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FOREWORD 

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typese
by the authors in camera-read
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

^N ÎXED SURFACTANT SYSTEMS are of scientific interest as well as 
technological value. Surfactants are used in numerous applications, including 
detergents, flotation, enhanced oil recovery, surface-wetting modification, 
foaming control, emulsification, controlled-release, and surfactant-based 
separation processes. Commercial surfactants are almost always composed 
of mixtures of surfactants. The production of single-component surfactants 
is generally expensive, an
surfactants are rarely bette
may exhibit superior behavior compared to the pure surfactant components. 
It is an enormous challenge to understand the interactions between different 
surfactant components in the various applications in which surfactants are 
used. 

This book presents chapters that discuss research on surfactant mixture 
behavior from a variety of active researchers around the world. I am grateful 
to the organizing committee of the symposium on which this book is based 
for allowing me to organize and chair sessions on this topic and especially to 
Josip Kratohvil for organizing the logistics of the program in such an 
efficient fashion. 

I thank departmental staff Polly Dvorak, Sherry Childress, and Rick 
Wheeler for their efficient help with correspondence associated with the 
book. Kevin Stellner and Jim Rathman helped me by proofreading the first 
draft of the manuscripts. Cuong Nguyen provided the figure upon which the 
drawing on the cover of this book is based. I would also like to thank the 
authors who participated in this effort and the reviewers who must remain 
anonymous. Finally, I would like to thank my colleagues and graduate 
students at the University of Oklahoma for stimulating interactions and for 
helping to keep my perspective fresh and my interest in surfactants high. 

J O H N F. S C A M E H O R N 

School of Chemical Engineering 
and Materials Science 

University of Oklahoma 
Norman, OK 73019 

January 6, 1986 
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1 
An Overview of Phenomena Involving Surfactant 
Mixtures 

John F. Scamehorn 

School of Chemical Engineering and Materials Science, University of Oklahoma, Norman, 
OK 73019 

The effect o
on micelle formation, monolayer formation, 
so lub i l i za t ion , adsorption, precipi ta t ion, 
and cloud point phenomena i s discussed. 
Mechanisms of surfactant interaction and 
some models useful in describing these 
phenomena are outlined. The use of 
surfactant mixtures to solve technological 
problems is also considered. 

S u r f a c t a n t s used i n p r a c t i c a l a p p l i c a t i o n s e s s e n t i a l l y 
always c o n s i s t of a m i x t u r e of s u r f a c e - a c t i v e compounds. 
I s o m e r i c a l l y pure s u r f a c t a n t s a r e o f t e n e x p e n s i v e t o 
produce and g e n e r a l l y have o n l y a s m a l l p o t e n t i a l 
advantage i n performance over t h e l e s s e x p e n s i v e 
s u r f a c t a n t m i x t u r e s . In many a p p l i c a t i o n s , m i x t u r e s of 
d i s s i m i l a r s u r f a c t a n t s can have s u p e r i o r p r o p e r t i e s t o 
those of t h e i n d i v i d u a l s u r f a c t a n t components i n v o l v e d . 
These s y n e r g i s t i c p r o p e r t i e s of s u r f a c t a n t m i x t u r e s have 
p r o v i d e d impetus f o r much of t h e r e s e a r c h on i n t e r a c t i o n s 
between s u r f a c t a n t s . 

I n d i v i d u a l s u r f a c t a n t s v a r y 'in t h e i r tendency t o 
form aggregated s t r u c t u r e s . Examples of such aggregates 
a r e m i c e l l e s , p r e c i p i t a t e , and monolayers. In s o l u t i o n s 
c o n t a i n i n g m i x t u r e s of s u r f a c t a n t s , t h e tendency t o form 
aggregated s t r u c t u r e s can be s u b s t a n t i a l l y d i f f e r e n t than 
i n s o l u t i o n s c o n t a i n i n g o n l y t h e pure s u r f a c t a n t s 
i n v o l v e d . For example, p r e c i p i t a t i o n may not occur i n a 
s u r f a c t a n t m i x t u r e whose components i n d i v i d u a l l y 
p r e c i p i t a t e when p r e s e n t as s i n g l e components. The 
tendency f o r components t o d i s t r i b u t e themselves between 
the unaggregated s t a t e and an aggregate may va r y from 
component t o component f o r m i x t u r e s . T h e r e f o r e , f o r 
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2 P H E N O M E N A IN M I X E D S U R F A C T A N T S Y S T E M S 

example, t h e s u r f a c t a n t c o m p o s i t i o n of a m i c e l l e may 
d i f f e r g r e a t l y from t h a t of t h e s u r f a c t a n t monomer w i t h 
which i t i s i n e q u i l i b r i u m . T h i s i s important because 
the p r o c e s s e s of i n t e r e s t may depend o n l y on e i t h e r 
monomer c o m p o s i t i o n or on aggregate c o m p o s i t i o n . For 
example, a d s o r p t i o n of s u r f a c t a n t on s o l i d s such as 
m i n e r a l s depends o n l y on monomer c o m p o s i t i o n and 
c o n c e n t r a t i o n , not m i c e l l a r p r o p e r t i e s . On t h e o t h e r 
hand, s o l u b i l i z a t i o n of compounds i n t o m i c e l l e s depends 
o n l y on mi c e l l a r c o m p o s i t i o n . 

The s u r f a c t a n t t e c h n o l o g i s t needs t o be a b l e t o 
p r e d i c t and ma n i p u l a t e t h e tendency f o r s u r f a c t a n t 
m i x t u r e s t o form aggregates, t h e p r o p e r t i e s of t h e s e 
aggregates, and t h e d i s t r i b u t i o n of s u r f a c t a n t components 
between monomer and aggregate. A c e n t r a l theme of t h i s 
paper i s t h a t m i x t u r e s of s u r f a c t a n t s can a c h i e v e g r e a t 
synergisms i n v a r i o u
r e l a t i v e tendency t
Of t e n , t h e f o r m a t i o  o  a c e r t a i  aggregate  i n h i b i t 
the f o r m a t i o n of a l e s s d e s i r a b l e aggregate. For 
example, a d d i t i o n of n o n i o n i c s u r f a c t a n t s t o a n i o n i c 
s u r f a c t a n t s enhances t h e f o r m a t i o n of m i c e l l e s , r e s u l t i n g 
i n a reduced tendency f o r t h e a n i o n i c s u r f a c t a n t t o 
p r e c i p i t a t e . 

T h i s o verview w i l l o u t l i n e s u r f a c t a n t m i x t u r e 
p r o p e r t i e s and b e h a v i o r i n s e l e c t e d phenomena. Because 
of space l i m i t a t i o n s , not a l l of t h e many p h y s i c a l 
p r o c e s s e s i n v o l v i n g s u r f a c t a n t m i x t u r e s can be c o n s i d e r e d 
here, but some which a r e imp o r t a n t and i l l u s t r a t i v e w i l l 
be d i s c u s s e d : t h e s e a r e m i c e l l e f o r m a t i o n , monolayer 
f o r m a t i o n , s o l u b i l i z a t i o n , s u r f a c t a n t p r e c i p i t a t i o n , 
s u r f a c t a n t a d s o r p t i o n on s o l i d s , and c l o u d p o i n t 
phenomena. Mechanisms of s u r f a c t a n t i n t e r a c t i o n w i l l be 
d i s c u s s e d , as w e l l as mathematical models which have been 
shown t o be u s e f u l i n d e s c r i b i n g t h e s e systems. 
P r a c t i c a l a p p l i c a t i o n s w i l l be covered as p a r t of t h e 
c o n s i d e r a t i o n of i n d i v i d u a l phenomena. 

T h i s overview w i l l attempt t o o u t l i n e t h e s t a t e of 
c u r r e n t knowledge, w i t h o u t much comment on t h e a r e a s i n 
which f u r t h e r r e s e a r c h i s needed, t h e d i r e c t i o n t h e f i e l d 
i s t a k i n g , and t h e impact of t h e o t h e r c h a p t e r s i n t h i s 
book. These a r e r e s e r v e d f o r t h e F u t u r e P e r s p e c t i v e s 
Chapter ( l a s t c h a p t e r of t h e book). 

M i c e l l e Formation 

The s t r u c t u r e and thermodynamics of f o r m a t i o n of mixed 
m i c e l l e s i s of g r e a t t h e o r e t i c a l i n t e r e s t . M i c e l l e s a r e 
a l s o p r e s e n t and o f t e n i n t e g r a l l y i n v o l v e d i n p r a c t i c a l 
p r o c e s s e s . For example, i n a s m a l l pore volume 
s u r f a c t a n t f l o o d i n g p r o c e s s (sometimes c a l l e d m i c e l l a r 
f l o o d i n g ) , t h e s o l u t i o n i n j e c t e d i n t o an o i l f i e l d 
g e n e r a l l y c o n t a i n s 5-12 weight V, s u r f a c t a n t <1) and t h e 
s u r f a c t a n t i s p r e d o m i n a t e l y i n m i c e l l a r form i n t h e 
r e s e r v o i r water. In dete r g e n c y , s o l u b i l i z a t i o n can be 
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1. S C A M E H O R N Overview of Phenomena 3 

important ( 2 ) , so m i c e l l e s a r e g e n e r a l l y p r e s e n t i n t h e 
de t e r g e n t s o l u t i o n . In mi e e l l a r - e n h a n c e d 
u l t r a - f i l t r a t i o n , a s e p a r a t i o n t e c h n i q u e t o remove 
d i s s o l v e d o r g a n i c from water ( 3 ) , m i c e l l e s e f f e c t t h e 
s e p a r a t i o n . 

Monomer-Micelle E q u i l i b r i a . The d i s t r i b u t i o n of 
s u r f a c t a n t components between m i c e l l e s and monomeric 
s t a t e i n aqueous s o l u t i o n s depends on s u r f a c t a n t 
s t r u c t u r e s as w e l l as on o v e r a l l s o l u t i o n c o m p o s i t i o n . 
For example, f o r a b i n a r y system of s u r f a c t a n t s A and Β 
i n s o l u t i o n , t h e m i c e l l e may c o n t a i n 50 mole 7, A/50 7» Β 
w h i l e t h e monomer may be 90 7, A/10 7. B. S i n c e e i t h e r t h e 
monomer or t h e m i c e l l e c o m p o s i t i o n may be c r u c i a l t o 
be h a v i o r of t h e system, t h e a b i l i t y t o p r e d i c t t h e 
r e l a t i v e d i s t r i b u t i o n of s u r f a c t a n t components between 
monomer and m i c e l l e
c o m p o s i t i o n , i s an importan

Except f o r some a n i o n i c / c a t i o n i c s u r f a c t a n t m i x t u r e s 
which form i o n p a i r s , i n a t y p i c a l s u r f a c t a n t s o l u t i o n , 
t h e c o n c e n t r a t i o n of t h e s u r f a c t a n t components as 
monomeric s p e c i e s i s so d i l u t e t h a t no s i g n i f i c a n t 
i n t e r a c t i o n s between s u r f a c t a n t monomers oc c u r . 
T h e r e f o r e , t h e monomer—micelle e q u i l i b r i a i s d i c t a t e d by 
the tendency of t h e s u r f a c t a n t components t o form 
m i c e l l e s and t h e i n t e r a c t i o n between s u r f a c t a n t s i n t he 
m i c e l l e . P r e d i c t i o n of monomer-micelle e q u i l i b r i a 
r educes t o modeling of t h e thermodynamics of mixed 
m i c e l l e f o r m a t i o n . 

The b e h a v i o r of mixed m i c e l l e s i s commonly 
approximated by u s i n g t h e pseudo-phase s e p a r a t i o n model 
( 4 ) . T h i s c o n s i d e r s t h e m i c e l l e s t o be a s e p a r a t e 
thermodynamic phase i n e q u i l i b r i u m w i t h t h e monomer. 
Monomer—micelle e q u i l i b r i a then becomes analogous t o 
v a p o r - l i q u i d e q u i l i b r i a ; i . e . , i n both c a s e s a d i l u t e 
phase w i t h l i t t l e i n t e r m o l e c u l a r i n t e r a c t i o n i s i n 
e q u i l i b r i u m w i t h a c o n c e n t r a t e d phase i n which 
intercomponent i n t e r a c t i o n can be s i g n i f i c a n t . The v a s t 
Array of s o l u t i o n thermodynamic models developed f o r 
mix i n g i n macroscopic phases can be u t i l i z e d f o r mixed 
m i c e l l e s u s i n g t h e pseudo-phase approach. The pseudo-
phase s e p a r a t i o n model i s a good a p p r o x i m a t i o n when t h e 
mi c e l l a r a g g r e g a t i o n number i s g r e a t e r than about 50 ( 5 ) , 
which i s commonly t h e case f o r s u r f a c t a n t s of commercial 
importance. 

I d e a l Mixed M i c e l l e s . The C r i t i c a l M i c e l l e C o n c e n t r a t i o n 
(CMC) i s t h e lowest s u r f a c t a n t c o n c e n t r a t i o n a t which 
m i c e l l e s form; t h e lower t h e CMC, t h e g r e a t e r t h e 
tendency of a system t o form m i c e l l e s . When t h e t o t a l 
s u r f a c t a n t c o n c e n t r a t i o n e q u a l s t h e CMC, an i n f i n t e s i m a l 
f r a c t i o n of s u r f a c t a n t i s p r e s e n t as m i c e l l e s ; t h e r e f o r e , 
t h e CMC i s equal t o t h e t o t a l monomer c o n c e n t r a t i o n i n 
e q u i l i b r i u m w i t h t h e m i c e l l a r pseudo-phase. The CMC f o r 
monomer-mieelle e q u i l i b r i u m i s analogous t o t h e dew p o i n t 
i n v a p o r - l i q u i d e q u i l i b r i u m . 
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The t o t a l monomer c o n c e n t r a t i o n of a b i n a r y m i x t u r e 
of two s i m i l a r l y s t r u c t u r e d s u r f a c t a n t s of l i k e charge 
(an i d e a l system) l i e s between t h e C M C's of t h e 
i n d i v i d u a l s u r f a c t a n t s i n v o l v e d f o r t o t a l s u r f a c t a n t 
c o n c e n t r a t i o n s a t or above t h e m i x t u r e C M C . A n a l o g o u s l y , 
the vapor p r e s s u r e of a mixed i d e a l l i q u i d i s i n t e m e d i a t e 
between t h e vapor p r e s s u r e s of t h e components of which i t 
i s composed, whether t h e r e i s s u b s t a n t i a l l i q u i d p r e s e n t 
or t h e system i s a t t h e dew p o i n t (where an i n f i n t e s i m a l 
amount of l i q u i d i s p r e s e n t ) . 

For a b i n a r y system of s u r f a c t a n t s A and B, t h e 
mixed m i c e l l e f o r m a t i o n can be modeled by assuming t h a t 
the thermodynamics of mixi n g i n t h e m i c e l l e obeys i d e a l 
s o l u t i o n t h e o r y . When monomer and m i c e l l e s a r e i n 
e q u i l i b r i u m i n t h e system, t h i s r e s u l t s i n : 

C M = C M C « C M C e / ( y

ΧΑ = y « C M / C M C « (2) 

where C M i s t h e t o t a l monomer c o n c e n t r a t i o n , C M C A or C M C B 

a r e t h e C M C v a l u e s f o r t h e i n d i v i d u a l components,y A or y» 
are t h e monomer mole f r a c t i o n s of A or B, r e s p e c t i v e l y , 
and χ Λ or xw a r e t h e m i c e l l a r mole f r a c t i o n s of A or B, 
r e s p e c t i v e l y . The mole f r a c t i o n s a r e on a s u r f a c t a n t -
o n l y b a s i s : i . e . , y A i s t h e moles of A i n monomer/ t o t a l 
moles of s u r f a c t a n t monomer. T h e r e f o r e , y A + y B =1 and 
X A + x B = 1. The v a l u e s of C M C « and C M C » a r e needed a t 
the same added e l e c t r o l y t e c o n c e n t r a t i o n as t h e m i x t u r e . 
I f t h e t o t a l s u r f a c t a n t c o n c e n t r a t i o n i n t h e mixed system 
i s a t t h e C M C ( i n f i n t e s i m a l number of m i c e l l e s p r e s e n t ) , 
then C M from E q u a t i o n 1 i s equal t o t h e m i x t u r e C M C . 

The m i x t u r e C M C i s p l o t t e d as a f u n c t i o n of monomer 
c o m p o s i t i o n i n F i g u r e 1 f o r an i d e a l system. E q u a t i o n 1 
can be seen t o p r o v i d e an e x c e l l e n t d e s c r i p t i o n of t h e 
mi x t u r e C M C (equal t o C M f o r t h i s c a s e ) . I d e a l s o l u t i o n 
t h e o r y as d e s c r i b e d here has been w i d e l y used f o r i d e a l 
s u r f a c t a n t systems ( 4,6-18). E q u a t i o n 2 can be used t o 
p r e d i c t t h e m i c e l l a r s u r f a c t a n t c o m p o s i t i o n a t any 
monomer s u r f a c t a n t c o m p o s i t i o n , as i l l u s t r a t e d i n F i g u r e 
2. T h i s r e l a t i o n has been e x p e r i m e n t a l l y c o n f i r m e d (15-
18)• As seen i n F i g u r e 2, f o r an i d e a l system, i f t h e 
r a t i o x A / y A < 1 a t any c o m p o s i t i o n , i t w i l l be so over 
t h e e n t i r e c o m p o s i t i o n range. In c l a s s i c a l phase 
e q u i l i b r i u m thermodynamic terms, t h e d i s t r i b u t i o n 
c o e f f i c i e n t between t h e m i c e l l a r and monomer phases i s 
independent of c o m p o s i t i o n . 

