78.00 2.7I+ 
35.0 99.76 2.1+1+ 
1+0.0 120.00 1.87 
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Figure 4. Viscosity variation of TG in the 
presence of SLS at different pH values 
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Viscosity data of soin, in which varying amount of the de
tergent has been added to a fixed amount of the protein (Figure 
6, 7) show that the viscosity, as also the intrinsic viscosity 
(Table VI, VII), increases with the increasing concentration 
of the detergent. The overall effect of the anionic or 
the cationic detergent is to bring about a progressive unfolding 
of the protein molecule resulting in i ts solubilization. In the 
i n i t i a l stages, when smaller amounts of detergent are added, the 
electrostatic force predominates and causes its binding with the 
protein. In the presence of larger amounts of the detergents, a 
second type of interaction involving non-electrostatic forces is 
more l ike ly to occur. Lundgren (11) has also proposed two types 
of combinations identifying the f irs t one as stoichiometric bind
ing and the second one as the secondary association of the extra 
detergent. The size and structure of the hydrocarbon portion as 
well as the presence of a
l ikely factors controlling such interactions. The former contri
butes to salt- l ike combination between the oppositely charged 
groups of the protein and detergent while the latter confers sta
b i l i t y on the ionic bond and promotes the binding of extra de
tergent. Support to the above mentioned view also comes from the 
data on the interaction index, f K' (Table VI, VII). A rapid f a l l 
in the values of the interaction index in the i n i t i a l stages in 
dicates salt l ike combinations while a smaller decrease in i ts 
values at higher detergent concentrations exhibits a lesser 
amount of particle-particle interaction forces. It may be, 
therefore, concluded that the secondary association of extra de
tergent is in the form of loose combination due to non polar 
attraction with the already electrostatically bound detergent. 
The viscosity variations of the protein detergent system of set 
( i i i ) have been plotted in Figure 8. These plots exhibit maxima 
at the detergent-protein ratio of 1:3 corresponding to a complex 
of constant composition. Similar results have been reported by 
Lundgren et a l . ( i l ) from electrophoretic studies. However, such 
plots could not be obtained with dilute solutions. The formation 
of the protein detergent complex only at higher concentrations 
suggest the presence of rod-like particles in such systems (22). 
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Introduction 

The electrochemical properties of gum arabic acid, purified 
by electrodialysis, have been investigated by a number of au
thors. By potentiometric t i tration with an alkal i Thomas and 
Murray (1) have found i t to behave as a fa ir ly strong monobasic 
acid with an equivalent weight of 1175. They have also noticed 
that neutralisation is complete at pH 7 and equilibrium is 
attained in a short time indicating that a l l the acidic groups 
are exposed to attack by a lkal i . It is quite possible that 
disaggregation of the particles of the acid starts at a pH much 
lower than 7 thereby exposing a l l the acidic groups by the time 
the final stage of t itration is reached. Briggs (2) and also 
Pauli and Ripper (3) have investigated the effect of dilution 
on the pH and specific conductivity of sols of the acid. The 
osmotic pressure of arabic acid sols, under conditions of Donnan 
equilibrium, has been investigated by Briggs (4) and Klaarenbeck 
(5). The dissociation constant of the acid has been found by 
Briggs (2) to vary with its concentration and degree of neutr-
lisation. Overbeek (6) reports that for a given degree of 
neutralisation, the pH and the dissociation constant of the acid 
depend much on the concentration of an added neutral salt. 

In this paper i t wil l be shown that equations can be de
rived to account for the variation of pH and specific conductiv
ity of the acid with dilution on the basis of a theory proposed 
by the author (7) to explain the 'Pallmann effect 1 . The main 
assumptions on which the theory is based are stated below: 

I. Each micelle or colloidal particle is surrounded by an 
electrical double layer the solution side of which is made up 
of two parts, (i) the fixed Stern (8)-Mukherjee (9) layer and 
the diffuse ( i .e . , the Gouy-Chapman) layer. 

II. When a colloidal particle moves sufficently close to 
a reversible electrode placed in the sol so that the diffuse 
double layer is in contact with i t then only the counter ions 
present in that part of the diffuse double layer which is in 
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contact with the electrode can record their activity on i t (i .e. 
the electrode). 

III. Starting from the outermost boundary of the diffuse 
double layer the number of counter ions per unit volume in
creases according to the Boltzman distribution law as the sur
face of the particle is approached. 

Derivation of Equation for H* Ion Activity 

For the sake of simplicity let us assume that a l l the 
particles or micelles of gum arabic are of the same size and χ 
their number per unit volume at a concentration C of the gum, 
the concentration being expressed in grams of gum per kg of 
water. Briggs has suggested that gum arabic acid may have its 
c.m.c. below 2.5g of gum
however, known as a polyelectrolyt
have any c.m.c. Let θ be the fraction, per unit area, of the 
surface of the reversible electrode in contact with the diffuse 
double layers of the particles whose number is χ per unit volume 
at a concentration C of the gum. Then the rate at which the 
bare portion ( l - θ ) per unit area of the electrode surface comes 
in contact with the double layers of the particles is kj (1-θ)χ 
and the rate at which they are removed from unit area of the 
surface is k2&, where "k\ and k2 are rate constants and depend on 
viscosity and temperature. 
At equilibrium; 

Now assuming χ = k 0C where k 0 is a proportionality constant and 
putting Κ = k2/kik 0 we get from Equation (1) the following ex
pression 

It may be noted that θ is the ratio of two areas and is in
dependent of the unit in which C is expressed. Let H c be the 
H* ion activity of the sol indicated by the reversible electrode 
at the concentration C of the gum and let be the H* ion 
activity of the intermicellar solution. As H c is made up of 
two parts, one part contributed by the H + ions present in the 
diffuse double layers of the particles and the other part is 
contributed by the H + ions present in the intermicellar solution 
so i t follows that 

kx (1 - θ) χ = k 2G CD 

θ = (2) 
k2/ki + χ " Κ + C 

H c = ΘΗ5 + (1 - θ) Hi (3) 

where H s is a proportionality constant. It may be pointed out 
that according to assumption III the concentration of the H + 
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ions in the diffuse double layer close to the plane of contact 
with the electrode is much greater than that in the inter-
micellar solution. The activity of the H + ions in the 
intermicellar solution is very small and is probably maintained 
by the release of some acid of low molecular weight from its 
combination with some of the constituents of the gum. Equa
tion (3) can also be written as follows, 

H c - ^ = θ (H s - Hi) (3a) 