E q u a t i o n s 1 and 2 p r o v i d e t h e a b i l i t y t o make a 
p r i o r i p r e d i c t i o n s of mixed m i c e l l a r b e h a v i o r f o r b i n a r y 
systems of s i m i l a r s u r f a c t a n t s ( e a s i l y extended t o more 
than 2 components(10)). No m i x t u r e d a t a i s n e c e s s a r y t o 
use t h e s e e q u a t i o n s . I f t h e o v e r a l l c o n c e n t r a t i o n of t h e 
i n d i v i d u a l s u r f a c t a n t s i n s o l u t i o n a r e known. E q u a t i o n s 1 
and 2 can be combined w i t h a m a t e r i a l b a l a n c e t o 
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MONOMER MOLE FRACTION OF SURFACTANT A 

F i g u r e 1. Mixed s u r f a c t a n t CMC v a l u e s at 30°C ( f i r s t 
s u r f a c t a n t l i s t e d i s s u r f a c t a n t A ) . 
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MONOMER MOLE FRACTION OF SURFACTANT A 

F i g u r e 2- Monomer—micelle e q u i l i b r i u m -for systems i n 
F i g u r e 1. 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



1. S C A M E H O R N Overview of Phenomena 1 

c a l c u l a t e t h e c o n c e n t r a t i o n o-f each s u r f a c t a n t i n 
monomeric form and m i c e l l a r form. T h i s p r e d i c t i v e 
c a p a b i l i t y i s a powerful t o o l . 

Mixed M i c e l l e s Showing N e g a t i v e D e v i a t i o n from I d e a l i t y . 
In an aqueous s o l u t i o n c o n t a i n i n g a m i x t u r e of C13 an 
i o n i c s u r f a c t a n t and a n o n i o n i c s u r f a c t a n t , or C23 an 
a n i o n i c s u r f a c t a n t and a c a t i o n i c s u r f a c t a n t , or C33 a 
z w i t t e r i o n i c s u r f a c t a n t and an a n i o n i c s u r f a c t a n t , t h e 
CMC of t h e mixed s u r f a c t a n t system e x h i b i t s a CMC which 
i s s u b s t a n t i a l l y l e s s than t h a t p r e d i c t e d by E q u a t i o n 1 
(9,12,18-37)• T h i s means t h a t t h e mixed m i c e l l e 
f o r m a t i o n i s enhanced and t h a t t h e mi x i n g p r o c e s s i n t h e 
m i c e l l e shows n e g a t i v e d e v i a t i o n from i d e a l i t y . T h i s i s 
demonstrated f o r a c a t i o n i c / n o n i o n i c system i n F i g u r e 1. 

I f t h e i n t e r a c t i o n s between s u r f a c t a n t s i n t h e mixed 
m i c e l l e can be d e s c r i b e
f o l l o w i n g e q u a t i o n s a p p l

1 = V^x«CMC-exρ C W <χ~ 2-x m*)/RT1 <3) 
y»x*CMC* 

C M = XeCMC eexpCWx« 2/RT3)/y e (4) 
where W i s t h e i n t e r a c t i o n parameter, R i s t h e gas 
c o n s t a n t , and Τ i s t h e a b s o l u t e temperature. Once a g a i n , 
C M from E q u a t i o n s 3 and 4 i s e q u i v a l e n t t o t h e m i x t u r e 
CMC when t h e t o t a l s u r f a c t a n t c o n c e n t r a t i o n i s a t t h e 
CMC. 

S o l u t i o n of E q u a t i o n 3 a t a g i v e n monomer 
c o m p o s i t i o n (ν Λ,ν β) r e s u l t i n p r e d i c t i o n s of v a l u e s of 
th e t h e m i c e l l a r c o m p o s i t i o n (χ*,χ 0). Then, s o l u t i o n of 
Eq u a t i o n 4 p r e d i c t s t h e v a l u e of t h e t o t a l monomer 
c o n c e n t r a t i o n <C M). However, t h i s model does not g i v e a 
p r i o r i p r e d i c t i o n s . The a d j u s t a b l e parameter W i s 
needed. I f a mixed CMC v a l u e i s a v a i l a b l e , E q u a t i o n s 3 
and 4 can be used t o determine W by s u b s t i t u t i n g t h e 
measured CMC v a l u e s f o r C M. Then t h e model can p r e d i c t 
monomer—micelle e q u i l i b r i u m a t any o t h e r system 
c o m p o s i t i o n . In f a c t , i f m u l t i p l e mixed CMC v a l u e s a r e 
a v a i l a b l e , a r e g r e s s i o n a n a l y s i s i s n o r m a l l y done t o 
determine t h e best v a l u e of W over t h e e n t i r e range of 
measurements. E q u a t i o n s 3 and 4 have been w i d e l y used t o 
model CMC d a t a f o r mixed s u r f a c t a n t systems showing 
n e g a t i v e d e v i a t i o n s from i d e a l i t y (12,25-36). E q u a t i o n s 
3 and 4 have been used t o model t h e mixed 
c a t i o n i c / n o n i o n i c system i n F i g u r e 1. The model can be 
seen t o d e s c r i b e t h e d a t a v e r y w e l l . The model can be 
extended t o i n c l u d e more than two s u r f a c t a n t components 
(.12). The p r e d i c t e d mi c e l l a r c o m p o s i t i o n s from E q u a t i o n s 
3 (as i l l u s t r a t e d i n F i g u r e 2) have a l s o been 
e x p e r i m e n t a l l y c o n f i r m e d (25,34). 

The more n e g a t i v e t h e v a l u e of W (or W/RT which i s 
d i m e n s i o n l e s s ) , t h e g r e a t e r t h e degree of n o n i d e a l i t y of 
the system. When W = 0, t h e system i s i d e a l and 
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E q u a t i o n s 3 and 4 reduce t o E q u a t i o n s 1 and 2. From 
t a b u l a t i o n s of l i t e r a t u r e v a l u e s of W/RT, some g e n e r a l 
c o n c l u s i o n s about degree of i n t e r a c t i o n s between 
d i s s i m i l a r s u r f a c t a n t s can be reached (31-34): 

1- The d e v i a t i o n from i d e a l i t y f o r b i n a r y p a i r s of 
s u r f a c t a n t s i n c r e a s e s i n t h e o r d e r c a t i o n i c / n o n i o n i c , 
a n i o n i c / n o n i o n i c , a n i o n i c / c a t i o n i c . 

2. The d e v i a t i o n from i d e a l i t y d e c r e a s e s as added 
e l e c t r o l y t e c o n c e n t r a t i o n i n c r e a s e s . 

3. For an i o n i c / n o n i o n i c system, where t h e n o n i o n i c i s a 
p o l y e t h o x y l a t e , t h e g r e a t e r t h e degree of p o l y m e r i z a t i o n 
of t h e p o l y o x y e t h y l e n e h y d r o p h i l i c group, t h e g r e a t e r t h e 
d e v i a t i o n from i d e a l i t y . 

4. The d e v i a t i o n fro
system can v a r y w i d e l y , from a v a l u e t y p i c a l of a 
c a t i o n i c / n o n i o n i c system t o n e a r l y t h a t of a 
a n i o n i c / c a t i o n i c system. 

5. The d e v i a t i o n from i d e a l i t y d e c r e a s e s as temperature 
i n c r e a s e s f o r i o n i c / n o n i o n i c systems. 

Average v a l u e s of W/RT from t a b u l a t e d l i t e r a t u r e 
(33) a t a p p r o x i m a t e l y room temperature and w i t h no added 
e l e c t r o l y t e a r e -2.7 f o r c a t i o n i c / n o n i o n i c systems; -3.4 
f o r a n i o n i c / n o n i o n i c systems; and -19 f o r 
a n i o n i c / c a t i o n i c systems. 

In o r d e r t o i l l u s t r a t e t h e e f f e c t of m i c e l l a r 
n o n i d e a l i t i e s of m i x i n g on t o t a l s u r f a c t a n t monomer 
c o n c e n t r a t i o n s and m i c e l l e c o m p o s i t i o n s i n a system a t 
the CMC, c o n s i d e r a h y p o t h e t i c a l b i n a r y s u r f a c t a n t p a i r , 
A and B. Assume CMC* = 1 mM and CMC» = 2 mM. For a 
equimolar m i x t u r e of A and Β as monomer, t h e v a l u e s of C M 

and m i c e l l e c o m p o s i t i o n s a r e t a b u l a t e d i n Tab l e I a t 
v a r i o u s v a l u e s of W/RT. 

Tabl e I. T o t a l Monomer C o n c e n t r a t i o n s and M i c e l l a r 
C o m p o s i t i o n s f o r a B i n a r y S u r f a c t a n t System a t 

V a r i o u s D e v i a t i o n s from I d e a l i t y 

W/RT C n (mM) X A 

0 ( i d e a l system) 1.33 0.667 
-2 0.83 0.586 
-5 0.40 0.550 
-25 0.0027 0.513 

As seen i n Tab l e I , f o r t h e i d e a l system, t h e v a l u e s 
of C M a r e between t h e C M C v a l u e s of t h e two pure 
s u r f a c t a n t components. However, t h e systems showing 
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n e g a t i v e d e v i a t i o n s from i d e a l i t y c o u l d have m i x t u r e 
monomer c o n c e n t r a t i o n v a l u e s lower than e i t h e r pure 
s u r f a c t a n t . In f a c t , f o r a W/RT of -25 ( p o s s i b l e f o r an 
a n i o n i c / c a t i o n i c m i x t u r e ) , t h e t o t a l s u r f a c t a n t monomer 
c o n c e n t r a t i o n i s l e s s than 17, of t h a t of e i t h e r pure 
component. Enormous monomer c o n c e n t r a t i o n d e p r e s s i o n s 
a r e p o s s i b l e i n t h e s e systems e x h i b i t i n g n e g a t i v e 
d e v i a t i o n s from i d e a l i t y . When i t i s d e s i r a b l e t o 
min i m i z e monomer c o n c e n t r a t i o n s , t h e s e m i x t u r e e f f e c t s 
can be u s e f u l . 

As a l s o seen i n Tab l e I , t h e m i c e l l a r c o m p o s i t i o n 
can be a f f e c t e d s u b s t a n t i a l l y by n o n i d e a l i t y . In f a c t , 
a z e o t r o p i c b e h a v i o r i n t h e monomer-mieelle e q u i l i b r i u m i s 
p o s s i b l e f o r t h e s e n o n i d e a l systems; i . e . , as t h e monomer 
c o m p o s i t i o n v a r i e s from pure A t o pure B, t h e m i c e l l e can 
v a r y from χ Λ > y A t o χ Λ = ν Λ (azeotrope) t o χ Λ < y A . 
T h i s a z e o t r o p e f o r m a t i o
c a t i o n i c / n o n i o n i c syste
forms a t κ Λ = y A = 0.3. The minimum CMC f o r a m i x t u r e 
c o r r e s p o n d s t o t h e a z e o t r o p i c c o m p o s i t i o n i f an az e o t r o p e 
i s p r e s e n t (32,37)• For an i d e a l system, a z e o t r o p i c 
b e h a v i o r i s not observed. 

Systems w i t h low monomer c o n c e n t r a t i o n s a r e of v a l u e 
when m i c e l l e s a r e p a r t i c i p a t i n g i n u s e f u l p r o c e s s e s 
d i r e c t l y (e.g., s o l u b i l i z a t i o n ) , where monomer i s 
"wasted" s u r f a c t a n t . However, o f t e n t h e monomer 
c o m p o s i t i o n as w e l l as t o t a l monomer c o n c e n t r a t i o n i s 
i m p o r t a n t , when the monomer i s p a r t i c i p a t i n g i n imp o r t a n t 
p r o c e s s e s and each component i n t e r a c t s d i f f e r e n t l y (e.g., 
a d s o r p t i o n ) . The s u r f a c t a n t c o m b i n a t i o n s d i s c u s s e d here 
can r e s u l t i n low monomer c o n c e n t r a t i o n s and t h e model 
o u t l i n e d can p r e d i c t t h e monomer c o n c e n t r a t i o n of each 
s u r f a c t a n t s p e c i e s . 

Mechanisms of N o n i d e a l i t y . S i m i l a r l y s t r u c t u r e d 
s u r f a c t a n t s mix i d e a l l y because t h e environments f o r t h e 
hydrophobic and the h y d r o p h i l i c groups i n t h e mixed 
m i c e l l e a r e s i m i l a r t o tho s e i n t h e pure component 
m i c e l l e . When a n o n i o n i c s u r f a c t a n t i s i n s e r t e d i n t o a 
m i c e l l e composed of i o n i c s u r f a c t a n t , t h e n o n i o n i c 
h y d r o p h i l i c group s e p a r a t e s charged i o n i c h y d r o p h i l i c 
groups from each o t h e r , r e d u c i n g t h e e l e c t r i c a l r e p u l s i o n 
i n t h e S t e r n l a y e r of t h e m i c e l l e (18-20.23.29,31.38.39). 
In o t h e r words, t h e charge d e n s i t y a t t h e m i c e l l e s u r f a c e 
i s reduced, which reduces t h e a b s o l u t e v a l u e of t h e 
e l e c t r i c a l p o t e n t i a l t h e r e (40). I t r e q u i r e s l e s s work 
t o i n s e r t a i o n i c s u r f a c t a n t i n t o t h i s mixed m i c e l l e than 
i n t o a pure i o n i c m i c e l l e because of t h i s reduced 
e l e c t r i c a l r e p u l s i o n . T h i s charge s e p a r a t i o n e f f e c t 
causes t h e mixed m i c e l l e t o form more e a s i l y than an 
i d e a l mixed m i c e l l e and so t h e CMC i s l e s s than t h a t of 
an i d e a l mixed m i c e l l e . 

In a d d i t i o n t o e l e c t r o s t a t i c f o r c e s , another 
c o n t r i b u t i o n t o n o n i d e a l i t y i s due t o t h e f o r m a t i o n of 
oxonium s a l t s i n t h e h y d r o p h i l i c group of t h e n o n i o n i c 
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p o l y e t h o x y l a t e d s u r f a c t a n t (21,23)- These r e s u l t from 
th e a s s o c i a t i o n of c a t i o n s (e.g., Η"·* or Na"*") from 
s o l u t i o n w i t h t h e n e g a t i v e l y p o l a r i z e d e t h e r oxygen 
atoms. The r e s u l t i n g net p o s i t i v e charge of t h e n o n i o n i c 
s u r f a c t a n t can a l s o c o n t r i b u t e t o t h e s t a b i l i z a t i o n of 
a n i o n i c / n o n i o n i c mixed m i c e l l e s . T h i s i s t h e p r o b a b l e 
e x p l a n a t i o n f o r the g e n e r a l l y g r e a t e r n o n i d e a l i t y of t h e 
a n i o n i c / n o n i o n i c systems over t h e c a t i o n i c / n o n i o n i c 
systems. However, th e number of oxoniurn i o n s formed i s 
p r o b a b l y s m a l l , as evidenced by t h e s i m i l a r i t y of W/RT 
f o r t h e s e two t y p e s of systems. I f an i o n i c s u r f a c t a n t 
has a benzene r i n g i n i t s hydrophobic group, t h e 
p o l y e t h o x y l a t e group i n a n o n i o n i c s u r f a c t a n t can 
i n t e r a c t w i t h t h e a r o m a t i c r i n g i n i o n i c / n o n i o n i c mixed 
m i c e l l e s , r e s u l t i n g i n an a d d i t i o n a l s t a b i l i z i n g f o r c e 
f o r t h e s e mixed m i c e l l e s (41,42). E l e c t r o s t a t i c 
s t a b i l i z a t i o n v i a t h  s e p a r a t i o  i
main cause of mixed i o n i c / n o n i o n i
from i d e a l i t y , w i t
benzene/ethylene o x i d e group i n t e r a c t i o n s b e i n g a 
secondary e f f e c t . The a n i o n i c / c a t i o n i c systems e x h i b i t 
t h e u l t i m a t e i n e l e c t r o s t a t i c a l l y induced n o n i d e a l i t i e s , 
w i t h t h e o p p o s i t e l y charged s u r f a c t a n t s combining t o form 
e x t r e m e l y s t a b l e m i c e l l e s . 

In a mixed m i c e l l e composed of a p o l y e t h o x y l a t e d 
n o n i o n i c and an a n i o n i c s u r f a c t a n t , s o l u b i l i z a t i o n 
r e s u l t s ( t o be d i s c u s s e d i n a l a t e r s e c t i o n ) i n d i c a t e 
t h a t f o r s h o r t p o l y o x y e t h y l e n e c h a i n s , t h e n o n i o n i c 
hydophobic groups a r e l e s s compact than i n a pure 
n o n i o n i c m i c e l l e because of t h e space taken up by t h e 
a n i o n i c h y d r o p h i l i c group. That i s , t h e volume per 
e t h y l e n e o x i d e group i s g r e a t e r i n t h e r e g i o n o u t s i d e t h e 
p a l i s a d e l a y e r i n t h e mixed case. However, f o r l o n g e r 
p o l y o x y e t h y l e n e c h a i n s , t h e mixed m i c e l l e i s more compact 
than a pure n o n i o n i c m i c e l l e . T h i s l a t t e r e f f e c t i s 
p r o b a b l y due t o t h e s p e c i f i c i n t e r a c t i o n s between t h e 
a n i o n i c head group and t h e oxonium i o n of t h e 
p o l y e t h o x y l a t e c h a i n r e d u c i n g t h e e x t e n s i o n of t h e l o n g 
p o l y e t h o x y l a t e c h a i n i n t o s o l u t i o n , which overcomes t h e 
s t e r i c e f f e c t of t h e space o c c u p i e d by t h e a n i o n i c 
h y d r o p h i l i c groups. As a r e s u l t , a h i g h e r f r a c t i o n of 
t h e e t h y l e n e o x i d e groups i s i n c l o s e p r o x i m i t y t o t h e 
a n i o n i c head group (perhaps wrapped around i t ) , c a u s i n g 
t h e a r e a per t o t a l h y d r o p h i l i c groups i n t h i s r e g i o n t o 
be p o t e n t i a l l y h i g h e r i n t h e mixed case than f o r e i t h e r 
pure s u r f a c t a n t m i c e l l e . I f t h e m i c e l l e shape d i d not 
change d r a s t i c a l l y , t h i s would r e s u l t i n a lower 
a g g r e g a t i o n number than c a l c u l a t e d by a mole f r a c t i o n 
weighted average of t h e pure component v a l u e s . 
A n i o n i c / n o n i o n i c mixed m i c e l l e s have been r e p o r t e d t o 
have an a g g r e g a t i o n number i n t e r m e d i a t e between or l e s s 
than t h e two pure component m i c e l l e s (43,44), c o n s i s t e n t 
w i t h t h i s i n t e r p r e t a t i o n . 

C a t i o n i c / n o n i o n i c mixed m i c e l l e s do not seem t o show 
t h i s compaction e f f e c t (at l e a s t as r e a d i l y ) as 
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a n i o n i c / n o n i o n i c m i c e l l e s from s o l u b i l i z a t i o n r e s u l t s , 
a g a i n c o n s i s t e n t w i t h t h e l a c k of s p e c i f i c a t t r a c t i o n (or 
even s m a l l r e p u l s i o n ) between t h e two d i s s i m i l a r 
h y d r o p h i l i c groups. Not u n e x p e c t e d l y , c a t i o n i c / n o n i o n i c 
mixed m i c e l l e s have been shown t o e x h i b i t a h i g h e r 
a g g r e g a t i o n number than t h e pure component m i c e l l e s a t 
some c o m p o s i t i o n s (38). 

Reqular S o l u t i o n Theory. I f t h e s u r f a c t a n t m i x i n g i n t h e 
m i c e l l e obeys r e g u l a r s o l u t i o n t h e o r y , t h e f o l l o w i n g 
r e l a t i o n s h i p s a r e v a l i d f o r a b i n a r y s u r f a c t a n t system 
(45) ' 

Δ Η Μ = Δ8«Τ = x«x E W (5) 

w h e r e Δ Η μ i s t h e heat of m i x i n g i n t h e m i c e l l e and A G E i s 
the e x c e s s f r e e energ
E q u a t i o n 5 shows t h a
m i x i n g a r e s y m m e t r i c a l w i t h r e s p e c t t o m i c e l l a r 
c o m p o s i t i o n ; i . e . , A H M reaches as extremum when κ Λ = x B = 
0.5. E q u a t i o n 5 a l s o shows t h a t t h e n o n i d e a l i t y of 
m i x i n g i s e n t i r e l y accounted f o r i n t h e heat or e n t h a l p y 
of m i x i n g . The excess e n t r o p y of m i x i n g i s assumed t o be 
z e r o . 

There i s s u b s t a n t i a l e v i d e n c e t h a t r e g u l a r s o l u t i o n 
t h e o r y i s not v a l i d i n d e s c r i b i n g t h e n o n i d e a l mixed 
m i c e l l e s . The heat of m i x i n g o b t a i n e d from f i t t i n g 
r e g u l a r s o l u t i o n t h e o r y t o CMC d a t a has been shown t o 
d i f f e r g r e a t l y from t h a t measured by c a l o r i m e t r y (29,36). 
The excess f r e e energy of m i x i n g upon mixed m i c e l l e 
f o r m a t i o n can be v e r y unsymmetrical w i t h r e s p e c t t o 
c o m p o s i t i o n (21), c o n t r a r y t o t h e p r e d i c t i o n of E q u a t i o n 
5. The v a l u e of W s h o u l d be independent of temperature 
and m i c e l l a r c o m p o s i t i o n (46). I t has been found t o be 
s u b s t a n t i a l l y temperature dependent (34) and s l i g h t l y 
dependent on c o m p o s i t i o n (30). I f r e g u l a r s o l u t i o n 
t h e o r y a p p l i e s f o r i o n i c / n o n i o n i c mixed m i c e l l e s , t h e 
f r a c t i o n a l c o u n t e r i o n b i n d i n g must be p r o p o r t i o n a l t o t h e 
mole f r a c t i o n of i o n i c s u r f a c t a n t i n t h e m i c e l l e (39,47), 
which i s c o n t r a r y t o e x p e r i m e n t a l o b s e r v a t i o n s (40,43,47-
49). 

E q u a t i o n s 3 and 4 a r e d e r i v e d from E q u a t i o n 5 (31), 
which has been found t o be i n v a l i d f o r t h e systems of 
i n t e r e s t . However, E q u a t i o n s 3 and 4 have been shown t o 
a c c u r a t e l y d e s c r i b e m i x t u r e CMC v a l u e s and monomer— 
m i c e l l e e q u i l i b r i u m . The r e s o l u t i o n i s t h a t E q u a t i o n s 3 
and 4 s h o u l d be c o n s i d e r e d as v a l u a b l e e m p i r i c a l 
e q u a t i o n s t o d e s c r i b e t h e s e n o n i d e a l systems. The f a c t 
t h a t they were o r i g i n a l l y d e r i v e d from r e g u l a r s o l u t i o n 
t h e o r y i s a h i s t o r i c a l c o i n c i d e n c e . 

Only one model t o d e s c r i b e n o n i d e a l m i c e l l e 
f o r m a t i o n was d e s c r i b e d here. Regular s o l u t i o n t h e o r y i n 
a d i f f e r e n t form than t h a t used here has been a p p l i e d t o 
t h e s e systems (39). A l t e r n a t i v e models have been 
proposed based on s t a t i s t i c a l mechanics (37,50), t h e 
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mass-action model of m i c e l l e f o r m a t i o n ( 5 ) , a model 
a c c o u n t i n g f o r e l e c t r i c a l e f f e c t s (24), and a group 
c o n t r i b u t i o n method (51) . 

Mixed M i c e l l e s Showing P o s i t i v e D e v i a t i o n s from I d e a l i t y , 
For b i n a r y s u r f a c t a n t systems where one component has a 
hydrocarbon-based hydrophobic group and t h e o t h e r 
component has a f1uorocarbon-based hydrophobic group, and 
both i n d i v i d u a l s u r f a c t a n t s have t h e same charge on t h e 
h y d r o p h i l i c group, t h e m i x t u r e CMC i s g r e a t e r than t h a t 
p r e d i c t e d from i d e a l s o l u t i o n t h e o r y (13,52-56). These 
systems show p o s i t i v e d e v i a t i o n from i d e a l i t y as 
i l l u s t r a t e d i n F i g u r e 1, 

While a n i o n i c / c a t i o n i c s u r f a c t a n t systems show 
n e g a t i v e d e v i a t i o n s from i d e a l i t y of m i x i n g because of 
a t t r a c t i o n s between d i s s i m i l a r s u r f a c t a n t s i n t h e mixed 
m i c e l l e , h y d r o c a r b o n - b a s e d / f l u o r o c a r b o
e x h i b i t p o s i t i v e d e v i a t i o n
p h o b i c i t y between the d i s s i m i l a r hydrophobic groups i n 
the mixed m i c e l l e . The monomer-micelle e q u i l i b r i u m f o r 
such a system i s i l l u s t r a t e d i n F i g u r e 2. At low monomer 
mole f r a c t i o n s of t h e hydrocarbon-based s u r f a c t a n t 
( s u r f a c t a n t A ) , the monomer i s i n e q u i l i b r i u m w i t h 
p r e d o m i n a t e l y f1uorocarbon-based m i c e l l e s . At a c r i t i c a l 
monomer c o m p o s i t i o n of y A = 0.1, t h e monomer i s i n 
s i m u l t a n e o u s e q u i l i b r i u m w i t h a m a i n l y f l u o r o c a r b o n - b a s e d 
m i c e l l e (χ Λ = 0.057) and a m a i n l y hydrocarbon-based 
m i c e l l e (χ Λ = 0.71). At h i g h e r v a l u e s of ν Λ , t h e 
p r e d o m i n a t e l y hydrocarbon-based m i c e l l e o n l y i s p r e s e n t . 
As t h e temperature i n c r e a s e s , t h e mutual p h o b i c i t y 
d e c r e a s e s i n t h e s e systems, u n t i l t h e r e i s no m i c e l l a r 
phase t r a n s i t i o n , a l t h o u g h t h e r e i s s t i l l p o s i t i v e 
d e v i a t i o n from i d e a l i t y (53-55). T h i s remarkable 
b e h a v i o r can have s u b s t a n t i a l impact on p r o c e s s e s 
i n v o l v i n g t h e s e mixed s u r f a c t a n t sytems. For example, i f 
s o l u b i l i z a t i o n i n t o t h e hydrocarbon-based m i c e l l e were 
d i f f e r e n t than t h a t i n t h e f1uorocarbon-based m i c e l l e , a 
sharp change i n t h i s p r o p e r t y would occur a t t h e monomer 
co m p o s i t i o n c o r r e s p o n d i n g t o t h e m i c e l l a r phase change. 

Having shown t h a t i o n i c / n o n i o n i c s u r f a c t a n t m i x t u r e s 
show n e g a t i v e d e v i a t i o n s from i d e a l i t y (when both 
components a r e hydrocarbon-based) and 
f l u o r o c a r b o n / h y d r o c a r b o n - b a s e d s u r f a c t a n t m i x t u r e s show 
p o s i t i v e d e v i a t i o n s from i d e a l i t y , what would a i o n i c 
f l u o r o c a r b o n / n o n i o n i c hydrocarbon s u r f a c t a n t p a i r be 
expected t o do? In one example of t h i s case (57), t h e 
e l e c t r o s t a t i c s t a b i l i z a t i o n f o r c e s overcome t h e 
hydrophobic group p h o b i c i t y e f f e c t s and n e g a t i v e 
d e v i a t i o n from i d e a l i t y i s observed. 
C o u n t e r i o n B i n d i n q . The f r a c t i o n a l c o u n t e r i o n b i n d i n g on 
charged mixed m i c e l l e s i s of fundamental i n t e r e s t because 
i t g i v e s an i n d i c a t i o n of s u r f a c e charge d e n s i t y which i s 
r e l a t e d t o t h e mechanism of m i x i n g n o n i d e a l i t i e s i n 
i o n i c / n o n i o n i c m i c e l l e s . I t i s a l s o a n e c e s s a r y 
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component i n any p r e d i c t i o n o-f e l e c t r i c a l p o t e n t i a l at 
the m i c e l l a r s u r f a c e . 

The f r a c t i o n a l c o u n t e r i o n b i n d i n g on m i c e l l e s 
composed of b i n a r y m i x t u r e s of s i m i l a r l y s t r u c t u r e d 
s u r f a c t a n t s of l i k e charge v a r i e s m o n o t o n i c a l l y between 
th e v a l u e s f o r t h e two pure component m i c e l l e s as t h e 
m i c e l l a r c o m p o s i t i o n i s v a r i e d (15,40). For 
i o n i c / n o n i o n i c mixed m i c e l l e s , t h e f r a c t i o n a l c o u n t e r i o n 
b i n d i n g d e c r e a s e s as t h e n o n i o n i c c o n t e n t of t h e m i c e l l e 
i n c r e a s e s (22,40,43,47-49,58). T h i s i s expected, s i n c e 
t h e space take n up by t h e n o n i o n i c h y d r o p h i l i c groups 
causes the i o n i c h y d r o p h i l i c groups t o have a lower 
d e n s i t y on t h e m i c e l l a r s u r f a c e , r e s u l t i n g i n a r e d u c t i o n 
i n a b s o l u t e s u r f a c e e l e c t r i c a l p o t e n t i a l . T h e r e f o r e , 
t h e r e i s a reduced d r i v i n g f o r c e f o r c o u n t e r i o n b i n d i n g . 
The b i n d i n g d e c r e a s e s as the number of o x y e t h y l e n e groups 
i n t h e n o n i o n i c s u r f a c t a n
t h e s e l a r g e r n o n i o n i
l a r g e r f r a c t i o n of t h e m i c e l l e s u r f a c e a r e a , r e d u c i n g t h e 
s u r f a c e charge d e n s i t y even more. 

Monolayer Formation 

The a d s o r p t i o n of mixed s u r f a c t a n t s a t t h e a i r — w a t e r 
i n t e r f a c e (monolayer f o r m a t i o n ) i s m e c h a n i s t i c a l l y v e r y 
s i m i l a r t o mixed m i c e l l e f o r m a t i o n . The mixed monolayer 
i s o r i e n t e d so t h a t t h e s u r f a c t a n t h y d r o p h i l i c groups a r e 
a d j a c e n t t o each o t h e r . The hydrophobic groups a r e 
removed from t h e aqueous environment and a r e i n c o n t a c t 
w i t h o t h e r hydrophobic groups or a i r . T h e r e f o r e , t h e 
f o r c e s t e n d i n g t o cause monolayers t o form a r e s i m i l a r t o 
t h o s e c a u s i n g m i c e l l e s t o form and t h e thermodynamics and 
i n t e r a c t i o n s between s u r f a c t a n t s a r e s i m i l a r i n t h e two 
a g g r e g a t i o n p r o c e s s e s . 

The p r a c t i c a l importance of monolayer f o r m a t i o n i s 
g e n e r a l l y because of i t s r e l a t i o n s h i p t o r e d u c t i o n of 
s u r f a c e t e n s i o n . A i r - w a t e r s u r f a c e t e n s i o n can a f f e c t 
such important phenomena as c o n t a c t a n g l e w i t h a s o l i d 
s u r f a c e ( a f f e c t i n g f l o t a t i o n ) , r a t e of w e t t i n g of a 
s o l i d , or foaming ( w i t h a p p l i c a t i o n s i n enhanced o i l 
r e c o v e r y or f i r e e x t i n g u i s h e r s ) , j u s t t o name a few. 
R e d u c t i o n of a i r - w a t e r s u r f a c e t e n s i o n c o u l d , f o r 
example, cause a l i q u i d t o spread on a s o l i d i n s t e a d of 
beading up on i t . 

At v e r y low s u r f a c t a n t c o n c e n t r a t i o n s i n s o l u t i o n , 
t h e a d s o r p t i o n d e n s i t y a t t h e a i r — w a t e r i n t e r f a c e i s so 
low t h a t i n d i v i d u a l adsorbed s u r f a c t a n t s do not i n t e r a c t 
s i g n i f i c a n t l y w i t h each o t h e r . At a c e r t a i n 
c o n c e n t r a t i o n , t h e a d s o r p t i o n d e n s i t y i n c r e a s e s s h a r p l y 
as a phase t r a n s i t i o n o c c u r s (59). The coverage on t h e 
s u r f a c e r a p i d l y approaches a monolayer coverage as 
c o n c e n t r a t i o n i n c r e a s e s f u r t h e r . E s s e n t i a l l y a complete 
monolayer i s formed a t c o n c e n t r a t i o n s w e l l below t h e CMC 
(60). I t i s i n t h i s r e g i o n of monolayer f o r m a t i o n t h a t a 
r a p i d decrease i n s u r f a c e t e n s i o n w i t h i n c r e a s i n g 
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sur-factant c o n c e n t r a t i o n i s observed- T h e r e f o r e , t h e 
tendency f o r t h e monolayer t o form i s i n t i m a t e l y r e l a t e d 
t o s u r f a c e t e n s i o n r e d u c t i o n . 

In mixed s u r f a c t a n t systems, t h e i n t e r a c t i o n s 
between s u r f a c t a n t s a f f e c t s t h e tendency f o r monolayer 
f o r m a t i o n . At c o n c e n t r a t i o n s above t h e CMC, t h e s u r f a c e 
t e n s i o n may v e r y s l o w l y i n c r e a s e or decrease. The 
s u r f a c e t e n s i o n a t t h e CMC i s c l o s e t o t h e minimum 
s u r f a c e t e n s i o n which a s u r f a c t a n t system can a t t a i n . 
T h e r e f o r e , i n terms of s u r f a c e t e n s i o n r e d u c t i o n , t h e 
s u r f a c t a n t c o n c e n t r a t i o n r e q u i r e d t o a t t a i n a s p e c i f i e d 
s u r f a c e t e n s i o n below t h e CMC and t h e s u r f a c e t e n s i o n a t 
the CMC a r e i n d i c a t i v e of t h e u s e f u l n e s s of a system. 