Since Hi is very small compared to H s and does not change 
appreciably with the dilution of the sol so (H s - %) may be 
treated as a constant and put equal to Hm. Substituting the 
value of θ in Equation (3a) we may write i t as follows, 

1/(HC - %

Derivation of Equation for Specific Conductivity 

Imagine a plane between two parallel electrodes of a con
ductivity ce l l containing a sol of gum arabic acid of concen
tration C and let the plane be parallel to the electrodes. By 
adopting a similar line of argument as in the case of H + ion 
activity i t can be shown that a fraction θ per unit area of the 
plane is in contact with the diffuse double layers of the par
ticules and the remaining fraction (1 - Θ) is in contact with 
the intermicellar solution. Let X c represent the specific con
ductivity of the sol at a concentration C of the gum and Xi that 
of the intermicellar solution. As X c is made up of two parts, 
one contributed by the ions present in the diffuse double layers 
of the particles and the other contributed by the ions in the 
intermicellar solution so i t follows that 

x c = 9XS + (1 - 9) Xi (4) 

where X s is a proportionality constant. Putting (X s - Xi) = X m 

and substituting the value of θ in Equation (4) we can write i t 
as follows: -

(Xc - Xi) = XmC/(K + C) (4a) 

or 1/(XC - Xi) = K/CXro + 1/Xm 

As Xi does not change appreciably with dilution so Xm may be 
treated as a constant. 
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Verification of the Equations 

Briggs has determined at 25°C the H + ion activity of sols 
of arabic acid over a wide range of concentration of the acid. 
The sample of acid was purified by electrodialysis and its ash 
content was 0.05% (dry weight basis). His data are recorded 
in Table I in which H c and hence pH have been calculated using 
Equation (3) taking θ = C/(K + C), where C denotes grams of 
arabic acid per kg of water. 

The variation of specific conductivity with the concen
tration of arabic acid in the sol has been investigated at 25°G 
by Briggs and Pauli and Ripper. Their data are recorded in 
Table II. X c has been calculated by using Equation (4). 

The constants in the Equations (3) and (4) have been found 
in the following way. I
are very small compared
centration C of the colloid in the sol is high. According to 
Equation (3b) a plot of 1/(HC - Hi) against 1/C should be 
linear. Therefore, using different probable values of Hi , 
1/ (He - Hi) has been plotted against 1/C and that value of Hi 
is selected which makes the plot linear. The value of Hi thus 
found is 8.0 χ 10·" .̂ From the slope and intercept of the 
straight line, and Κ are found. 

Since H m - H s - Hi , therefore, from the known values of H m 

and Hi , the value of H s can be easily found. In this way the 
values of H s , Hi and Κ have been found to be 1.55 χ 10~2, 8.0 
χ 10~5 and 86.5 respectively. 

In the same way as discussed above, the values of X s , Xi 
and Κ in Equation (4) have been found to be 4.8 χ 10"3, 2.8 χ 
10"*5 and 86.5 respectively for the sample of arabic acid used 
by Briggs. In the sample of arabic acid used by Pauli and 
Ripper only Xi has been found to be different, the other two 
constants remain unchanged. It may be mentioned that the ash 
content of Pauli and Ripper's sample of arabic acid is 0.02% 
which is less than that of the sample used by Briggs. Xi 
for Pauli and Ripper's sample is 1.6 χ 10"5. 

It will be noticed from the data recorded in Table 1 that 
the observed values of pH agree satisfactorily with those 
calculated by using Equation (3) over the range of concentration 
100 to 2.5 grams of gum acid per kg of water. It may also be 
noted that in Equation (3) only H c and θ vary with dilution 
and the other terms H s , Hi and Κ remain constant. 

From the data recorded in Table II i t wi l l appear that the 
agreement between the observed and calculated values of specific 
conductivity is fa ir ly satisfactory. The constants X s and Κ in 
the samples used by Briggs and Pauli and Ripper remain unchanged 
only X i , which is very small in magnitude, changes. It is 
probable that Xi depends to some extent on the ash content of 
the sample. Pauli and Ripper's sample of arabic acid has lower 
ash content and lower Xi than those of Briggs. 
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Table I. Briggs Data on pH 

Values of pH 
Observed Calculated 

100 0.536 2.08 2.08 
80 0.481 2.13 2.12 
60 0.410 2.20 2.19 
50 0.366 2.25 2.24 
40 0.316 2.30 2.30 
25 0.224 2.44 2.45 
20 0.188 2.52 2.53 
10 0.104 2.75 2.78 
5 0.055 3.00 3.03 
2.5 0.028 

Table II. Briggs Data on Specific Conductivity-

C Values of (Xc) 105 reciprocal ohm* 

Observed Calculated 

100 260.4 258.7 
80 231.6 231.9 
60 196.2 198.2 
50 175.1 177.6 
40 151.0 153.7 
25 108.2 109.8 
20 89.8 92.4 
10 52.5 52.3 
5 29.3 28.9 
2.5 16.1 16.2 

Pauli and Ripper's Data on Specific Conductivity 

20.0 93.0 91.5 
18.2 83.6 84.5 
14.6 69.9 70.5 
9.9 51.4 50.4 
8.3 44.0 43.4 
4.2 24.0 23.8 
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Summary 

On the basis of certain assumptions the author has deduced 
equations which can account for the effect of dilution on pH and 
specific conductivity of gum arabic acid sol in a fa ir ly satis
factory manner. 
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Introduction 

The clotting of blood in vivo or in vitro is an interfacial 
phenomenon initiated at the blood vessel wall or prosthetic 
material-blood interface. The total molar concentration of the 
ionic constituents in blood is about 0.16M. From a colloidal 
chemical standpoint, one can expect the dispersion of blood cells 
in this environment to depend markedly on their surface charge 
characteristics. Furthermore, the adsorption of blood proteins 
on the blood vessel wall or on prosthetic materials, their re
actions at the interface with blood, the adhesion of blood cells 
on the wall, the aggregation of blood cells directly or via 
bridges (e.g., f ibrin strands) are intermediate steps in the over
all thrombosis or clotting reaction. 