Below t h e CMC, t h e s u r f a c t a n t m i x i n g i n monolayers 
composed of s i m i l a r l y s t r u c t u r e d s u r f a c t a n t s 
a p p r o x i m a t e l y obeys i d e a l s o l u t i o n t h e o r y . T h i s means 
t h a t t h e t o t a l s u r f a c t a n
a t t a i n a s p e c i f i e d s u r f a c
i n t e r m e d i a t e between those c o n c e n t r a t i o n s f o r t h e pure 
s u r f a c t a n t s i n v o l v e d . For m i x t u r e s of i o n i c / n o n i o n i c or 
a n i o n i c / c a t i o n i c s u r f a c t a n t s , below t h e CMC, t h e 
s u r f a c t a n t m i x i n g i n t h e monolayer e x h i b i t s n e g a t i v e 
d e v i a t i o n from i d e a l i t y ( i . e . , t h e s u r f a c t a n t 
c o n c e n t r a t i o n r e q u i r e d t o a t t a i n a s p e c i f i e d s u r f a c e 
t e n s i o n i s l e s s than t h a t p r e d i c t e d from i d e a l s o l u t i o n 
t h e o r y ) . The same g u i d e l i n e s a l r e a d y d i s c u s s e d t o s e l e c t 
s u r f a c t a n t m i x t u r e s which have low monomer c o n c e n t r a t i o n s 
when m i c e l l e s a r e p r e s e n t would a l s o a p p l y t o t h e 
s e l e c t i o n of s u r f a c t a n t s which would reduce s u r f a c e 
t e n s i o n below t h e CMC. 

The m i x i n g i n th e s e monolayers have been modeled 
u s i n g i d e a l s o l u t i o n t h e o r y or r e g u l a r s o l u t i o n t h e o r y 
(26-28.32,61-64). The r e s u l t i n g e q u a t i o n s a r e s i m i l a r t o 
tho s e a l r e a d y p r e s e n t e d f o r mixed m i c e l l e f o r m a t i o n . The 
r e g u l a r s o l u t i o n t h e o r y i n t e r a c t i o n parameter f o r 
monolayer f o r m a t i o n i s s i m i l a r t o t h a t of m i c e l l e 
f o r m a t i o n . For example, from (28), t h e average 
d i f f e r e n c e between t h e monolayer and m i c e l l e i n t e r a c t i o n 
parameter i s o n l y about 20X f o r t e n v a r i e d systems. 
S i n c e t h e s t r u c t u r e of t h e two aggregates i s s i m i l a r , 
t h i s i s expected. The mechanisms l e a d i n g t o t h e 
n o n i d e a l i t y of mixed m i c e l l e s ( a l r e a d y d i s c u s s e d ) a r e 
q u a l i t a t i v e l y t h e same f o r mixed monolayers. 

The h i g h e r t h e n e g a t i v e d e v i a t i o n from i d e a l i t y i n 
monolayer f o r m a t i o n , t h e lower t h e c o n c e n t r a t i o n r e q u i r e d 
t o a t t a i n a g i v e n s u r f a c e t e n s i o n below t h e CMC. The 
h i g h e r t h i s d e v i a t i o n f o r m i c e l l e f o r m a t i o n , t h e lower 
the CMC. S i n c e t h e CMC i s where t h e s u r f a c e t e n s i o n 
a p p r o x i m a t e l y l e v e l s out a t near a minimum v a l u e , t h e 
minimum s u r f a c e t e n s i o n i n such a system r e p r e s e n t s t h e 
r e l a t i v e enhancement of monolayer f o r m a t i o n over m i c e l l e 
f o r m a t i o n . T h i s r e l a t i v e f a v o r a b i l i t y of aggregate 
f o r m a t i o n i s o f t e n an im p o r t a n t f a c t o r i n many 
a p p l i c a t i o n s , as w i l l be f u r t h e r d i s c u s s e d i n t h i s 
a r t i c l e . 
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S o l U P i 1 i z a t i o n 

S o l u b i l i z a t i o n o-f d i s s o l v e d o r g a n i c m o l e c u l e s i n t o 
m i c e l l e s i s i m p o r t a n t i n detergency ( 2 ) , emulsion 
p o l y m e r i z a t i o n (65), and m i c e l l a r - e n h a n c e d 
u l t r a f i l t r a t i o n ( 3 ) , j u s t t o name a few a p p l i c a t i o n s . 
S o l u b i l i z a t i o n a l s o i n d i r e c t l y a f f e c t s many o t h e r 
o p e r a t i o n s because i t o f t e n a f f e c t s monomer-micelle 
e q u i l i b r i u m , i n f l u e n c i n g s u r f a c t a n t a d s o r p t i o n , w e t t i n g , 
e t c . when s o l u b i 1 i z a b l e , n o n - s u r f a c t a n t s p e c i e s a r e 
p r e s e n t i n s o l u t i o n . 

Y e l l o w OB dye i s an e s s e n t i a l l y w a t e r - i n s o l u b l e 
o r g a n i c and i s con v e n i e n t t o use as a s o l u b i 1 i z a t e . The 
s t u d i e s d i s c u s s e d here use Y e l l o w OB f o r s o l u b i l i z a t i o n 
s t u d i e s i n mixed s u r f a c t a n t systems. Y e l l o w OB can 
s o l u b i l i z e i n t h e hydrocarbon c o r e of t h e m i c e l l e as w e l l 
as among the p o l y o x y e t h y l e n
n o n i o n i c s u r f a c t a n t

N i s h i k i d o (21.) has done a s y s t e m a t i c s t u d y of mixed 
s u r f a c t a n t s o l u b i l i z a t i o n . In t h a t s t u d y , s o l u b i l i z a t i o n 
i n mixed systems was compared t o t h a t p r e d i c t e d by 
a p p l i c a t i o n of a l i n e a r m i x i n g r u l e t o t he 
s o l u b i l i z a t i o n s i n t h e pure s u r f a c t a n t component 
m i c e l l e s . For example, i n t h i s " i d e a l " c ase, a m i c e l l e 
composed of a 50/50 molar m i x t u r e of two s u r f a c t a n t s 
would have a s o l u b i l i z a t i o n c a p a c i t y which i s an average 
of t h a t of t h e two pure s u r f a c t a n t s i n v o l v e d . A system 
showing n e g a t i v e d e v i a t i o n from i d e a l i t y would have l e s s 
s o l u b i l i z a t i o n than t h i s i d e a l system; a system having 
p o s i t i v e d e v i a t i o n from i d e a l i t y would have more. 

Except when both t h e hydrophobic and h y d r o p h i l i c 
groups of two p o l y e t h o x y l a t e d n o n i o n i c s a r e s i m i l a r , a 
n o n i o n i c / n o n i o n i c system shows n e g a t i v e d e v i a t i o n s from 
s o l u b i l i z a t i o n i d e a l i t y . T h i s i s because t h e c h a i n s pack 
most e f f i c i e n t l y when t h e y a r e of t h e same l e n g t h . For 
example, i f one h y d r o p h i l i c group had 5 e t h y l e n e o x i d e 
(E0) groups and t h e o t h e r had 50 E0 groups, t h e f i r s t 5 
E0 groups i n t h e l o n g e r c h a i n might see a p p r o x i m a t e l y t h e 
same environment as i n t h e pure 50 E0 s u r f a c t a n t m i c e l l e . 
However, t h o s e E0 groups beyond t h i s w i l l not form as 
t i g h t a s t r u c t u r e as i n t h e pure m i c e l l e . I f 
s o l u b i l i z a t i o n i s s i g n i f i c a n t i n t h e p o l y e t h o x y l a t e 
p o r t i o n of t he m i c e l l e as w e l l as i n t h e hydrophobic 
p o r t i o n , t h i s w i l l cause a decrease i n s o l u b i l i z a t i o n 
s i n c e t h e environment f o r t h e s o l u b i l i z a t e w i l l not be as 
f a v o r a b l e i n t h e r e g i o n of l e s s compact o x y e t h y l e n e 
groups i n t h e mixed m i c e l l e . 

The same e f f e c t i s seen when a non-aromatic c a t i o n i c 
s u r f a c t a n t / n o n i o n i c s u r f a c t a n t system i s used. S i n c e t h e 
n o n i d e a l i t y of mixed m i c e l l e f o r m a t i o n i n t h i s case i s 
due almost e n t i r e l y t o t h e e l e c t r o s t a t i c e f f e c t s and not 
t o any s p e c i f i c i n t e r a c t i o n s between t h e d i s s i m i l a r 
h y d r o p h i l i c groups, t h e g e o m e t r i c a l e f f e c t j u s t d i s c u s s e d 
w i l l cause t h e E0 groups t o be l e s s compactly s t r u c t u r e d 
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i n t h e mixed m i c e l l e . In t h i s system, n e g a t i v e 
d e v i a t i o n s -from i d e a l i t y i n mixed m i c e l l e -formation 
(enhancement of m i c e l l e f o r m a t i o n ) do not l e a d t o 
enhancement of s o l u b i l i z a t i o n ( i . e . , n e g a t i v e d e v i a t i o n s 
from s o l u b i l i z a t i o n i d e a l i t y a r e se e n ) . 

In a n i o n i c / n o n i o n i c systems, f o r a s h o r t 
p o l y o x y e t h y l e n e c h a i n l e n g t h , n e g a t i v e d e v i a t i o n from 
s o l u b i l i z a t i o n i d e a l i t y i s seen. However, f o r a l a r g e 
number of EO groups, s u b s t a n t i a l p o s i t i v e d e v i a t i o n i s 
seen. In a d d i t i o n t o t h e s t e r i c e f f e c t s a l r e a d y 
d i s c u s s e d t e n d i n g t o cause l e s s s o l u b i l i z a t i o n i n t h e 
mixed system, i n a n i o n i c / n o n i o n i c systems t h e a t t r a c t i o n 
between t h e a n i o n i c head group and t h e oxonium s a l t s i n 
the p o l y o x y e t h y l e n e c h a i n tend t o cause t h e m i c e l l e t o 
become more compact, t e n d i n g t o i n c r e a s e s o l u b i l i z a t i o n . 
For a s m a l l number of EO groups (e.g., 6 ) , t h e former 
e f f e c t dominates an  n e g a t i v  d e v i a t i o
s o l u b i l i z a t i o n i d e a l i t
groups (e.g, >14), , g 
t o p o s i t i v e d e v i a t i o n from i d e a l i t y f o r s o l u b i l i z a t i o n . 

For an a n i o n i c / n o n i o n i c system w i t h t h e a n i o n i c 
s u r f a c t a n t c o n t a i n i n g a benzene r i n g i n t h e hydrophobic 
group, and 9 EO groups i n the n o n i o n i c s u r f a c t a n t , 
p o s i t i v e d e v i a t i o n from i d e a l i t y i s seen when t h e benzene 
r i n g i s a t t a c h e d t o t h e a n i o n i c h y d r o p h i l i c group a t t h e 
end of the l i n e a r a l k y l c h a i n (66). However, when t h e 
benzene r i n g i s p o s i t i o n e d i n t h e hydrophobic group away 
from t h e h y d r o p h i l i c group, n e g a t i v e o r no d e v i a t i o n from 
s o l u b i l i z a t i o n i d e a l i t y i s seen. T h i s i s c o n s i s t e n t w i t h 
t h e a t t r a c t i v e i n t e r a c t i o n between t h e benzene r i n g of 
the a n i o n i c s u r f a c t a n t and t h e EO groups of t h e n o n i o n i c 
s u r f a c t a n t l e a d i n g t o a more compact m i c e l l e when t h e 
benzene r i n g i s i n t h e p a l i s a d e l a y e r of t h e m i c e l l e , 
l e a d i n g t o i n c r e a s e d s o l u b i l i z a t i o n . 

N e g a t i v e d e v i a t i o n from i d e a l i t y of m i c e l l e 
f o r m a t i o n does not l e a d t o i n c r e a s e d s o l u b i l i z a t i o n 
u n l e s s t h e r e i s a s p e c i f i c a t t r a c t i o n between t h e 
h y d r o p h i l i c groups of t h e d i s s i m i l a r s u r f a c t a n t s , not 
j u s t e l e c t r o s t a t i c f o r c e s . The s p e c i f i c a t t r a c t i o n can 
l e a d t o a more compact m i c e l l e and h i g h e r 
s o l u b i l i z a t i o n s . As a l r e a d y d i s c u s s e d , t h i s i s 
c o n s i s t e n t w i t h a g g r e g a t i o n numbers of mixed m i c e l l e s . 
I f a system which had l a r g e s o l u b i l i z a t i o n enhancement 
were d e s i r e d , an a n i o n i c / n o n i o n i c system would be chosen 
w i t h a benzene r i n g a t t a c h e d t o t h e a n i o n i c h y d r o p h i l i c 
group and a l a r g e number of EO groups i n t h e n o n i o n i c . 
T h i s d i s c u s s i o n o n l y a p p l i e s t o systems i n which 
s o l u b i l i z a t i o n i n t h e p o l y e t h o x y l a t e p o r t i o n of t h e 
n o n i o n i c s u r f a c t a n t i s s i g n i f i c a n t (e.g., Y e l l o w OB d y e ) . 
I f t h e s o l u b i 1 i z a t e i s l o c a t e d o n l y i n t h e hydrocarbon 
c o r e of t h e m i c e l l e (e.g., h y d r o c a r b o n s ) , l a r g e 
d e v i a t i o n s from i d e a l i t y would not be expected. T h i s 
d i s c u s s i o n i s c o n s i s t e n t w i t h o t h e r mixed s u r f a c t a n t 
s o l u b i l i z a t i o n d a t a (67,68). 
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A d s o r p t i o n on S o l i d s 
The a d s o r p t i o n of s u r f a c t a n t s on s o l i d s a f f e c t s 
f l o t a t i o n , a g r i c u l t u r a l s o i l c o n d i t i o n i n g , f o r m u l a t i o n of 
ph a r m a c e u t i c a l d i s p e r s i o n s , and dyein g (69), j u s t t o name 
a few p r o c e s s e s . More s p e c i f i c a l l y , i n enhanced o i l 
r e c o v e r y , a d s o r p t i o n of s u r f a c t a n t on r e s e r v o i r m i n e r a l s 
can r e s u l t i n a s u b s t a n t i a l l o s s of s u r f a c t a n t (1). 
S e l e c t i v e a d s o r p t i o n of c e r t a i n s u r f a c t a n t components 
from t h e multicomponent m i x t u r e can l e a d t o 
chromatographic s e p a r a t i o n of t h e s l u g (70,71), w i t h 
subsequent d i s a s t e r o u s r e s u l t s . In detergency, 
a d s o r p t i o n of s u r f a c t a n t components on both t e x t i l e s and 
contaminants ( p o l a r or nonpolar d i r t s ) i s impo r t a n t ( 2 ) . 

When s u r f a c t a n t s adsorb on metal o x i d e s u r f a c e s 
(e.g., m i n e r a l s ) , a t low c o n c e n t r a t i o n s , t h e ad s o r b a t e 
m o l e c u l e s a r e w i d e l
i n t e r a c t i o n s betwee
a c e r t a i n c r i t i c a l c o n c e n t r a t i o n , dense s u r f a c t a n t 
aggregates form on t h e s u r f a c e (72). These a r e c a l l e d 
a d m i c e l l e s . For i o n i c s u r f a c t a n t s , t h e a d m i c e l l e s a r e 
b i l a y e r e d s t r u c t u r e s (72). Above t h e CMC, t h e t o t a l 
a d s o r p t i o n of s u r f a c t a n t can i n c r e a s e or decrease s l o w l y . 

When two s i m i l a r l y s t r u c t u r e d a n i o n i c s u r f a c t a n t s 
adsorb on m i n e r a l s , t h e mixed a d m i c e l l e a p p r o x i m a t e l y 
obeys i d e a l s o l u t i o n t h e o r y (JUL)- Below t h e CMC, t h e 
t o t a l a d s o r p t i o n a t any t o t a l s u r f a c t a n t c o n c e n t r a t i o n i s 
i n t e r m e d i a t e between t h e pure component a d s o r p t i o n 
l e v e l s . A d s o r p t i o n of each s u r f a c t a n t component i n these 
systems can be e a s i l y p r e d i c t e d from pure component 
a d s o r p t i o n i s o t h e r m s by combining i d e a l s o l u t i o n t h e o r y 
w i t h an e m p i r i c a l c o r r e s p o n d i n g s t a t e s t h e o r y approach 
(75) . 

When an i o n i c / n o n i o n i c s u r f a c t a n t m i x t u r e adsorbs on 
a metal o x i d e s u r f a c e , t h e a d m i c e l l e e x h i b i t s n e g a t i v e 
d e v i a t i o n from i d e a l i t y (74*- T h i s means t h a t t h e 
a d s o r p t i o n l e v e l i s h i g h e r than i t would be i f t h e 
a d m i c e l l e were i d e a l , a t a s p e c i f i c s u r f a c t a n t 
c o n c e n t r a t i o n below t h e CMC. Above t h e CMC, the 
a d s o r p t i o n l e v e l i s d i c t a t e d by t h e r e l a t i v e enhancement 
of m i c e l l e f o r m a t i o n v s . a d m i c e l l e f o r m a t i o n . In t h i s 
r e g i o n , t h e l e v e l of a d s o r p t i o n can be viewed as the 
r e s u l t of t h e c o m p e t i t i o n between m i c e l l e s and a d m i c e l l e s 
f o r s u r f a c t a n t . In analogy, t h e s u r f a c e t e n s i o n above 
th e CMC can be viewed as c o m p e t i t i o n between t h e 
monolayer and m i c e l l e s f o r s u r f a c t a n t . 

The r e l a t i v e tendency f o r s u r f a c t a n t s o r s u r f a c t a n t 
m i x t u r e s t o form a m i c e l l e compared t o a monolayer i s 
a p p r o x i m a t e l y t h e same. However, t h e r e l a t i v e tendency 
t o form an a d m i c e l l e can be s u b s t a n t i a l l y d i f f e r e n t from 
t h a t t o form m i c e l l e s or monolayers. T h i s i s because 
t h e r e can be s p e c i f i c i n t e r a c t i o n s between t h e s o l i d 
s u r f a c e and t h e s u r f a c t a n t s as w e l l as i n t e r s u r f a c t a n t 
i n t e r a c t i o n s i n t h e aggregate. The s u r f a c t a n t 
t e c h n o l o g i s t can t a k e advantage of t h i s t o d e s i g n 
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m i n i m a l l y or maximally a d s o r b i n g systems. For example, 
as t h e number o-f e t h y l e n e o x i d e s i n a p o l y e t h o x y l a t e d 
sur-factant i n c r e a s e s , t h e a d s o r p t i o n on a m i n e r a l s u r f a c e 
d e c r e a s e s (74-76). A p o l y e t h o x y l a t e w i t h a v e r y l a r g e 
number of EO groups does not adsorb s i g n i f i c a n t l y (or 
even has n e g a t i v e a d s o r p t i o n ) . Yet t h e tendency of such 
n o n i o n i c s t o form pure component m i c e l l e s o r n o n i d e a l 
mixed m i c e l l e s w i t h a n i o n i c s u r f a c t a n t s i s o n l y weakly 
dependent on t h e number of EO groups. As a r e s u l t , above 
th e CMC, a m i x t u r e of an a n i o n i c and n o n i o n i c s u r f a c t a n t 
shows h i g h a d s o r p t i o n f o r a s m a l l number of EO groups. 
However, f o r a l a r g e number of EO groups, a d s o r p t i o n of 
both n o n i o n i c and a n i o n i c s u r f a c t a n t can be v e r y low 
(74). T h i s i s because t h e f o r m a t i o n of t h e n o n i d e a l 
mixed m i c e l l e reduces t h e a n i o n i c s u r f a c t a n t monomer 
c o n c e n t r a t i o n , t e n d i n g t h e reduce i t s a d s o r p t i o n . The 
n o n i o n i c has so l i t t l  tendenc  t  adsorb becaus f 
n e g a t i v e i n t e r a c t i o
a n i o n i c s u r f a c t a n t i
n e g l i g i b l e a d s o r p t i o n . In a sense, t h e m i c e l l e has won 
t h e c o m p e t i t i o n f o r t h e monomer and t h e a d s o r p t i o n i s 
reduced as t h e s u r f a c t a n t s p r e f e r t h e mixed m i c e l l e t o 
mixed a d m i c e l l e . S i m i l a r l y , on s i l i c a g e l , a n i o n i c 
s u r f a c t a n t has v e r y low a d s o r p t i o n . When a n i o n i c 
s u r f a c t a n t i s added t o n o n i o n i c s u r f a c t a n t above t h e CMC, 
i t r educes t h e n o n i o n i c s u r f a c t a n t a d s o r p t i o n on t h e 
s i l i c a g e l , w i t h o u t a d s o r b i n g s i g n i f i c a n t l y i t s e l f (77). 

On hydrophobic s u r f a c e s , s i m i l a r e f f e c t s p r o b a b l y 
occur and can e x p l a i n t h e d i f f e r e n c e i n a d s o r p t i o n of an 
a n i o n i c s u r f a c t a n t i n t h e absence and presence of a 
n o n i o n i c s u r f a c t a n t above t h e CMC on carbon (78)• 

In d e s i g n i n g s u r f a c t a n t systems, i f a d s o r p t i o n of a 
g i v e n component i s t o be m i n i m i z e d , an a d d i t i o n a l 
s u r f a c t a n t s h o u l d be added t o t h e system above t h e CMC. 
T h i s s u r f a c t a n t s h o u l d be s e l e c t e d so t h a t i t forms 
m i c e l l e s w i t h h i g h n e g a t i v e d e v i a t i o n s from i d e a l i t y , 
u s i n g the g u i d e l i n e s a l r e a d y d i s c u s s e d , and so t h a t i t 
tends not t o adsorb on t h e s o l i d of i n t e r e s t . T h i s w i l l 
be v e r y s p e c i f i c t o t h e p a r t i c u l a r s o l i d and may r e q u i r e 
e m p i r i c a l experiments t o s p e c i f y t h e s u r f a c t a n t . 

S u r f a c t a n t P r e c i p i t a t i o n 

P r e c i p i t a t i o n of s u r f a c t a n t s from aqueous s o l u t i o n i s 
g e n e r a l l y u n d e s i r a b l e i n many s u r f a c t a n t - b a s e d 
t e c h n o l o g i e s . O f t e n , e i t h e r a d d i t i v e s must be i n c l u d e d 
w i t h t h e s u r f a c t a n t or m i x t u r e s of s u r f a c t a n t s must be 
used t o p r event p r e c i p i t a t i o n . For example, i n enhanced 
o i l r e c o v e r y , a l c o h o l s a r e o f t e n added t o an i n j e c t e d 
s l u g (79) or m i x t u r e s of s u r f a c t a n t s (80) a r e used t o 
p e r m i t f l o o d i n g of h i g h s a l i n i t y or hardness r e s e r v o i r s 
w h i l e a v o i d i n g s u r f a c t a n t p r e c i p i t a t i o n . In d e t e r g e n c y , 
b u i l d e r i s added t o a f o r m u l a t i o n (2) or n o n - b u i l t heavy 
duty l i q u i d l a u n d r y d e t e r g e n t s may u t i l i z e m i x t u r e s of 
a n i o n i c and n o n i o n i c s u r f a c t a n t s (55.81-83) t o p e r m i t 
washing i n hard water. 
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P r e c i p i t a t i o n of s u r f a c t a n t can be u s e f u l i n some 
a p p l i c a t i o n s , such as i n s e l e c t i v e p l u g g i n g of o i l 
r e s e r v o i r s t o improve m o b i l i t y c o n t r o l (84) or t o r e c o v e r 
s u r f a c t a n t from s u r f a c t a n t - b a s e d s e p a r a t i o n p r o c e s s e s 
(85). 

There have been two g e n e r a l approaches t o s t u d y i n g 
s u r f a c t a n t p r e c i p i t a t i o n s measurement of t h e K r a f f t 
temperature (temperature below which s u r f a c t a n t 
p r e c i p i t a t e s ) o r by measuring t h e p r e c i p i t a t i o n phase 
boundary (added e l e c t r o l y t e c o n c e n t r a t i o n r e q u i r e d t o 
cause s u r f a c t a n t p r e c i p i t a t i o n ) . An i n c r e a s e i n s a l i n i t y 
or hardness t o l e r a n c e i s d i r e c t l y measured from phase 
boundary s t u d i e s or can be i n f e r r e d from a decrease i n 
the K r a f f t temperature. S i n c e p r e c i p i t a t i o n below t h e 
CMC i s governed by a s i m p l e s o l u b i l i t y product 
r e l a t i o n s h i p , t h i s d i s c u s s i o n w i l l o n l y c o n s i d e r 
s u r f a c t a n t s o l u t i o
e f f e c t s o c c u r . 

A n i o n i c / A n i o n i c or Cat i on i c / Cat i on i c S u r f a c t a n t 
P r e c i p i t a t i o n . When two s u r f a c t a n t s of l i k e charge a r e 
mixed t o g e t h e r , and t h e s t r u c t u r e s a r e v e r y s i m i l a r 
(e.g., c l o s e members of an homologous s e r i e s ) and 
c o n t a i n i n g t h e same c o u n t e r i o n , t h e K r a f f t temperature of 
the m i x t u r e i s i n t e r m e d i a t e between t h e pure components 
or shows o n l y a v e r y s h a l l o w minimum (86,87). The 
c r y s t a l s a r e mixed ( c o n t a i n both s u r f a c t a n t s ) i n t h i s 
case (86,87). 

I f t h e s u r f a c t a n t s have a more d i s s i m i l a r s t r u c t u r e 
or i f t h e c o u n t e r i o n i s d i f f e r e n t w i t h t h e same 
s u r f a c t a n t i o n (e.g., sodium dodecyl s u l f a t e and c a l c i u m 
dodecyl s u l f a t e ) , t h e K r a f f t temperature of t h e m i x t u r e 
can be much l e s s than e i t h e r pure component (87-89). 
These systems show t h e c l a s s i c a l e u t e c t i c t y p e b e h a v i o r 
and t h e c r y s t a l s c o n t a i n o n l y one k i n d of s u r f a c t a n t or 
c o u n t e r i o n i n s u b s t a n t i a l amounts (87-89). 

In t h e case of n o n - e u t e c t i c systems, t h e s o l i d phase 
shows n e a r l y i d e a l m i x i n g , so t h a t t h e s u r f a c t a n t 
components d i s t r i b u t e themselves between t h e m i c e l l e and 
th e s o l i d i n about t h e same r e l a t i v e p r o p o r t i o n s ( i . e . , 
both t h e mixed m i c e l l e and mixed s o l i d a r e a p p r o x i m a t e l y 
i d e a l ) . However, i n the case of t h e e u t e c t i c t y p e 
system, t h e c r y s t a l i s e x t r e m e l y n o n - i d e a l (almost a 
s i n g l e component), w h i l e t h e m i c e l l e has n e a r l y i d e a l 
m i x i n g . As seen i n e a r l i e r c a l c u l a t i o n s f o r i d e a l 
systems, even though t h e t o t a l s u r f a c t a n t monomer 
c o n c e n t r a t i o n i s i n t e r m e d i a t e between t h a t of t h e pure 
components, t h e monomer c o n c e n t r a t i o n of an i n d i v i d u a l 
component d e c r e a s e s as i t s t o t a l p r o p o r t i o n i n s o l u t i o n 
d e c r e a s e s . As t h e p r o p o r t i o n of s u r f a c t a n t A d e c r e a s e s 
i n s o l u t i o n ( p r o p o r t i o n of s u r f a c t a n t Β i n c r e a s e s ) from 
pure A, t h e r e i s a lower monomer c o n c e n t r a t i o n of A. 
T h e r e f o r e , i t r e q u i r e s a lower temperature or a h i g h e r 
added e l e c t r o l y t e l e v e l t o p r e c i p i t a t e i t . At some 
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c o m p o s i t i o n , s u r f a c t a n t Β p r e c i p i t a t e s p r e f e r e n t i a l l y t o 
A - t h i s i s t h e minimum i n t h e K r a f f t temperature. At 
s t i l l h i g h e r p r o p o r t i o n s of Β i n t h e system, t h e monomer 
c o n c e n t r a t i o n of Β i n c r e a s e s , i n c r e a s i n g t h e K r a f f t 
temperature. In t h e case of t h e systems w i t h t h e same 
s u r f a c t a n t i o n , but d i f f e r e n t c o u n t e r i o n s , as t h e 
p r o p o r t i o n of s u r f a c t a n t w i t h c o u n t e r i o n A d e c r e a s e s , 
t h e r e i s a lower c o n c e n t r a t i o n of unbound A t o 
p r e c i p i t a t e t h e s u r f a c t a n t i o n . At some c o m p o s i t i o n , 
c o u n t e r i o n Β p r e f e r e n t i a l l y p r e c i p i t a t e s t h e s u r f a c t a n t 
and t h e minimum i n the e u t e c t i c o c c u r s . 

We may c o n s i d e r p r e c i p i t a t i o n i n t h e s e systems i n 
the c o n t e x t of c o m p e t i t i v e aggregate f o r m a t i o n between 
m i c e l l e s and p r e c i p i t a t e . Even systems fo r m i n g i d e a l 
mixed m i c e l l e s can e x h i b i t synergisms i n 
s a l i n i t y / h a r d n e s s t o l e r a n c e ; i n such systems, t h e more 
components p r e s e n t , t h
the reason t h a t m i x t u r e
g e n e r a l l y have K r a f f t temperatures c o n s i d e r a b l y lower 
than th o s e of t h e i n d i v i d u a l compounds (90). 

I o n i c / N o n i o n i c S u r f a c t a n t M i x t u r e s . S i n c e n o n i o n i c 
s u r f a c t a n t s a r e uncharged, they w i l l not form a s a l t 
p r e c i p i t a t e w i t h c o u n t e r i o n s l i k e t h e i o n i c s u r f a c t a n t s . 
A l s o , a m i x t u r e of i o n i c and n o n i o n i c s u r f a c t a n t s form 
n o n i d e a l m i c e l l e s , r e s u l t i n g i n a reduced i o n i c 
s u r f a c t a n t monomer c o n c e n t r a t i o n compared t o i d e a l mixed 
m i c e l l e f o r m a t i o n . As a r e s u l t of t h e s e e f f e c t s , t h e 
s a l i n i t y / h a r d n e s s t o l e r a n c e i n c r e a s e s (35,91,92) or t h e 
K r a f f t temperature decreases (93) as n o n i o n i c s u r f a c t a n t 
i s added t o a n i o n i c s u r f a c t a n t s o l u t i o n s i n i n c r e a s i n g 
p r o p o r t i o n s . 

I f t h e mixed m i c e l l e model a l r e a d y p r e s e n t e d i s used 
t o p r e d i c t t h e i o n i c s u r f a c t a n t monomer c o n c e n t r a t i o n , 
and a s i m p l e c o n c e n t r a t i o n - b a s e d s o l u b i l i t y p roduct i s 
assumed t o h o l d between t h e unbound c o u n t e r i o n and 
monomer, the s a l i n i t y t o l e r a n c e of an a n i o n i c / n o n i o n i c 
s u r f a c t a n t m i x t u r e can be a c c u r a t e l y p r e d i c t e d (91), 
s u p p o r t i n g t h i s view of t h e mechanism of t o l e r a n c e 
enhancement by n o n i o n i c s u r f a c t a n t . 

In o r d e r t o d e f i n e a i o n i c / n o n i o n i c s u r f a c t a n t 
s o l u t i o n w i t h h i g h s a l i n i t y / h a r d n e s s t o l e r a n c e , t h e 
f o l l o w i n g c r i t e r i o n s h o u l d be f o l l o w e d . The mixed 
m i c e l l e s h o u l d have as l a r g e of a n e g a t i v e d e v i a t i o n from 
i d e a l i t y as p o s s i b l e . S u r f a c t a n t m i x t u r e c h a r a c t e r i s t i c s 
which r e s u l t i n t h i s have a l r e a d y been d i s c u s s e d . The 
n o n i o n i c s u r f a c t a n t s h o u l d have a h i g h c l o u d p o i n t . 
Otherwise t h e amount of n o n i o n i c s u r f a c t a n t which can be 
added t o the system i s l i m i t e d t o low l e v e l s b e f o r e phase 
s e p a r a t i o n o c c u r s . I f p o s s i b l e , a mixed i o n i c s u r f a c t a n t 
s h o u l d be used f o r reason s j u s t d i s c u s s e d . There i s no 
such b e n e f i t t o u s i n g mixed n o n i o n i c s u r f a c t a n t s , 
a l t h o u g h t h i s i s not n e c e s s a r i l y d e t r i m e n t a l e i t h e r . 

A n i o n i c / C a t i o n i c S u r f a c t a n t M i x t u r e s . Mixed m i c e l l e s 
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formed between a n i o n i c and c a t i o n i c s u r f a c t a n t s have h i g h 
n e g a t i v e d e v i a t i o n from i d e a l i t y , as a l r e a d y d i s c u s s e d . 
T h e r e f o r e , i t might seem t h a t s u r f a c t a n t would not tend 
t o p r e c i p i t a t e e a s i l y from t h e s e s o l u t i o n s . However, th e 
e l e c t r o s t a t i c a t t r a c t i o n s between t h e a n i o n i c and 
c a t i o n i c s u r f a c t a n t can cause i o n p a i r i n g f o r m a t i o n or 
c o a c e r v a t e phase f o r m a t i o n i n t h e s e systems (94)- I t i s 
beyond the scope of t h i s a r t i c l e t o d i s c u s s t h e complex 
phase b e h a v i o r of t h e a n i o n i c / c a t i o n i c s u r f a c t a n t 
systems, but use of t h e s e m i x t u r e s i s g e n e r a l l y not an 
e f f e c t i v e way t o s o l v e p r e c i p i t a t i o n problems. 
C o n v e r s e l y , i f p r e c i p i t a t i o n or phase s e p a r a t i o n i s 
d e s i r a b l e , t h e s e m i x t u r e s can be b e n e f i c i a l (84). 

Cloud P o i n t Phenomena 

As t h e temperature o
e t h o x y l a t e d n o n i o n i
s o l u t i o n s may t u r n c l o u d y a t a c e r t a i n temperature, 
c a l l e d t h e c l o u d p o i n t . At or above the c l o u d p o i n t , t h e 
c l o u d y s o l u t i o n may s e p a r a t e i n t o two i s o t r o p i c phases, 
one c o n c e n t r a t e d i n s u r f a c t a n t ( c o a c e r v a t e phase) and t h e 
o t h e r c o n t a i n i n g a low c o n c e n t r a t i o n of s u r f a c t a n t 
( d i l u t e phase). As an example of t h e importance of t h i s 
phenomena, detergency i s sometimes optimum j u s t below t h e 
c l o u d p o i n t , but a r e d u c t i o n i n t h e washing e f f e c t can 
o ccur above t h e c l o u d p o i n t (95). However, th e phase 
s e p a r a t i o n can improve a c i d i z i n g o p e r a t i o n s i n o i l 
r e s e r v o i r s (96). For s u r f a c t a n t m i x t u r e s , of p a r t i c u l a r 
i n t e r e s t i s t h e e f f e c t of m i x t u r e c o m p o s i t i o n on t h e 
c l o u d p o i n t and the d i s t r i b u t i o n of components between 
t h e two phases above t h e c l o u d p o i n t . 