A knowledge of the mechanism of the overall thrombosis reac
tion is essential in the selection and evaluation of (i) materials 
for vascular and heart valve implants and ( ii) drugs which prevent 
or inhibit the disease. Since the intermediate enzymatic reac
tions which lead to thrombosis are interfacial in nature and occur 
in electrolytic environments, one may expect many of them, to be 
electrochemical in origin. There is considerable evidence for 
this view presented in a number of original and review articles 

In this chapter are presented (i) a brief description of the 
electrokinetic methods used to determine the surface charge 
characteristics of (a) materials potentially useful as vascular 
prostheses (b) the vascular constituents (blood vessel wall and 
blood cells) and alterations produced by chemicals; ( i i ) corre
lations between the surface charge characteristics of materials 
and their pro or antithrombogenic characteristics; and ( i i i ) cor
relations between the effects of chemical compounds on the surface 

* At the time of presentation of this paper, Supramaniam 
Srinivasan was on a sabbatical leave program with the General Pro
ducts Division, International Business Machines Corporation, 
Boulder, Colorado 80302. 
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charge characteristics of the vascular constituents and their pro 
or anti-coagulant properties. 

Electrokinetic Methods Used in Cardiovascular Research 

The surface charge characteristics of materials, potentially 
useful for vascular prostheses, were determined by streaming 
potential or electroosmosis measurements in vitro in physiologic 
fluids (0.154M sodium chloride or Krebs solution) (1). Streaming 
potential measurements were also carried out in vivo on prostheses 
fabricated from some insulator materials, implanted in canine 
carotid and femoral arteries (1)· For this measurement, two s i l 
ver/silver chloride reference electrodes were inserted through 
side branches closest to the two ends of the prosthesis and the 
potential measurements were made between the two electrodes with 
and without obstruction o
the two readings is the streaming potential. A schematic repre
sentation of the experimental set-up for such measurements is 
shown in Figure 1 . 

The surface charge characteristics of the blood vessel wall 
in physiological solutions were also determined in vitro by 
streaming potential and electro-osmosis measurements. For the 
streaming potential measurements, canine carotid or femoral arte
ries were excised from the animal and connected between two reser
voirs. The streaming potentials were measured as a function of 
pressure drop across the tube during the flow of solution. For 
the electro-osmosis measurements, sections of canine aorta or vena 
cava were used and the rate of flow of fluid transport across the 
membrane, in the presence of an electric current across i t , mea
sured. 

Electrophoretic techniques are considerably more convenient 
than sedimentation potential measurements for obtaining informa
tion concerning the surface charge characteristics of blood cells 
(red cel ls , white cells and platelets). Electrophoretic mobili
ties of cells have been determined in 5% dextrose, 0.154N NaCl or 
Krebs solution. 

In order to determine the effects of chemical compounds on 
the surface charge characteristics of the vascular components, 
electrokinetic measurements have been carried out in solutions 
which contained one of these chemicals in the desired concentra
tion (6). Control experiments were also performed without addi
tion of the chemical to the solution. 

Correlations Between the Surface Charge and Pro or Antithrombo-
genic Characteristics of Insulator Materials 

Studies on the effects of electrochemical factors on blood 
coagulation date back to 1824 when i t was reported that blood in 
vitro is deposited on the positive electrode but not on the nega
tive electrode (7). The application of electric currents in the 
production of thrombosis, aneurysms and hemostasis was also 
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carried out in the 19th century (8). In 1928, i t was proposed 
that materials with substantially negative zeta potentials favor 
adsorption of positively charged blood elements, thereby concen
trating the necessary elements for init iation of blood coagulation 
(9). Plasma fractions and coagulation affecting chemicals create 
uniquely different surface charge effects on materials (10). No 
direct correlations between zeta potentials and thrombengic pro
pensities of materials were found in some early work (11). How
ever, in a later work by this same group, i t was concluded that 
zeta potential measurements offer a convenient way of studying 
adsorption of blood components on plastics and that this study may 
lead to an understanding of the interaction of blood with plas
tics (12). Another group has suggested that positively charged 
surfaces are prone to thrombosis (13). Recently this group con
cluded that streaming potential techniques may serve as a quality 
control in the preparatio
Graphite benzalkonium heparin (GBH) surfaces have a negative zeta 
potential in Ringer's solution and retain their negative potential 
even after exposure to plasma proteins (15). These surfaces are 
moderately wettable, highly conductive, antithrombogenic and have 
good lubricant properties. 

The surface energy of a material has been suggested as an 
important criterion in the selection of blood compatible materials 
(16, Γ 7 ) . The related parameters, surface tension and contact 
angle, have also been determined for some materials and correlated 
with their antithrombogenic properties. Platelet adhesion de
creases with decreasing cr i t i ca l surface tension of materials. 
Lower energy surfaces are less thrombogenic. The effects of sur
face active groups (hydroxyl, sulfate, sulfhydryl, carboxyl, amino, 
suIf amido and quarternary ammonium salt) on clotting activity have 
been determined (18). Electrets with a negative surface charge 
tend to be anti-thrombogenic and the extent of platelet adhesion 
on them is less than on non-polarized polymers (19). 

The zeta potentials from streaming potential measurements in 
10"*% NaCl solution were in the range -32 to -42 mV for non-elec
tr i f ied estane tubes and in the range of -50 to -71 mV for elec
tri f ied estane tubes. The electrified estane tubes were con
siderably more thrombo-resistant than the non-electrified ones, 
as ascertained from in vivo implantation studies (20). Polymer 
electrets formed by high voltage corona discharge contain a sur
face layer of charged ions and are referred to as homocharged 
electrets. These ions slowly drain off the polymer reducing the 
external electric f ield of the electret. Further, homocharged 
electrets do not possess a sufficient volume polarization or 
heterocharge which would lead to more stable electret potentials 
(21) . Heterocharged electrets are prepared by placing the mate
r i a l in a non-ionizing electric f ield at an elevated temperature 
(22) . The volume polarization induced by the electric f ield is 
frozen in the material as i t is cooled down to room temperature. 
It has been shown (22) that volume polarization in cellulose 
acetate is considerably increased by addition of 20 wt % poly-
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styrene sulfonic acid (Figure 2). Such electrets are quite stable 
in aqueous solution. Introducing volume polarization into a mate
r i a l should enhance its antithrombogenie nature. 

Polyurethane samples with varying concentrations of acetylene 
black carbon were prepared and zeta potentials of these samples 
were obtained as a function of carbon concentrations (2L3., Figure 
3). There appears to be a correlation between the zeta poten
tials and X"ray diffraction studies in that a l l carbon impregnated 
samples which exhibited a negative zeta potential also had a 
strong crystalline pattern (Figure 4). Above 21.13% carbon, there 
is a reversal in the sign of the zeta potential and a loss of 
crystall inity (cf. Figures 3 & 4). Of the samples tested for 
antithrombogenicity from implantation studies, only the material 
containing 17.24% carbon was significantly antithrombogenic (23). 