The c l o u d p o i n t i s c l o s e t o , but not n e c e s s a r i l y 
equal t o t h e lower c o n s o l u t e s o l u t i o n temperature f o r 
p o l y d i s p e r s e n o n i o n i c s u r f a c t a n t s (97). These a r e equal 
i f t h e s u r f a c t a n t i s monodisperse. S i n c e t h e lower 
c o n s o l u t e s o l u t i o n temperature i s l i k e a c r i t i c a l p o i n t 
f o r l i q u i d - l i q u i d m i x t u r e s , t h e d i l u t e and c o a c e r v a t e 
phases have t h e same c o m p o s i t i o n , and t h e volume f r a c t i o n 
of s o l u t i o n which t h e c o a c e r v a t e comprises i s a maximum 
a t t h i s temperature (98). I f a c o a c e r v a t e phase 
c o n t a i n i n g a h i g h c o n c e n t r a t i o n of s u r f a c t a n t i s d e s i r e d , 
t h e s o l u t i o n s h o u l d be a t a temperature w e l l above t h e 
c l o u d p o i n t . 

The c l o u d p o i n t of a m i x t u r e of n o n i o n i c s u r f a c t a n t s 
i s i n t e r m e d i a t e between the pure n o n i o n i c s u r f a c t a n t s 
i n v o l v e d (93,99). The c l o u d p o i n t of a d i l u t e n o n i o n i c 
s u r f a c t a n t s o l u t i o n i n c r e a s e s upon a d d i t i o n of i o n i c 
s u r f a c t a n t (93,98-104). The c o a c e r v a t e phase forms 
because of a t t r a c t i v e f o r c e s between t h e m i c e l l e s i n 
s o l u t i o n . The i n c o r p o r a t i o n of i o n i c s u r f a c t a n t i n t o t h e 
n o n i o n i c m i c e l l e s i n t r o d u c e s e l e c t r o s t a t i c r e p u l s i o n 
between m i c e l l e s , c a u s i n g c o a c e r v a t e phase f o r m a t i o n t o 
be h i n d e r e d , r a i s i n g t h e c l o u d p o i n t . 

The a n i o n i c / n o n i o n i c s u r f a c t a n t m i x i n g i n t h e 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



22 P H E N O M E N A IN M I X E D S U R F A C T A N T SYSTEMS 

c o a c e r v a t e phase can be approximated by e q u a t i o n s 
r e s u l t i n g -from r e g u l a r s o l u t i o n t h e o r y and t h e 
n o n i d e a l i t y of m i x i n g i s s i m i l a r t o t h a t of mixed m i c e l l e 
f o r m a t i o n f o r t h e same system (98)- T h i s i s r e a s o n a b l e 
because, a t t h e c l o u d p o i n t , both phases a r e i d e n t i c a l 
and t h e c o a c e r v a t e i s j u s t a m i c e l l a r s o l u t i o n . The 
c o a c e r v a t e can be viewed as s i m p l y a v e r y c o n c e n t r a t e d 
m i c e l l a r s o l u t i o n . The c o n c e n t r a t i o n of s u r f a c t a n t i n 
t h e d i l u t e phase i s always w e l l above t h e CMC, so 
m i c e l l e s a r e p r e s e n t . I f t h e t o t a l s u r f a c t a n t 
c o n c e n t r a t i o n i n t h e i n i t i a l s o l u t i o n i s below t h a t which 
would be p r e s e n t i n t h i s d i l u t e phase above t h e c l o u d 
p o i n t , t h e s o l u t i o n w i l l not e x h i b i t t h e c l o u d p o i n t 
phenomena. 

The e q u i l i b r i u m i n t h e s e systems above t h e c l o u d 
p o i n t then i n v o l v e s monomer—micelle e q u i l i b r i u m i n t h e 
d i l u t e phase and
e q u i l i b r i u m w i t h t h
d i s t r i b u t i o n of s u r f a c t a n t component betwee  phases 
i n v o l v e s modeling of both of t h e s e e q u i l i b r i u m p r o c e s s e s 
(98). I t s h o u l d be kept i n mind t h a t t h e r e g i o n under 
d i s c u s s i o n here i n v o l v e s o n l y a s m a l l f r a c t i o n of t h e 
t o t a l phase space i n t h e n o n i o n i c s u r f a c t a n t - w a t e r system 
(105). Other c o m p o s i t i o n s may i n v o l v e more than two 
e q u i l i b r i u m phases, l i q u i d c r y s t a l s , or o t h e r s t r u c t u r e s . 
As t h e temperature or s u r f a c t a n t c o m p o s i t i o n or 
c o n c e n t r a t i o n i s v a r i e d , t h e s e r e g i o n s may be encroached 
upon, something t h a t t h e s u r f a c t a n t t e c h n o l o g i s t must be 
wary of when working w i t h n o n i o n i c s u r f a c t a n t systems. 

C o n c l u s i o n s 

T h i s b r i e f r e v i e w has attempted t o d i s c u s s some of t h e 
i m p o r t a n t phenomena i n which s u r f a c t a n t m i x t u r e s can be 
i n v o l v e d . M e c h a n i s t i c a s p e c t s of s u r f a c t a n t i n t e r a c t i o n s 
and some mathematical models t o d e s c r i b e t h e p r o c e s s e s 
have been o u t l i n e d . The a p p l i c a t i o n of t h e s e p r i n c i p l e s 
t o p r a c t i c a l problems has been c o n s i d e r e d . For example, 
enhancement of s o l u b i l i z a t i o n or s u r f a c e t e n s i o n 
d e p r e s s i o n u s i n g m i x t u r e s has been d i s c u s s e d . However, 
i n many c a s e s , the v a r i o u s p r o c e s s e s i n which s u r f a c t a n t s 
i n t e r a c t g e n e r a l l y cannot be c o n s i d e r e d by themselves, 
because t h e y occur s i m u l t a n e o u s l y . The s u r f a c t a n t 
t e c h n o l o g i s t can use t h i s t o advantage t o a c c o m p l i s h 
c e r t a i n o b j e c t i v e s . For example, t h e enhancement of 
mixed m i c e l l e f o r m a t i o n can l e a d t o a reduced tendency 
f o r s u r f a c t a n t p r e c i p i t a t i o n , reduced a d s o r p t i o n , and a 
reduced tendency f o r c o a c e r v a t e f o r m a t i o n . The s o l u t i o n 
t o a p a r t i c u l a r p r a c t i c a l problem i n v o l v i n g s u r f a c t a n t s 
i s r a r e l y o b v i o u s because o f t e n t h e s u r f a c t a n t s a r e 
i n v o l v e d i n m u l t i p l e s t e p s i n a p r o c e s s and o p t i m i z a t i o n 
of a number of s i m u l t a n e o u s p r o p e r t i e s may be i n v o l v e d . 
An example of t h i s i s d e tergency, where a d s o r p t i o n , 
s o l u b i l i z a t i o n , foaming, emulsion f o r m a t i o n , and o t h e r 
phenomena a r e a l l i m p o r t a n t . In enhanced o i l r e c o v e r y , 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



1. S C A M E H O R N Overview of Phenomena 23 

a d s o r p t i o n , m i c r o e m u l s i o n f o r m a t i o n , p r e c i p i t a t i o n , 
l i q u i d c r y s t a l f o r m a t i o n , and o t h e r p r o c e s s e s a r e 
s i m u l t a n e o u s l y o c c u r r i n g . S o l u t i o n t o one problem i n 
th e s e c o m p l i c a t e d systems may i n t r o d u c e o t h e r problems. 
T h i s paper has g i v e n some g u i d e l i n e s which s h o u l d a i d i n 
s e l e c t i o n of s u r f a c t a n t m i x t u r e s t o a c h i e v e c e r t a i n 
o b j e c t i v e s , but t h e performance of proposed systems w i l l 
g e n e r a l l y need t o be t e s t e d i n r e a l w o r l d a p p l i c a t i o n s . 
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Nonideal Mixed Micelles 
Thermodynamic Models and Experimental Comparisons 

Irvin W. Osborne-Lee1 and Robert S. Schechter 

Department of Chemical Engineering, The University of Texas at Austin, Austin, TX 78712 

The variation of the mixture critical micelle concen
tration (CMCM) with temperature and with overall sur
factant composition has been studied using ultrafil
tration for two binar
The data are then compared to predictions based on a 
new model which includes an excess enthalpy of mixing 
and two contributions to the excess entropy of mixing. 
One of the contributions to the excess entropy of mix
ing is related to the order-disorder problem associ
ated with strong interactions and the second is asso
ciated with the greater freedom accorded the ethylene 
oxide chain because of the greater area per chain in 
a mixed micelle as compared to the pure nonionic mi
celle. The latter contribution, which represents a 
configurational one, tends to increase the entropy 
whereas the former tends to decrease it. The new 
model predicts monomer and micellar compositions as 
a function of temperature when the ethylene oxide 
chain is relatively short (~ 10 units) but requires 
some modification of the parameters to predict the be
havior of mixed micelles with nonionic components of 
relatively long chain length (~ 50 units). A method 
of extracting the enthalpy of mixing from knowledge 
of the variation of mixture CMC with temperature is 
developed. It is shown that the micellar composition 
must be known to calculate the enthalpic changes. The 
procedure is described. The comparison between calcu
lated and predicted enthalpies of mixing is not satis
factory. 

In most applications surfactant mixtures rather than pure species 
are used. These mixtures are usually composed of homologous surfac
tants, but in some cases mixtures of different surfactant types have 

1Current address: Oak Ridge National Laboratory, Building 4500N, MS-228, P.O. Box X, 
Oak Ridge, TN 37831. 
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also proved advantageous. Kurzendorfer et a l . (_1) have noted that 
mixtures of a l k y l s u l f a t e s and o c t y l phenol ethoxylates e x h i b i t ex
c e l l e n t powers of detergency. Other a p p l i c a t i o n s of nonionic-anion-
i c mixtures have been reported (2,3). In a d d i t i o n to being of con
siderab l e p r a c t i c a l i n t e r e s t , mixed m i c e l l e s composed of both 
nonionic and anionic surfactant mixtures are s c i e n t i f i c a l l y i n t e r 
e s t i n g because of the strong i n t e r a c t i o n which attends t h e i r forma
t i o n . The existence of t h i s i n t e r a c t i o n i s evident when the mixture 
c r i t i c a l m i c e l l e concentration i s compared with that predicted 
assuming the mixed m i c e l l a r pseudophase to be an i d e a l mixture 
(4,5). The deviations from i d e a l i t y are large and i n any thermody
namic treatment forces the i n t r o d u c t i o n of a c t i v i t y c o e f f i c i e n t s to 
c o r r e l a t e the data (6-9). 

Recently, Rubingh (_7) and Scamehorn et a l . (9^) have shown that 
the a c t i v i t y c o e f f i c i e n t s obtained by f i t t i n g the mixture CMC data 
can be c o r r e l a t e d by assuming the mixed m i c e l l e to be a regular so
l u t i o n . This model propose
extended to include multicomponen
and Rubingh (10). Based on t h i s concept Kamrath and Frances (11) 
have made extensive c a l c u l a t i o n s for mixed m i c e l l e systems. 

While a c t i v i t y c o e f f i c i e n t s based on the regular s o l u t i o n theo
ry model are adequate for representing the mixture CMC, i t has been 
shown that the monomer composition i s not well predicted by such a 
model (12) and that the heat of mixing of sodium dodecylsulfate with 
ethylene g l y c o l monodecylether does not compare favorably with the 
value predicted by the regular s o l u t i o n model (13). These d i s c r e 
pancies make c l e a r the inadequacies i n considering the m i c e l l a r 
pseudophase to cons i s t of a regular s o l u t i o n of nonionic-anionic 
surfactants. Osborne-Lee et a l . (12) have proposed that these d i f 
f i c u l t i e s a r i s e p r i m a r i l y because the excess entropy of mixing does 
not vanish as i s assumed by the regular s o l u t i o n model. There are 
two contributions to the excess entropy; namely, the nonrandom ar
rangement of nonionic and anionic surfactants i n the mixed m i c e l l e 
and the conformational entropy changes of the long-chain h y d r o p h i l i c 
group for the polyethylene oxide surfactants. This l a t t e r c o n t r i b u 
t i o n w i l l be s i g n i f i c a n t for longer ethylene oxide chains. The f o r 
mer contributions must always be s i g n i f i c a n t since reduction of 
charge density by arranging anionic surfactants interspersed among 
nonionics i s thought to be the primary mechanism responsible f o r the 
strong i n t e r a c t i o n (14-15). Because the arrangements i n c r e a s i n g the 
number of contacts are only a f r a c t i o n of the t o t a l p o s s i b l e 
arrangements, the entropy i n such mixed m i c e l l e s i s , then, l e s s than 
that for m i c e l l e s which r e s u l t from random mixing. 

Osborne-Lee et a l . (12) have accounted f o r the a d d i t i o n a l con
t r i b u t i o n to the excess entropy of mixing and found the fol l o w i n g 
excess free energy of mixing per amphiphile 

F E = 

Φ 1 2 * Η η ( γ 2 - φ 1 2 * ) - ( y x - <t> 1 2Hn( y i - φ 1 2 > 

Φ 1 2 Η η ( γ 2 - φ 1 2 ) } - k T n y 2 ( X f - X q ) (1) 
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where ζ i s the average coordination number between surfactant mole
cules i n a m i c e l l e , w i s the i n t e r a c t i o n energy parameter, y\ and 
y2 are the nonionic and anionic m i c e l l a r mole f r a c t i o n s , r e s p e c t i v e 
l y , and η i s the number of repeating u n i t s i n the head group chain 
(3 times the number of ethylene oxide u n i t s ) . The subscript f de
notes the mixed m i c e l l e and the subscript ο denotes the pure nonion
i c m i c e l l e . φ^2 represents the f r a c t i o n of the t o t a l number of ζ 
contacts which are between nonionic and anionic s u r f a c t a n t s . The 
Φ ΐ 2 * i s a f r a c t i o n of such contacts i n a random d i s t r i b u t i o n ; where
as Ψ12 i s a f r a c t i o n of contacts determined by the quasichemical 
approximation (16) 

1 " Λ + 4 y i y 2 [ e x p ( - ^ )- 1] 
φ 1 2 = ^ (2) 

2[1 - exp( - )] 

The quantity χ i s given

X = - 2 £n(l - f) (3) 

where f represents the f r a c t i o n of the a v a i l a b l e space occupied by 
an ethylene oxide u n i t composing a porti o n of the surfactant hydro
p h i l e . Using a s e l f c o n s i s t e n t approximation (17), f can be deter
mined as follows: 

f / - y A 2£n(l - f ) = ν ζ 2 (4) 

where ζ 2 i s the chain density given by y 2 / ( y i A l + Y2 A2^» λ i s t n e 

length of each step taken i n the p o s i t i o n i n g of the chain, the ex
cluded volume per repeating u n i t , v, i s equal to the volume of a 
sphere with radius A/2 and and A2 are, r e s p e c t i v e l y , the area per 
amphiphile of nonionic and anionic components. 

The development of these equations has been reported elsewhere 
(12), and i t has also been shown using u l t r a f i l t r a t i o n techniques 
that the composition of the monomer i s wel l predicted by the equa
t i o n (12) 

yiYiCMCi = XjCMC M I X , i-1,2 (5) 

which have been developed based on the phase separation model. The 
y I are obtained from the excess free energy expression, Equation 1, 
and the c l a s s i c a l equation 

γ. = f E + (1 - y.) (6) 
1 Ί dy. 

Equation 1 has proved to be a better p r e d i c t o r of the e q u i l i 
brium which e x i s t s between monomer and m i c e l l e s for mixed surfactant 
systems than i s the regular s o l u t i o n theory model. I t also p r e d i c t s 
well the mixture CMC and shows the heat of mixing to be smaller than 
that predicted by the regular s o l u t i o n theory i n agreement with the 
experiment (13). The purpose of t h i s paper i s to fur t h e r explore 
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the v a l i d i t y of the thermodynamic model for mixed m i c e l l e s as 
expressed by Equation 1. Using u l t r a f i l t r a t i o n techniques, the 
eq u i l i b r i u m between monomer and m i c e l l e s has been measured f o r mix
tures of an alkylbenzene sulfonate and two ethoxylated nonyl phenols 
as a function of temperature. It w i l l be seen that when the average 
number of ethylene oxide units i s modest 10), the theory 
accurately p r e d i c t s the changing monomer composition without chang
ing any of the ph y s i c a l parameters. However, f o r long ethylene 
oxide chains (~ 50), the p r e d i c t i o n deviates from the measured v a l 
ues i n d i c a t i n g a d d i t i o n a l f a c t o r s and must be incorporated i n t o the 
free energy expression. These a d d i t i o n a l terms are believed to be 
re l a t e d to the changing hydration of the ethylene oxide chains with 
changing temperature. There have been few reports on the e f f e c t of 
temperature on the CMC of surfactant mixtures, and to the authors' 
knowledge none have reported the monomer compositions i n e q u i l i b r i u m 
with m i c e l l e s . 