Heparin is one of the most potent anti-coagulants. Several 
attempts have been made
one type of study, heparin is bonded ionically to a plastic via 
a bridge e.g. a polymerizable quarternary ammonium salt such as 
methyl iodide salt of dimethyl aminoethyl methacrylate. In Table 
I are shown the zeta potentials of the untreated, quarternized 
and heparinized surfaces as well as the blood clotting times in 
tubes of the base polymers (24). Though many of these surfaces, 
after heparinization were anti-thrombogenic they were not stable 
because of heparin elution from the surface. This was also found 
to be the case with ionically bonded heparin surfaces prepared 
with hydroxy-3-methacryloyl-oxy-propyl-trimethyl ammonium chlo
ride (GMAC) or with t r i dodecyl methyl ammonium chloride (TDMAC) 
as the bridge compounds between the heparin and the base polymer. 
Attempts were made to bond heparin covalently to surfaces (25). 
Though these surfaces are reasonably stable in electrolytic en
vironments, there is a loss in heparin activity (in respect to 
anti-thrombogenic character) when bonded covalently to surfaces. 
Gluteraldehyde cross-linked heparin surfaces seem to be anti-
thrombogenic but there is no long term implantation data available 
(26). 

In a recent art ic le , the dependence of blood compatibility 
on surface charge, surface free energy and hydrophilicity of 
materials was examined (27). It was concluded that though each 
of these parameters is involved, they are not by themselves ade
quate to explain biocompatibility. A wide variety of insulator 
materials have been investigated with respect to surface charge 
and surface free energy characteristics and blood compatibility. 
In Table II, these results are summarized. 

The extent of ce l l (red cells , white cells and platelets) 
adhesion to materials is an indication of the bio-compatibility 
of materials. This parameter is found along with results of 
implantation studies in Table II. 
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Electrochemical Engineering and Bioscience 

Figure 1. Experimental arrangement for measure
ment of streaming potentials in canine blood vessels, 

in vivo (6) 

Journal of Biomedical Materials Research 

Figure 2. Thermal depolarization of 
heterocharged cellulose acetate and of 
cellulose acetate containing 20 weight % 

TEMPERATURE (eo polystyrene sulfonic acid (22) 
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-20-H 

4.59 13.19 17.24 21.13 24.90 
I I 

28.50 31.90 
PERCENT CARBON BLACK 

Transactions, American Society for Artificial Internal Organs 

Figure 3. A plot of zeta potentials of the polyurethane samples as a 
function of carbon content. The zeta potential of pure carbon is noted 
by the arrow along the vertical axis. Vertical bars represent 95% con

fidence limits (23). 

Transactions, American Society for Artificial Internal Organs 

Figure 4. X-ray diffractogram produced by (A) 
pure acetylene black carbon, (B) pure NDV poly
urethane, (C) crystalline pattern produced by 
4.59 to 17.24% carbon, and (D) amorphous pat
tern caused by increasing the carbon content to 

21.13% or greater (23) 
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Correlation Between the Effects of Drugs on the Surface Charge 
Characteristics of the Vascular System and Their Anti or Pro-
thrombogenic Properties 

It has been shown that antithrombogenic agents increase the 
negative charge densities of the blood vessel wall and blood cells 
while thrombogenic agents have the opposite influence (1»28 ) . 
Investigation into the relationship between the effect of a drug 
on surface charge and its antithrombogenicity is of value in: 
(i) understanding the electrochemical mechanisms involved in 
intravascular thrombosis; ( i i ) elucidating the nature of drug 
action in the prevention of thrombosis; and ( i i i ) the development 
of in vitro screening techniques for the selection of antithrom
bogenic drugs. 

The knowledge that a greater negative surface charge density 
on blood vessel walls an
bogenicity lends credence to the concept of thrombosis as an 
electrochemical, potential-dependent phenomena (1-5), Thus, from 
this viewpoint, the antithrombogenic action of a particular drug 
can be thoughtof as being due to its effect on the surface charge 
of the vascular system. This provides a useful criterion for the 
selection of antithrombogenic drugs. 

Electrostatic Repulsive Force in Blood Cell Interactions. 
Rouleaux formation has been shown to result from red blood cel l 
(RBC) aggregation (RCA) in the presence of macromoleeules (29). 
It has also been demonstrated that the mechanism of macromolecule-
induced RCA is related to the action of the macromolecule as a 
bridge between cel l surfaces (30). The normal red blood cel l is 
negatively charged due to the predominant ionized carboxyl groups 
of N-acetyl-neuraminic acid (which make up over 60% of the RBC 
charged groups ) (31, _32). The relative contribution of charge 
of the RBC (erythrocyte) compared to lymphocyte and thrombocyte 
(platelet) is clearly seen from the histogram plot in Figure 5. 
It is the like negative charges of adjacent cells which result in 
the electrostatic repulsion that tends to cause disaggregation. 
Jan and Chien (29) studied the effect of enzymatic removal of 
N-acetyl neuraminic acid from RBC on the presence and extent of 
aggregation in the presence of dextran, a neutral polysaccharide 
macromolecule. Dextran is used widely as a plasma expander ( i .e . 
to increase blood volume) and thus i t is of interest to study its 
effect on the blood elements. Neuraminidase treated RBC1s show 
greater aggregation in dextrans of molecular weights 20,000 
(D χ 20), 40,000 (D χ 40) and 80,000 (D χ 80) when compared to 
normal RBC's. Also, with neuraminidase treated RBC, there is 
none of the disaggregation characteristic of the normal RBC at 
high dextran concentration, when aggregation occurs (Figure 6). 
This suggests that the disaggregation of the normal RBC is related 
to increased electrostatic repulsion resulting from the dextran. 
The repulsive force would be minimal in the case of the neura
minidase- treated cells since the N-acetylneuraminic acid (which 
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Figure 5. Histogram plots showing the 
relative distribution of the groups in arbi
trary units. Eùk3—NH2; WÊÊË—« car-
boxyl groups (NANA), RDE susceptible; 
I I —unidentified; m i n t —phosphate, al
kaline phosphatase susceptible; K<SS!i — 
phosphate groups-—RNase susceptible; and 
γ///Α —S Η group. Net charge —ve. Elec
trophoretic mobility (μm/sec/V/cm) (32). 
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Figure 6. Effects of dextrans on aggre
gation of normal RBC s (dotted lines) 
and neuraminidase-treated RBC s (solid 
lines) in saline. A, B, and C shows re
sults in dextrans 20, 40, and 80, respec
tively. The vertical bars represent SEM 
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fosters the charged carboxyl groups) has been removed. 
Danon (33) reported on the use of the polymeric base, poly-

lysine (plys). A low molecular weight plys (degree of polymeriza
tion, 16) required a concentration of 6.5 χ 10"° Mg/cell to 
achieve aggregation. The concentration needed for aggregation 
decreases with increasing molecular weight, approaching 1.3 χ 10"8 

Mg/cell for plys, degree of polymerization, 200. Thus, i t appears 
that plys segments provide macromolecular bridges connecting one 
erythrocyte to the next. The polybase acts by actively binding 
the RBC and not by simply altering the repulsive force. 