Thermodynamics of Mixed

A b r i e f accounting of the thermodynamics of mixed m i c e l l e formation 
i s given here p r i m a r i l y to c l a r i f y c e r t a i n important issues which 
appear to have been pre v i o u s l y overlooked. The nec e s s i t y f o r mea
suring the monomer and m i c e l l a r composition w i l l be demonstrated. 

Consider the formation of a mixed m i c e l l e i n aqueous s o l u t i o n 
from a binary surfactant s o l u t i o n c o n s i s t i n g of a nonionic and an 
anionic surfactant. The process i s depicted as the aggregation of 
ng molecules of nonionic surfactant B, of molecules of anionic 
surfactant A", and i n a d d i t i o n there w i l l be counterions, C +, of the 
anionic surfactant i n the amount of an^ where a i s the f r a c t i o n of 
the counterions associated or bound with the surfactant anions i n 
the m i c e l l e . The process as depicted i s 

n AA~ + η Β + a n A C + Φ A Β C„ (7) A Β A n A n„ a n . A Β A 

For t h i s r e v e r s i b l e process 

μΜΐο = V A + a V c + V B ( 8 ) 

Assuming that the CMC i s small, so that the a c t i v i t y c o e f f i c i e n t s 
may be neglected, the monomer phase chemical p o t e n t i a l s are given 
by Equations 9-11. 

ο A 

= μ . + kT i n 

Ά w 

Ο 
= μ + kT i n c " 

D w 
C 

ο _ Ç 
= μ + kT An c 

L w 
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where C w i s the molar concentration of water and y c i s an a c t i v i t y 
c o e f f i c i e n t . Based on the phase separation model, the m i c e l l a r 
phase a c t i v i t y c o e f f i c i e n t i s the chemical p o t e n t i a l of the m i c e l l a r 
standard stat e , or 

In the presence of added e l e c t r o l y t e Cq = Cs + CMC. For C$ >> CMC, 
CC i s very c l o s e l y given by Cs- Noting that yx = n^/(n^ + ng) and 
Y2 ~ n B / ( n A + ηβ)> a n d that C^ = x\CKC^ and Cg = χ 2 ΰ Μ % , Equation 
8 becomes, a f t e r rearrangement 

A G°MIC,M = ( U ° M I C " yl t J°A " V % " " V V 

CMC m y x CMC m y 2 ^„c 0 «yi , x 

where the bracketed term on the l e f t side of the equation may be de
fined as the standard free energy for the formation of the m i c e l l e 
(per surfactant chain i n the m i c e l l e ) . An e q u i l i b r i u m constant Κ 
can be defined as 

C M C M y l y2 Ύ C ay, 
Κ ( Τ,α, Υ ι) = [ — ϋ ][χ 1 l[xJ 2 [ -5-5. ] 1 (14) 

The standard free energy i s therefore determined by measurement 
of the mixture CMC holding the m i c e l l a r composition f i x e d . This 
a n a l y s i s assumes that α i s known as a function of temperature and 
m i c e l l a r composition and i s independent of the e l e c t r o l y t e composi
t i o n . The heat of m i c e l l i z a t i o n cannot be determined from measure
ment of the temperature dependence of CMC^ without knowledge of the 
m i c e l l a r composition and of a. I n t e r p r e t a t i o n of c a l o r i m e t r i c data 
i s not possible without information regarding m i c e l l a r composition. 
U l t r a f i l t r a t i o n techniques designed to measure m i c e l l a r compositions, 
take an added importance when considering heats of m i c e l l i z a t i o n . 

Experimental 

The experimental methods have been described i n previous 
p u b l i c a t i o n s (12,18). The decyl benzene sulfonate used i n t h i s 
study i s i s o m e r i c a l l y pure with the benzene r i n g attached to the 
t h i r d carbon of the a l k y l chain. This surfactant i s designated as 
3<J>Ci0* The nonyl phenol ethoxylates were of the Igepal CO s e r i e s , 
donated by GAF Corporation. The p a r t i c u l a r species used were the 
C0660 and the CO970 surf a c t a n t s . These commercial surfactants are 
each a polydispers mixture, the average number of ethylene oxide 
un i t s being 10 and 50, r e s p e c t i v e l y . These surfactants are abbre
v i a t e d as ΝΡΕχο and NPE50. 

Sodium c h l o r i d e , 0.17 M, was added to a l l surfactant s o l u t i o n s 
studied to prevent e l e c t r o s t a t i c forces from becoming s i g n i f i c a n t 
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across the membrane. This als o i s a s u f f i c i e n t e l e c t r o l y t e concen
t r a t i o n so that the approximation >> CMC^ i s s a t i s f i e d . 

The concentration and composition of the f i l t r a n d and f i l t r a t e 
were determined by reverse-phase l i q u i d chromatography with an e s t i 
mated error of les s than 5%. 

Results and Discussion 

The CMC can be determined using u l t r a f i l t r a t i o n (18). Figure 1 
shows the CMC of NPE^Q as a function of temperature and the thermo
dynamic properties determined using these data are given i n Table 
I together with those of the other surfactants studied. The values 
are subject to some uncertainty because the complex CMC/temperature 
behavior renders d i f f e r e n t i a t i o n of the data inaccurate. The values 
are, however, comparable to those for s i m i l a r surfactants reported 
by others. 

Table I . Thermodynami
Aqueou

AG°MIC AH°MIC T A S ° M I C 

Surfactant (kcal/mol) (kcal/mol) (kcal/mol) 
NPE 1 0 -8.15 3.0 11.10 
NPE 5 0 -7.23 5.0 12.00 
3 4 C 1 0 -8.13 -7.5 + 1.38 

Figure 2 compares the mixture CMC to the values c a l c u l a t e d 
using both Equation 1 and the regular s o l u t i o n model. This compari
son i s s i m i l a r to those for other systems which we have studied and 
reported elsewhere (12). The parametric values used i n c a l c u l a t i n g 
the mixture CMC, as well as the m i c e l l a r composition presented i n 
Figure 3 are l i s t e d i n Table I I . Their s i g n i f i c a n c e has been d i s 
cussed elsewhere; however, i t i s relevant to note that w, the i n t e r 
a c t i o n parameter, i s r e l a t e d to the heat of mixing m i c e l l e s which 
w i l l be investigated here. Experiments conducted on a large number 
of mixtures a l l at 27°C have suggested w to be independent of EON. 

The m i c e l l a r composition shown i n Figure 3 agrees well with 
p r e d i c t i o n s based on Equation 1 and reasonably w e l l with the regular 
s o l u t i o n model. S i m i l a r agreement has been found at 37 and 50°C for 
the 3<f>Cio/NPE10 system without any m o d i f i c a t i o n of the parameters. 
This i s r e f l e c t e d by the values shown i n Table I I f o r the 
34>Cio/ N P E10 system which apply over the temperature range between 
27 and 50°C. Both the mixture CMC and the m i c e l l a r composition are 
well f i t using these parameters. 

The 3<J>CIQ/ n p e50 system did not y i e l d a s i m i l a r agreement. 
Shown by Figures 4 and 5 are the CMCj^ and m i c e l l a r compositions at 
50°C. To force Equation 1 to f i t these r e s u l t s , i t was necessary 
to modify the parameters. These changes are r e f l e c t e d by the tem
perature dependence shown i n Table I I f o r the system 3<J>CIQ/n]?e50· 
Note that both the i n t e r a c t i o n parameter, w, and the molecular area 
r a t i o , R, change as the temperature i s changed. No d e f i n i t e trend 
i s i n d i c a t e d . The value of w f i r s t increases and then decreases and 
R i s somewhat increased. The increase i n temperature i s known to 
influence the hydrogen bonding between water and the polyethylene 
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Figure 1. CMC versus temperature f or Ν Ρ Ε χ ο Σ 

e f f e c t of temperature on the CMC for 
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Figure 2. CMC's for 3 φ ΰ χ ο/ Ν Ρ Ε50 mixtures: v a r i 
a t i o n of the mixture c r i t i c a l m i c e l l e 
concentration with monomer phase compo
s i t i o n for mixtures of decyl benzene 
sulfonate with a nonyl phenol ethyoxy-
l a t e having an ethylene oxide chain 
length of 50, at 27 °C. 
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Figure 3. Phase compositions for 3<J)C;L_/NPE5Q mix
tures: v a r i a t i o n of the m i c e l l a r phase 
composition with monomer phase composi
t i o n for mixtures of decyl benzene s u l 
fonate with a nonyl phenol ethoxylate 
having an ethoxylate having an ethylene 
oxide chain length of 50, at 27 °C. 
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gure 4. CMC's for 3<f>CiQ/NPE50 mixtures: v a r i a 
t i o n of the mixture c r i t i c a l m i c e l l e 
concentration with monomer phase compo
s i t i o n f o r mixtures of decyl benzene 
sulfonate with a nonyl phenol ethoxy
l a t e having an ethylene oxide chain 
length of 50, at 50 °C. 
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Figure 5. Phase compositions for 3φϋχο/ Ν Ι > Ε50 m i x " 
tures: v a r i a t i o n of the m i c e l l a r phase 
composition with monomer phase composi
t i o n f o r mixtures of decyl benzene s u l 
fonate with a nonyl phenol ethoxylate 
having an ethylene oxide chain length 
of 50, at 50 °C. 
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oxide chain and w i l l cause conformational changes i n the arrangement 
of the hydrophile. One would a n t i c i p a t e a decrease i n the radius 
of gyration which should increase the area occupied by the molecules 
at the m i c e l l a r surface. This should als o tend to decrease the 
charge density and thereby decrease w (make i t more negative). 
These trends are not incorporated into the theory; and therefore, 
i t i s necessary to a l t e r the parameters to obtain a reasonable cor
respondence with the r e s u l t s . 

Table I I . Parametric Values Used for M i c e l l a r Pseudo A c t i v i t y 

Surfactant Temperature R WRS 
Combination (°c) Ζ (kcal/mol) w (kcal/mol) 
3 φ 0 1 0 / Ν Ρ Ε 1 0 27 - 50 2 3.0 -0.5 -1.5 
3<f)C10/NPE50 27 2 5.0 -0.5 -2.4 
3 φ Ο 1 0 Ν Ρ Ε 5 0 37 2 5.0 -0.5 -2.4 
3 φ Ο 1 0 / Ν Ρ Ε 5 0 

Selection
I = 1.5 . A 

j (1.5 A)3 

= 3 N E 0 

y l A l + y 2 A 2 

Although these parameter modifications are consistent with the 
expected increase i n the hydrophobicity of the ethylene oxide u n i t s 
expected with increasing temperature, no r e l a t i o n s h i p e x i s t s which 
q u a n t i f i e s the model parameters as a function of temperature. F i g 
ures 4 and 5 taken together with others a v a i l a b l e elsewhere there
fore serve to show that the new model does not accurately represent 
the thermodynamic behavior of the long ethylene oxide chain surfac
tants i n aqueous s o l u t i o n s . It i s adequate for shorter chain non-
i o n i c s u rfactants. The o r i g i n of the d i f f e r e n c e between the model 
pr e d i c t i o n s and those measured can be further i n v e s t i g a t e d by delv
ing i n t o thermodynamics of mixed m i c e l l e formation. This i s p o s s i 
ble for the f i r s t time since monomer and m i c e l l a r compositions are 
a v a i l a b l e through the use of u l t r a f i l t r a t i o n . Schick and Manning 
(19) c a l c u l a t e d the p a r t i a l molal heats of m i c e l l e formation f o r 
binary mixtures of dodecanol ethoxylates with n-dodecyl s u l f a t e , 
from measurements of mixture CMC, by the surface tension method, as 
a function of temperature. The surface tension method, however, 
y i e l d s no information about the pseudophase compositions which are 
required i n the c a l c u l a t i o n of the free energy and enthalpy of mi-
c e l l i z a t i o n (see Equation 14). C a l c u l a t i o n of heats of m i c e l l i z a -
t i o n based on knowledge of CMĈ j alone requires an assumption of the 
pseudophase compositions, which can introduce considerable e r r o r . 
The standard free energy of m i c e l l i z a t i o n f o r mixed m i c e l l e s i n 
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which the mole r a t i o of surfactant types i s equal (y\ = y£ = 0.5) 
have been c a l c u l a t e d from data s i m i l a r to that shown by Figures 1, 
2, 3, 4, and 5. 

To c a l c u l a t e the free energy one must assign a value to a, the 
degree of counterion binding. The t h e o r e t i c a l development admits 
the p o s s i b i l i t y that α can depend on temperature and on m i c e l l a r 
composition, but i t must be independent of the s a l t concentration. 
The α used i n the c a l c u l a t i o n s presented here i s 0.42. This value 
has been determined at 27°C by measuring the v a r i a t i o n of the CMC 
with added e l e c t r o l y t e concentration. It has been used i n a l l free 
energy c a l c u l a t i o n s . A more comprehensive study would n e c e s s a r i l y 
include determination of α by several methods i n c l u d i n g , f o r exam
ple, e l e c t r i c a l c o n d u c t i v i t y and sodium ion a c t i v i t y measurements 
as well as d i r e c t c a l o r i m e t r i c determination of the enthalpy of mix
ing. In the presence of large q u a n t i t i e s of e l e c t r o l y t e which char
a c t e r i z e t h i s study, many of these methods are i n e f f e c t i v e . Thus, 
the value of α determine
e l e c t r o l y t e has been used

The a c t i v i t y c o e f f i c i e n t for the counterions was taken to be 
a constant value of 0.862. This value was derived from the experi
mental value of 0.745 for NaC£, which was reported by Moore (20). 
The sodium ion a c t i v i t y c o e f f i c i e n t was obtained as the square root 
of the sodium c h l o r i d e a c t i v i t y c o e f f i c i e n t . 

The values f o r AG°MIC M ( t n e subscript M now denotes mixture 
standard free energy) determined using Equation 13 along with the 
corresponding mixture CMC's and monomer compositions are given i n 
Table I I I . It i s observed that kG°yiiç M are smaller (more negative) 
for mixtures containing NPE^Q than for those with NPE5Q. This could 
r e f l e c t c o n f i g u r a t i o n a l entropy changes on m i c e l l i z a t i o n which would 
be la r g e r i n mixtures containing NPE50 than those containing NPE^Q 
and which d i s f a v o r m i c e l l i z a t i o n . Standard enthalpies and entropies 
of m i c e l l i z a t i o n are also given i n Table IV. It i s seen that the 
formation process i s exothermic f o r these 1:1 mixed m i c e l l e s and 
that the entropy of formation i s p o s i t i v e and intermediate between 
that of the pure components. 

Table I I I . Free Energy of M i c e l l i z a t i o n f o r ABS/NPE Mixtures 

Surfactant Temperature *G°MIC 
Combination (°K) CMC X * kcal/mol 
3<J>C10/NPE10 300 176 0. .899 -9. ,04 
3<J>C10/NPE1() 310 276 0, .939 -9. .21 
3<f>C10/NPE1o 323 315 0. .948 -9. ,55 
3<f>C10/NPE5o 300 170 0. .543 -8. .76 
3<J>C10/NPE5o 310 200 0. .671 -8. .99 
3<f>C10/NPE50 323 272 0. .744 -9. .22 

l3<f>CiQmonomer mole f r a c t i o n . 