Brooks and Seaman (34) have shown that in simple salt solu
tions dextran adsorption is related to polymer concentration. The 
adsorption results in an increase in RBC zeta potential, probably 
as a consequence of expansion of the electric double layer. 
Figure 7 shows that zeta potential increases with molecular weight 
as well as concentration
sult of dextran adsorption, can cause aggregation although the 
role of electrostatic repulsive forces increases in significance 
with adsorbed polymer concentration. Thus, at a cr i t i ca l concen
tration of dextran (which is a function of molecular weight) the 
repulsive forces wi l l become stronger than the attractive forces. 
The result wi l l be disaggregation. The observation of the c r i t i 
cal aggregation concentration lends credence to the role of 
electrostatic attraction and repulsion in aggregation and disag
gregation phenomena. 

Drugs, Surface Charge and Anti or Procoagulant Properties. 
The electrostatic forces that are crucial to aggregation pheno
menon, and therefore thrombosis have been examined. The remainder 
of this section wi l l be devoted to some of the drugs that produce 
an alteration in surface charge and therefore init iate or inhibit 
thrombosis. 

Heparin and Protamine, The most widely used antithrombogenic 
drug is heparin. It is thought to originate in connective tissue 
mast cel ls . Heparin is an acid mucopolysaccharide of high mole
cular weight (Figure 8). It is unique in the sulfamic linkages 
binding the sulfate groups to amino groups (35). Heparin, made 
up of about 40% esterified sulfuric acid, is apparently one of 
the strongest mammalian acids. At physiologic pH, i t is believed 
that heparin is hydrolyzed to an acidic product. Thus, acidic 
groups adsorbed onto blood cells and blood vessel wall intima 
make a significant contribution to (negative) charge as demonstra
ted by electrokinetic studies. 

The effect of heparin on the surface charge of platelets has 
been demonstrated. It has been shown that incubation of platelets 
with heparin causes an increase in electrophoretic mobility (EM) 
and therefore zeta potential (36). In vivo and in vitro streaming 
potentials have also been seen to increase with heparin addition, 
which reflect an increase in zeta potential (and therefore negative 
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Polymer concentration, g/IOOml 
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Figure 7. Relative zeta potential as a function of poly
mer concentration for normal human erythrocytes sus
pended in saline plus different molecular weights of 

dextran(DEX) (34) 
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charge density) at the solid-solution interface (37). Correlation 
between this increased negative surface charge and antithrombo-
genicity has been provided by rat mesenteric vessel occulsion 
studies (38). 

In this in vivo experiment, an extracted portion of the rat 
mesoappendix is placed over a transilluminated plastic stage. An 
electric current is applied, by means of fine platinum electrodes 
placed at opposite edges of the mesoappendix. The current (usual
ly ranging from 10-50 μa) induces occlusion of the rat mesenteric 
vessels. The effect of a drug can be gauged either in terms of 
time needed for total occlusion or percent occlusion at a specific 
time. Thus, an in vivo technique for the evaluation of the rela
tive antithrombogenicity/thrombogenicity of various drugs is now 
available. Infusion of heparin into experimental rats results in 
a greatly increased occlusion time (38, 39). This again demon
strates the strong antithrombogeni
relation between sulfonic acid content and antithrombogenic 
activity has been demonstrated by hydrolysis of the ester linkage 
as a result of de-N-sulfation of heparin with resultant loss of 
anticoagulant activity (40). This, also, has been confirmed by 
rat mesenteric studies which show no significant difference in 
occlusion times between control and de-N-sulfated heparin infused 
rats (39). 

As a final note on heparin activity, i t has been shown that 
heparin selectively adsorbs over fibrinogen on cleaved mica sur
faces (41). A surface covered with heparin wi l l have a relatively 
high negative charge density. Work on adsorption of fibrinogen 
on mercury has shown heavy adsorption at positive and low negative 
potentials with no adsorption at potentials more negative than 
-1.6V (vs. S.C.E.) (42). Thus adsorption of fibrinogen onto 
vascular surfaces, the relation of which to thrombus formation 
has been documented elsewhere (43, 44), evidently a potential 
dependent phenomenon, may be prevented by the high negative charge 
imparted onto the surface by heparin adsorption. The mechanism 
remains unclear ; though, in some recent work no adsorption or 
charge transfer processes were detected across the Pt-NaCl inter
face at the heparin level that brings about total inhibition of 
fibrinogen adsorption on mica (45). 

Protamine, a common antagonist for heparin, has been shown 
to have the opposite effect of heparin, i . e . to decrease the zeta 
potential of platelets and blood vessel walls (36, 37). 

Noradrenaline and ADP. Aggregating agents noradrenaline and 
adenosine diphosphate (ADP) exhibit a biphasic effect on platelet 
electrophoretic mobility, i . e . , increase with low concentration 
and decrease with higher concentration (46-48). Figure 9 shows 
the dosage for maximum EM to be .05 mg/1. Figure 10 represents 
a theoretical schematic application to an in vivo system, with 
areas of optimal stabi l i ty , reversible aggregation, and irre
versible aggregation. Confirmation of this model by observation 
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Bibliotheca An a to m ica 

Figure 9. Percentage change in electrophoretic mobility 
of platelets from control valves as a function of concentra

tion of(i) ADP, and (ii) noradrenaline (46) 
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Figure 10. Qualitative representation of percentage change in 
electrophoretic mobility as a function of chemical concentration, 

showing regions of stability or aggregation of cells (46) 
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of effect on rat mesenteric circulation verifies the basic theory 
although the phase for rapid irreversible aggregation is encoun
tered at a lower noradrenaline concentration than would be ex
pected (46). 

Oral Contraceptives. The high incidence of thromboembolic 
phenomena observed in women who have taken oral contraceptives 
(49, 50) has generated research to determine the role of these 
chemical agents in effecting blood cel l surface charge. A signi
ficant change in electrophoretic mobility of platelets sensitized 
by ADP from the blood of these women has been demonstrated (51). 
There is also evidence that mestranol and norethindrone (contra
ceptive steroids), alone and in combination decrease the negative 
surface charge of blood cells and blood vessel walls (52). 

Flavonoids. A mixtur
Vitamin P, have been used for the treatment of venous disorders 
in Europe. The flavonoids increase the negative charge density 
of the blood vessel wall and blood cells significantly while also 
increasing the occlusion time of rat mesenteric vessels (53). 
Thus, the flavonoids are an atoxic group of drugs worthy of 
further investigation for their role in the prevention of throm
bosis. 

Table III presents typical changes in charge characteristics 
of the blood vessel wall and blood cells caused by heparin, pro
tamine, venoruton (a flavonoid compound), aspirin, mestranol 
(an estrogen) and norethindrone (a progesterone). According to 
the results in this Table, i t follows that anticoagulant drugs 
increase or maintain the negative charge density of the blood 
vessel wall and of blood cells while the procoagulants decrease 
this parameter, or in some cases causes a reversal of the sign of 
the surface charge. 

Summary 

Blood clotting, in vivo or in vi tro» involves a series of 
reactions - adsorption of blood proteins on the blood vessel wall 
or on prosthetic materials, their reactions at the interface with 
blood, the adhesion of blood cells on the blood vessel wall, the 
aggregation of blood cells directly or via bridges (e.g., f ibrin 
strands) - which may be electrochemical in origin. Using electro
kinetic methods, i t is possible to characterize the surface charge 
properties of the blood vessel wall, blood cells and prosthetic 
materials. Polymeric materials with a uniform negative charge 
density (including electrets) tend to inhibit thrombosis. The 
enzymatic blocking of Ν acetyl neuraminic acid (the main source of 
negative charge) on red cel l surfaces causes their aggregation. 
With increasing molecular weight of related classes of compounds, 
lower concentrations of drugs are required to cause aggregation of 
blood cells . Anticoagulants increase or maintain the negative 
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charge density of the blood vessel wall and of blood cells while 
procoagulants have the opposite effect. 
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Latent images, electrophoretic 

development of 212 
Latex 

characterization of 167 
dispersions 149,167 
from emulsion, PMMA 142, 143 
particles 193 
polystyrene (PS) 51,142,156 
stability curves for 171 

Layer 
adsorbed 165 
adsorption 155 
double (see Double layer) 
Stern 185 

Lens on water 33 
Lens, sprending 35 
Lenses, adjacent 31 
Limiting stability ratio, experimental .... 155 
Linear molecule 286 
Lipophile balance, hydrophile- 286 
Liquid 

-air interface 44 
crystal 262 
crystalline middle soap 3 
crystalline phase, lamellar 258, 272 
foams, macrocluster gas- 18 
-liquid interface 45 
paraffin 126,127 
phase, isotropic 272 
state of polymer 283 

London constant 175 
London equation 113 
Long chain ions 47 

Long-range order 253 
Loops, polymer 197 
Lyophobic colloid I l l 
Lyophobic suspensions 145 
Lyophilic groups 282 

M 
Macroinstability 76 
Macrocluster 

gas-liquid and biliquid foams 18 
system foam 23 
systems 26,29,31 

Macromolecular 
adsorbates 121 
emulgents 110 
substances 113 

Macroscopic alignment 257 
Magnetic 

birefringence 60 

field 259 
Manganese salts of 2-ethylhexanoic acid 211 
Material-blood interface, prosthetic 322 
McBain s paradox 4 
Mechanical stability 51 
Mechanical and surface coagulation 40 
Media, nonaqueous 225 
Media, non-polar 225 
Membrane osmometry 233 
Membranes, monolayer 26 
Meniscus 24 
Mesoappendix, rat 334 
Mesophase, lamellar 253 
Mesophase, soap-alcohol-heavy 

water 253,257 
Metal 

-carboxylate bond 219 
octoates 218 
soaps in oils 7 

N-Methylacetamide 291 
Methyl methacrylate (MMA) 136 
Methylisobutylketone (MIBK) 97-100 
Micelle(s) 136 

equilibrium compositions of 241, 243 
formation 219, 225, 227, 233, 240 
mixed 188, 307 
partially fluorinated surfactant 239 
of sodium dodecyl sulfate 248 
surface of 247 

Micellar solution of surfactant 278 
Micellization 234,235 
Micro-calorimetry 289 
Microcrystalline wax 126,127,133 
Microdroplets 276 
Microelectrophoresis 214 
Microflotation 48 
Microgas emulsion 25 
Microinstability 76 
Middle soap, liquid crystalline 3 
Minimum 

potential energy 166 
primary 145 
secondary (see Secondary minimum) 

Mixed emulsifiers 135 
Mixed micelles 188,240,307 
Mixing 

enthalpies of 296 
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Mixing (continued) 
heats of 288, 292 
infinite 281 
of mono-amides and poly-peptides 

with water 288 
Mixtures, binary Aerosol OT-water 271 
MMA (methyl methacrylate) 136 
Mobility, electrophoretic 176, 215, 335 
Moiety, hydrophobic 239 
Molecular dispersion 278 
Molecular structure, flexible 286 
Mono-amides with water, mixing 288 
Monolayer membranes 26 
Monolayer of bubbles 22 
Monomer(s) 118 

droplet, styrene 135 
emulsion, styrene 140 
equilibrium compositions of 241, 243 
(C 1 2 E 6 ) , n-dodecylhexaoxyethylene.... 149 

Morphology of the aggregates 5

Ν 
NaDBS (sodium dodecylbenzene 

sulfonate) 173,179 
Negative surface charge 336 
Nematic character 61 
Neuraminidase 331 
Neutralization, charge 6 
Noradrenaline 334 
Nonaqueous 

colloidal suspensions 14 
dispersion 211 
media 225 

Nonionic 
detergents 123 
polysorbate 80 299 
surfactant 233 
Triton X-100 299 

Nonpolar media 225 
NMR results, fluorine 245 
NMR spectra, deuteron 253, 258, 260 
Nucleation 137,139,141 
Nujol-water-Triton X-100 emulsions 69 

Ο 
Occlusion time 334 
Oil(s) 

cell biliquid foams 28 
from emulsions 85 
metal soaps in 7 
particles, flotation of 91 
phase, clear 81 
polyhedra 74 
separation 65 
soluble surface active molecules 

(OILSSA) 27 
-soluble surfactants 225 
-in-water emulsions 28 

OILSSA (oil soluble surface active 
molecules) 27 

Olive oil-water-SDS emulsions 69 
Oral contraceptives 336 
Order, long-range 253 
Order parameter 255 
Organic additives 285 
Orientation effects 254 

Orientation, stress 61 
Osmium-stained styrene monomer 

emulsion 140 
Osmometry, membrane 233 
Osmotic pressure 180,226 
OS-SLS system, viscosity changes in .... 314 
Ostwald flow behavior 194,201 
Ovalbumin (OV) 300,310,313 
O/w emulsions 80 

Ρ 
Packing geometry, cubic 132 
Pallman effect 316 
Paraffin 126,127 
Paraffinic hydrocarbon 115 
Partial excess thermodynamic 

functions 292,294 
Partially saponified polyvinyl acetate 

aggregation 53 
charged toner 211 
latex 193 
oil 105 
primary 139 
radius, core 204 
selfcrowding effect 200 
size distribution 101, Γ39 

Peptide dipole 289 
Peptide forces, inter- 297 
Perfluoro-octanoic acid (FOA) 240 
Perfluoro surfactants 242, 245 
Perikinetic secondary minimum 

flocculation 160 
pH, Briggs data on 320 
pH of gum arabic acid sol 316 
Phase (s) 

bulk 22 
clear oil 81 
continuous 128,130,166 
curd fiber 4 
diagrams 8,273,280,290 
discontinuous 28 
disperse 27 
encapsulating 28 
equilibria 270 
inversion, pseudo- 286 
isotropic liquid 272 
lamellar liquid crystalline 258, 272 
nucleation, aqueous 141 
of sodium pafinitate 4 

Phobicity 239 
Photoelectrophoresis 211 
Plane, shear 183 
Plasma expander 330 
Platelets 324, 335 
Plates, flat 187 
PMMA latex from emulsion 142,143 
Polar bond 213 
Polar groups 173,264,272 
Polarization, explosive 34 
Poly-amides 295 
Polyederschaum 23 
Polyelectrolyte 174, 183 
Polyethylene oxide) 170, 171 
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Poly ( ethylene oxide-fc-methyl 
methacrylate) 193 

Polyhedra, oil 74 
Polyisoprene block copolymer, styrene- 169 
Polymer (s) 

block 286 
bridging 332 
chain interaction 193 
chains, anchored 165 
colloids 137,139 
comb 166 
concentrations 165 
hydrophilic 193 
liquid state of 283 
loops 197 
-solvent interaction parameter 185 
surfaces 328 
-surfactant complexes 173 
-surfactant mixed micelles 188 
in water 278

Polymeric stabilizers 1
Polymerization degree 282 
Polymerization of acrylate esters 135 
Poly (methyl methacrylate) sphere 193 
Polymorphic forms 5 
Polypeptides 288,297 
Polysorbate 80, nonionic 299 
Polystyrene 185 

foam 132 
latex 51,142,149 
sulfonic acid 326 

Polyurethanes 327 
Polyvinyl acetates (PVA-Ac) 278 
Polyvinyl alcohol) (PVA) 173 
Pores, opening and closing of 37 
Potassium chloride, emulsification of ... 99 
Potential 

energy barrier 115,151 
energy minimum 166 
excess chemical 226 

Potentials, streaming 326 
Potentials zeta (see also Zeta 

potentials) 180,182 
Powder pattern 257 
Precipitation zone 309 
Pressure 

disjoining 19 
Laplace capillary 20 
osmotic 180,226 
vapor 3 

Primary minimum 145 
Primary particles 139 
Procoagulant properties 332 
Proline 288 
Prosthetic material-blood interface 322 
Prostheses, vascular 322 
Protamine 332 
Protein ( s ) 299, 307, 314, 322 
Prothrombogenic characteristics of 

insulator materials 323 
Prothrombogenic properties of drugs 330 
Proton transfer 212 
PS latex-C12Ee-water system 156 
Pseudo-phase inversion 286 
PVA(poly(vinyl alcohol)) 173 

-Ac, (partially saponified polyvinyl 
acetates) 278,280,281 

PVA (continued) 
additions ...182,187 
adsorption isotherm of 181 
concentration 186 
variation of zeta potential with 181 

Q 
Quadrupole coupling term 254 
Quadrupole splitting, deuteron . ...260, 262, 266 
Quantum transitions, double 257 

R 
Radius, core particle 204 
Rat mesoappendix 334 
Rate constants for aggregation 165 
Rate constants, zero order 66 
Rayleigh scatterers 167 

Reversible aggregation 146 
Reversible flocculation 113 
RF-field 257 
Rheological 

data 127,130,140 
evaluation of the emulsions 127 
parameter 121 
studies of polymer chain interaction .... 193 

S 
Salt effect 136 
Salts of 2-ethylhexanoic acid, manganese 

and zinc 211 
Saponification 278, 280,282 
Scatterers, Rayleigh 167 
SDS (sodium dodecyl sulfate) 97, 240,248 

concentration on E(crit), effect of .... 100 
emulsions, Nujol-water- 66 
emulsions, olive oil-water- 69 
with iodinated casein, binding of 306 
with TSG, binding of 304 

Secondary electro-viscous effect 200 
Secondary minimum 

depth 187 
flocculation at I l l , 145,160 
position of the 122 
reversible aggregation at the 146 

Sedimentation 90 
Selfcrowding effect, particle 200 
Separation 

of clear oil 81 
of doublets 205 
of oil 65 

Shear 
dependent term 131 
field 205 
forces 129 
plane 183 
rates 141 
stress 193 

Shelf-life emulsions 92 
SHS (sodium hexadecyl 

sulfate) 136,138,141 
Silver sols, colloidal 149 
Sites, hydrophobic 220 
Slater-Kirkwood equation 113 
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Slater-Kirkwood-Moelwyn-Hughes 
equation 113 

SLS (sodium lauryl 
sulphate) 300,310,313,314 

Smeetic character 61 
Smith-Ewart kinetics 135 
Smoluchowski theory 147 
Soap(s) 

boiling 7 
cationic 299 
conductivity of 129 
liquid crystalline middle 3 
on mechanical stability of polystyrene 

latex, effect of 51 
metal 7 
sodium 5,7 
-water mesophases 253, 257 

Sodium 
alignate emulsion 117 
chloride 27
dodecyl sulfate (SDS) (see also 

SDS) 240,248,304 
dodecylbenzene sulfonate ( NaDBS ).... 173 
hexadecyl sulfate (SHS) 136,138,141 
laurate 4 
lauryl sulphate (SLS) ...300,310,313,314 
octyl sulphate (SOS) 299 
palmitate 4 
soaps 5,7 

Sol(s) 
colloidal silver 149 
cupric oxide 42, 44, 45 
a-FeOOH 44,51,54,58 
iron oxide 45 

Solubility 249, 281, 283 
Solute, water structure around the 297 
Solution (s) 

colloidal 55 
isotropic 3 
of manganese and zinc salts of 

2-ethylhexanoic acid 211 
micellar 278 
poly (ethylene oxide) 170 
properties 220 

Solvation 288 
Solvent dyeing 107 
Solvent interaction parameter, polymer- 185 
SOS (sodium octyl sulphate) 299 
Specific conductivity 

Briggs data on 320 
on E(crit), influence of 102,103 
equation for 318 
of gum arabic acid sol 316 
Pauli and Ripper's data on 320 

Spectra, deuteron NMR 258, 260 
Spermatozoon 36 
Sphere (s) 

colloidal 55 
poly (methyl methacrylate) 193 
wettable glass 24 

Spinning, electrocapillary 107 
Splitting, angular dependence of 257 
Splittings, deuteron quadrupole .260, 262, 266 
Spreading behavior 29 
Sprending lens 35 

Stability 101 
of aqueous dispersions 173 
colloidal 139 
curves for latex 171 
emulsion 110 
measurements 183 
mechanical 51 
of nonaqueous colloidal suspensions ... 14 
order of 89 
sterically stabilized dispersions 165 
ratio 15,155,156,186 
tests of w/o emulsions 105 
ultracentrifugal 83, 92 

Stabilization of lyophobic suspensions ... 145 
Stabilized emulsions 110, 113, 118 
Stabilizers, polymeric 15 
Stabilizing action of emulsifier 14 
Stabilizing chains 165 
Standard free energy of micellization ... 234 

Sterically stabilized dispersions 165 
Sterling R, carbon black 213, 218 
Stern layer 185 
Streaming potentials 326 
Stress orientation 61 
Stress, shear 193 
Structure, phase 270 
Styrene monomer droplet sizes 135 
Styrene monomer emulsion, 

Osmium-stained 140 
Styrene-polyisoprene block copolymer .... 169 
Surface (s) 

active agent 27, 58 
active materials 107 
active molecules ( OILSSA ), oil soluble 27 
benzalkonium heparin (GBH) 324 
bubble on 21 
characteristics 329 
charge 323, 330, 332, 336 
coagulation 40,48, 55 
energy 324 
of a micelle 247 
polymer 328 
reaction, bimolecular 49 
tension 241,324 

Surfactant (s) 
anionic 24, 178 
cationic : 24 
complexes, polymer- 173 
hydrocarbon 229 
ionic 166,226 
micellar solution of 278 
micelles 188,239 
nonionic 233 
oil-soluble 225 
perfluorinated 242,245 
with proteins, interaction of 299 
systems 265 
ω-trifluoro 249 
(WATSSA), water soluble 27 

Suspension 14,145,193 
Synthetic detergents 299 

Τ 
Teaching of colloid chemistry 2 
Temperature, critical flocculation 193 
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Tension, interfacial 104 
Tension, surface 241, 324 
Tetrabutylammonium chloride (TBAC) 97 
Tetrasaccharide unit of heparin 333 
TG (transfusion gelatin) 300, 310 

system, sodium lauryl 
sulphate- 310, 313, 314 

viscosity variation of 311 
Thermal depolarization 326 
Thermodynamic functions, partial 

excess 292,294 
Thermodynamics of micelle formation .... 233 
Thermodynamics of mixing of mono-

amides and poly-peptidés with water 288 
Theta conditions 197 
Thixotropic behavior 276 
Thrombosis 322 
Time data, creep compliance- 127 
p-Toluene sulfonylated gelatin ( TSG ) .... 304 
Toner particles, charged 21
Transfer, proton 21
Transfusion gelatin (see also (TG)) .... 300 
Transition, heats of 5 
Transitions, double quantum 257 
Triblock copolymer 193 
ω-Trifluoro surfactants 249 
Triton X-100 69, 299 
TSG (p-toluene sulfonylated gelatin) .304, 308 
Turbidmetric technique 167 
Turbulence, role of 52 

U 
Ultracentrifugal 

demulsification 64, 74 
stability 83,92 
technique 76, 78, 93 

Ultracentrifugation, time of 68, 70 
Ultracentrifuge 80 

V 
van der WaaFs constant 120,199, 204 
van der Waal's forces 11, 145 
Vapor pressure 3, 279 
Vascular 

constituents 322 
prostheses 322 
system 330 

Vessels, canine blood 326 
Viscoelastic properties of w/o emulsions 126 
Viscoelasticity of the adsorbed film 110 
Viscosity 

apparent 200 
of aqueous poly (ethylene oxide) 

solutions 170 
calculations 302 
changes in OS-SLS system 314 
changes in TG-SLS system 313, 314 
enhanced 206 
of OV 313 
of TG 311 

Viscometric studies 299, 301 

Void effect 157 
Voltage of emulsification E(crit), 

critical 99 
Volume fractions, gravimetric 202 
Volume fraction, hydrodynamic 197, 201 

W 
Water 

amides in 292 
binary mixture of Aerosol OT- 271 
binary system of di-2-ethylhexyl 

sulphosuccinate and 270 
clearing of 82 
drops emulsified 134 
drops, flocculation-deflocculation of .... 129 
electrical emulsification of 98,100 
emulsions, oil-in- 28 
of hydration 265 
in hydrocarbons 249 

mesophases, soap- 253, 257 
mixing of mono-amides and 

poly-peptides with 288 
molecular interaction between peptide 

dipole and 289 
orientation 254, 263 
polymer in 282, 283 
relative activity of 281 
sodium laurate in 4 
soluble surfactant (WATSSA) 27 
structure 297 
systems, amide- 290, 293 
system, PS-latex-C12E6 156 
system, PVA-Ac 280, 281 
-SDS emulsions, Nujol- 66 
-SDS emulsions, olive oil- 69 
-soluble polymer 278, 283 
-Triton X-100 emulsions, Nujol- 69 

WATSSA (water soluble surfactant) 27 
Wax, microcrystalline 126,127,133 
Wettable glass spheres 24 
Wetting 247 
W/o emulsions 105,126,133 

X 
X-ray diffraction 7 
X-ray diffractogram 327 

Y 
Yield value, Bingham .....198,201 

Ζ 
Zero order rate constants 66 
Zeta potentials 180,182 

metal octoate concentration 217, 218 
of polymer surfaces 328 
of polyurethane samples 327 
variation of 181 

Zinc salts of 2-ethylhexanoic acid 211 
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