The importance of entropie considerations i n the formulation 
of a thermodynamic model f o r m i c e l l e formation i n mixtures of i o n i c 
and nonionic surfactants has been demonstrated by the a b i l i t y of the 
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Table I V . Enthalpy and Entropy of M i c e l l i z a t i o n f o r ABS/NPE 
Mixtures 

Surfactant Temperature A H ° M I C T A S ° M I C 
Combination (°K) (kcal/mol) (kcal/mol) 
3<J>C10/NPE10 305 :475 Ϊ3Λ 

30C 1 O/NPE 1 O 313 -0.9 10.1 
3<f>C10/NPE50 305 -1.9 10.7 
3<f>C10/NPE5o 3 1 3 ' 3 · 6 1 2 · 6 

Note: Enthalpies and entropies for formation of a m i c e l l e of equi 
molar proportions of 3φΰχ0 a n d NPE x(x = 10 or 50). 

new model to f i t both the mixture CMC and the pseudophase composi
t i o n a l data at d i f f e r e n t temperatures with l i t t l e change i n param
eters. A fur t h e r t e s t of the model would be to compare i t s p r e d i c 
tions f o r the heat of mixin  with that obtained b  othe  Th
best source for heat o
ments i n c l u d i n g m i c e l l a
been reported. Heat of mixing data derived from measurement of the 
v a r i a t i o n of CMC with temperature are les s r e l i a b l e but can provide 
some test of the model. The enthalpy of mixing Δ Η ° Μ Ι Χ i s r e l a t e d 
to the enthalpies of m i c e l l i z a t i o n as follows: 

Δ Η ° Μ Ι Χ = Δ Η°ΜΙ0,Μ * V H ° M I C > 1 ' V H ° M I C , 2 ( 1 5 ) 

These are tabulated i n Table V along with the model p r e d i c t i o n s 

Table V. Enthalpy of Mixing Decyl Benzene Sulfonate M i c e l l e s with 
Nonyl Phenol Ethoxylate M i c e l l e s 

Surfactant 
Combination 

Temperature 
(°κ) 

Δ Η Μ Ι Χ 1 

(kcal/mol) 
AHMIX 2 

(kcal/mol) 
Δ Η Μ Ι Χ 3 

(kcal/mol) 
3 φ ΰ 1 0 / Ν Ρ Ε 1 0 305 -1.98 -0.574 -0.375 
3 φ ϋ 1 0 / Ν Ρ Ε 1 0 316 -0.50 -0.571 -0.600 
3 φ ΰ 1 0 / Ν Ρ Ε 5 0 305 -0.85 -0.574 -0.375 
3 φ ΰ 1 0 / Ν Ρ Ε 5 0 316 -2.88 -0.571 -0.600 

^Derived from CMC and compositional data. 
^Model c a l c u l a t i o n from Equation 1. 
^Regular s o l u t i o n model. 

obtained by 

A H ° M I X " Z * 1 2 W ( 1 6 ) 

which i s the enthalpic c o n t r i b u t i o n to the free energy defined by 
Equation 1. I t i s seen that l i t t l e v a r i a t i o n with temperature i s 
predicted f o r Δ Η ° ^ Ι Χ by the model whereas the values derived from 
temperature dependence of the CMC show considerable change with tem
perature. The source of the discrepancy i s uncertain. There are 
i n d i c a t i o n s that the hydration e f f e c t s , which should be accounted 
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for by the pure component ΔΗ^ια 2» m ^ y d i f f e r between the pure com
ponent and mixed component m i c e l l e s . Much more data of the type re
ported here w i l l be required to f u l l y evaluate the new thermodynamic 
model or to di s c e r n the o r i g i n of the apparent d i f f e r e n c e . 
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New Mathematical Models of Mixed Micellization 

Robert F. Kamrath1 and Elias I. Franses 

School of Chemical Engineering, Purdue University, West Lafayette, IN 47907 

The mass action model (MAM) for binary ionic or nonionic 
surfactants and the pseudo-phase separation model (PSM) 
which were developed earlier (I & EC Fundamentals 1983, 
22, 230; J. Phys
extended. The ne
number and counterion binding parameter which depend 
on the mixed micelle composition. Thus, the models can 
describe mixtures of ionic/nonionic surfactants more real
istically. These models generally predict no azeotropic 
micellization. For the PSM, calculated mixed cmc's and 
especially monomer concentrations can differ significantly 
from those of the previous models. The results are used to 
estimate the Redlich-Kister parameters of monomer mix
ing in the mixed micelles from data on mixed cmc's of 
Lange and Beck (1973), Funasaki and Hada (1979), and 
others. 

Many models have appeared in the literature describing interactions of 
surfactants in mixed micelles (1-14). For nonionic surfactants mixing 
nonideally, the key references up to 1984 have been recently summarized 
(15). Comparatively few models have been developed for ionic surfactants 
(5,6,10-12) and fewer models which acknowledge ionic/nonionic interac
tions are available (5-7). Since many practical surfactant mixtures involve 
ionic and nonionic surfactants which interact with each other and with 
added salts, it is important to develop explicit ionic/nonionic models. 

The purpose of this paper is to develop realistic specific models of 
mixed micellization which (i) can describe properties of ionic/nonionic sur
factant mixtures and effects of salt; (ii) lead to tractable calculations; and 
(iii) can be used for extracting information on micelle mixing and mono
mer concentrations from the limited experimental data which are usually 

1Current address: 3M, Commercial Chemicals Division, Building 53-4N-02, 
367 Grove Street, St. Paul, MN 55101. 
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available on cmc's, micelle sizes, and counterion binding. The mixed ionic 
surfactant pseudo-phase separation model (PSM) which has been previ
ously published (10,12) has been extended to include the counterion bind
ing parameter β (see Equation 1 later) which depends on the micelle 
composition x. The mass action model ((11), MAM) has also been 
extended to include β(χ) and aggregation number Ν also varying with the 
micelle composition. In the following sections the key aspects of the two 
models are discussed. Sample calculations are given for the PSM to illus
trate the importance of β(χ) on the calculated cmc's and inventories. 
Finally, the PSM model is applied for interpreting experimental results, 
mostly from the literature on mixed nonionic/ionic and ionic/ionic binary 
surfactants with the same counterion. 

Mass Action Model (MAM) 

The equation which formally y
tants is 

xNRi + (l-x)R 2 + /?NM + χ — ( R 1 R 2 M ) N > A x 

where R x and R 2 are monomers of surfactants 1 and 2, M + is the surfac
tant counterion, ( R 1 R 2 M ) N / ? X is a charged mixed micelle composed of Ν 
surfactant monomers and βΝ counterions, χ is the fraction of monomers of 
surfactant 1 in the mixed micelle, and K x is the micellization equilibrium 
constant; 1 is the component with the lower cmc. The degree of coun
terion binding β is taken to depend on χ such that at χ = 0 β — β2 and at 
χ = 1 β = βν The aggregation number Ν is taken to depend on χ such 
that at χ = 0 Ν = N 2 and at χ = 1 Ν = Nv We take that 
βν &Ίί NI, and N 2 are independent of concentration and ionic strength and 
that at any given concentration χ, N, and β are the same for all micelles 
except for cases of demixing in micelles (10-12). The solution is taken to 
be ideal in the sense of Denbigh's convention ΠΙ (16); hence, the activity 
coefficients of solvent, monomers, and micelles are taken equal to unity 
(10,11). For concentrated solutions a solution model such as Debye-
Hiickel' s (14) or others (3,4) should be used for more accurate results. 

The MAM described here is a generalization of the model previously 
published (10). Hence, only a summary of the derivation will be given here. 
Details can be found elsewhere (17). The basic equations are the surfactant 
and counterion material balances and the minimization of the Gibbs free 
energy of the system with respect to the micelle concentration cm and 
mole fraction χ (11). Equation 4 from Ref. (11) has been changed to 

c M + + /*Ncm = Pc T + cs <2> 

where c T is the total concentration of the surfactant and cs is the concen
tration of salt with common counterion; the parameter Ρ is the ratio of 
the total ionic surfactant concentration to the total surfactant 
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concentration. Ρ allows one to model either purely ionic systems, Ρ = 1, 
or ionic/nonionic, Ρ - α or Ρ = 1 - a, where a is the mole fraction of 1 in 
the binary surfactant mixture. Only anionic/anionic or cationic/cationic 
mixtures can be described by the present models. 

Equations (6) and (7) from Ref. (11) are modified to 

dx 
Ν + χ 

dx 
N - ( l - x ) — ψ2 + dx dx 

(3) 

and 

AC = x f i ° N l + ^ A*2°N2 + " Χ Λ " (l-x)/?2]N/^+ N 9 

+ RTN {xfn

where μ£, μ ^ 0 , and μ 2 Ν

0 a r e the reference chemical potentials of the 
mixed micelles and pure micelles of sizes N, Nh and N 2 respectively. As 
before (10), w(x) is a function which measures the excess free energy of 
mixing in the mixed micelle. The β(χ)... term accounts for additional 
counterions needed for a mixed micelle with /?(x)N(x)counterions. The 
mixed micelle is produced from χ Ν micelles of 1 which have χβχΝ coun
terions and (l-x)N micelles of 2 which have (l~x)/?2N counterions. Of 
course, if β(χ) — βχχ + /? 2(1-χ), this term vanishes (see also PSM section). 

After algebraic manipulations, the model reduces to the solution of 
the following four nonlinear equations for χ and the monomer and coun
terion concentrations ch c2, and cM+: 

[Ν + χ 3 N , 
dx 1 IN + φ 

[N-(l-x)4r-| 
(1-x) * c2 

[N-(l-x) M i 
dx 1 

1 
|N,(1 + ft)-l] 

c.pyi + AH] 
N. 
1 IXT / . \9N, — | N - ( l - x ) — ] 
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exp -(l-2x)Nw(x) - x ( l -x )N-^ - x(l-x)-?^- w(x) 
dx dx 

(5) 

c, + xN 

N 4 - (Λ \ N 

XW, + (1"x) 

Ν + χ aN 
5x 

Μ / 1 ^ N 

X C i 

N + x M 
ax xN + (l-x)N 

N + x M 
ax xN + (l-x)N /?N + 

(,-x)N|,f + Ng] 

(1-ΛΝ0 
Ν + χ aN 

a x 

Ν - (i-x; 
aN 
a x ex ρ -χ ( 1-χ )Nw(x ) 

Ν 

N-(l-x) dN 
dx 

(1-2X)(1-X)NW(X)-X(1-X) 2 N4^-X(1-X) 2 -?^MX) 
dx ^r dx 

(6) 

c2 + (l-x)N 

i/i \ Ν , Ν 
N-(l-x) aN 

a x 

Ν + χ aN 
ax 

(l-x)N + xN 
N " ( 1 " X ) ^ T 
Ν + χ aN 

dx 

k(l-x)c2* •CM4 

/?N-
Ν + x 9N 

ax 
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C* 

• / ι ^ N 4 . N 

XT /, \ ^N 
N-(l-x) — 

Ν + χ dx 

ex ρ -χ (l-x)Nw(x) + Ν 

Ν + χ <9N 
dx 

x(l-2x)Nw(x) + x2(l-x) Ν dw 
dx 

+ x 2 ( l -x) |^w(x) = ( l - » ) c T 

(7) 

C M + + βΝ 
N 1 ( l - € ) ^ l - / J 1 6 ) ^ ! f M 

Ni 

/ 1 \ N 

xN 

[ C2 Î 
XCj* (1-x) c2 

l-x)N 

c $ î ex ρ -x(l-x)Nw(x + Pc T + c, (8) 

These four equations reduce to the equations of Ref. (11) if Ν and β are 
fixed. The micelle concentration is then calculated from a mass action 
model expression as before, where (17) 

K v = K, Ni K 9 

M 1 N 

x"xN ( l -xj- l 1 "^ exp[-x(l-x)Nw(x)] 
(9) 

The parameter e is defined in Ref. (11) and is usually taken to be 0.02. 
The mixed cmc c* can be calculated as a function of cx*, c2, α, βυ β2, 
β(χ), Nh Ν 2 , Ν(χ), Ρ, and c s (17). Given these parameters and cT, one can 
calculate all pertinent parameters if there is only one type of mixed 
micelles. If there is demixing, the model can be extended as previously 
described (11). No specific calculations on the MAM model are yet avail
able. 
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Azeotrope Micellization. Here the micelle mole fraction of 1 is the same as 
that of the monomers (10,11). For fixed a — a^, the monomer and 
micelle compositions are equal to a for all total surfactant concentrations. 
If an azeotrope exists, this azeotropic condition and Equation 5 imply that 

aN 
dx 1 

Ν , ί Ι - ί Λ ΐ - Ζ ν Ρ ' 

1 I M J . 0N, 

ex ρ (l-2a)Nw(a) - α(1-α)Ν — - α(1-α) — w(a) = 1 (10) 

where /?, Ν, w, οβ/dx, αΝ/αχ, and aw/αχ are evaluated at χ — a. But 
this equation contains the monomer and counterion concentrations 
C j , c2, and cM+ which change with the total surfactant concentration. 
Thus a cannot be constant, which means that the assumption of azeotropy 
(χ = aA Z) is contradicted. Hence, if Nj ^ N 2 and βχ ^ β2, there are no 
conditions such that χ = a for all finite total surfactant concentrations. If 
Ν and β are fixed and Nj = N 2 and βχ — β2, then Equation 10 reduces to 
equations previously derived (11). 

Pseudo-Phase Separation Model (PSM) 

We take the limit of the MAM as Ν -> oo and e 0 (10,11). The result
ing equations, which reduce to equations previously published if β is fixed, 
are the following: 

X7i(x)c 
-[(l-x)J£ + 01 ( n ) 

where (17) 
c2 - (l-x)72(x)c2 cM 

7i(x) = exp[(l-x)2w(x) 4- x(l-x)2 

dx 

(12) 

(13) 
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72(x) = exp[x2w(x) - x2(l-x) -|̂ -] 14 

The mixed cmc c*(cs) at salt concentration cs, the micellar mole fraction 
x* at the cmc, and cM+ at the cmc are found from the following equations: 

c, = ec'(c.) = χ* 7 ι (χ>Γ < , + ν c M

+ _ I ( 1 " ) a x + 1 

(15) 

f.+AJ - flx*)] 
c2 = (l-a)c*(cs) = (l-x')c2- cM+ a* 

(16) 

C M + - P c *( c s ) + c s 
(17) 

If there is no added salt
Above the cmc, the quantities c,, c2, cm, cM+, and χ are found from Equa
tions 11 through 14 and the three mass balances. By eliminating 
C j , c2, and cra from these equations we obtain a system of two nonlinear 
equations with unknowns χ and cM+. 

x(l-x) 7i(x)c-, (1^ C M 
-I(i-*)ff + Hi 

C M + (o-x) c T 

(18) 

xc M + -x^7,(x)c- , ( 1 + W c M + 
= (Px-a/?)cT+xcs 

(19) 

To this point we have used no specific mixing rule to describe the 
interactions of monomers of surfactants 1 and 2 in the micellar pseudo-
phase. We have assumed, however, that only one micellar pseudo-phase 
exists. For our calculations we have used the Redlich-Kister expansion for 
w(x) with up to two parameters (10,12). Moreover, we have not yet 
specified the form of the function β(χ)} which can be varied for modeling 
specific counterion association behavior. For our calculations we have 
used the following linear function for β(χ): 

β(χ) = ίι(χ)βι + ΐ2(χ)β2 = χβχ + (1-χ)β2 

(20) 

This simple relationship is probably more appropriate for ionic/ionic 
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systems, whose counterion binding capacities differ little, than for 
nonionic/ionic systems. Furthermore, the values of βχ and β2 should 
depend on the aggregation number, the total surfactant concentration, and 
the ionic strength of the solution. Stigter (18,19) has examined the elec
trostatic interactions between charged micelles and ions in solution. He 
used the Stern-Gouy-layer model to describe the ionic atmosphere sur
rounding a charged micelle. He concluded that although the counterion 
association depends on the micellar surface charge and the ionic strength 
of the solution, there is no clear relationship between these quantities. 
Stigter observed that a plot of the natural logarithm of the cmc versus the 
natural logarithm of the counterion concentration was linear. Possibly the 
effects of the aggregation number, the total surfactant concentration and 
the ionic strength on the counterion association to the micelle cancel each 
other. For simplicity of calculations and for lack of concrete evidence, we 
have taken βχ and β2 to
additional data on counterio
(where Ρ = 0), this model is the same as the nonionic/nonionic model 
described previously (10). If βχ — β2 ^ 0 (Ρ = 1), the model is the same as 
the ionic/ionic model (11). 

Azeotrope Micellization. Again, if azeotrope exists, χ — a = a^. Then 
for all total surfactant concentrations above the cmc this condition and 
Equations 15 and 16 imply that 

cM+ d x x - ° exp 
c2 

(l-2a)w(a) + α ( 1 - α ) ( ^ - ) χ = β 

(21) 

This equation contains the counterion concentration cM+ which depends on 
the total surfactant concentration. It follows that χ would depend on cM+ 
and hence would vary above the cmc. This contradiction implies that 
azeotrope micellization cannot occur if β — β(χ). Of course, if cs » cT, 
the cM+ would be constant and azeotropy can again occur. If Θβ/dx — 0, 
azeotropy can be also possible. For β\—β2~ 0.7, cs = 0, c /̂cj* = 3.0, 
and w(x) = A + Β ( 2x-l), which is the Redlich-Kister expansion (12), 
with A = -3 and Β = 0, one finds from Equation 21 that ol^ = 0.8113. 
No value of can be calculated if βχ — 0.7, β2 — 0.3, and 
β(χ) - βχχ 4- β2(1-χ). Figures 1 and 2 illustrate this point showing 
monomer and micelle concentrations (or inventories) for a — 0.8113. In 
the ionic/ionic case, the micelle composition χ and the ratio C j / c 2 are con
stant above the cmc. In the ionic/nonionic case (Figure 2) the micelle 
composition varies with total surfactant concentration. Osborne-Lee and 
Schechter (22) have found evidence of azeotrope micellization for 
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Figure 1. Inventories and micelle compositions for azeotrope micell
ization of mixed ionic surfactants, c^/cj = 3.0, A = - 3.0, Β = 0.0, 
β χ - β 2 - 0.7 and α = α Α Ζ = 0.8113. 

Figure 2. Inventories and micelle compositions for the same param
eters as Figure 1 except that βχ — 0.7 and β2 — 0.3. 
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ionic/nonionic mixtures, for which surely β — β(χ). They have used high 
concentration of electrolyte and estimated mixed micelle compositions 
from ultrafiltration experiments. These results are consistent with the 
model presented here because cs is high. It would be interesting to see 
whether in those systems the azeotrope composition or its very existence 
depend on the salt concentration as Equation 21 suggests. 

Sample Calculations. For the PSM model, computer-calculations have 
been done (17). All concentrations are normalized with respect to c2. In 
Figure 3 we show mixed cmc's versus overall surfactant composition calcu
lated for mixed surfactants with c2/cj* = 3.0, A = 0.0, Β = 0.0, c s/c 2 — 
0.0, and varying values of βΧ) β2 and P. For a given value of a, the calcu
lated cmc for the nonionic/ionic system (βι — 0.6, β2 — 0.00 and Ρ = a) is 
larger than the cmc for the nonionic/nonionic case (βχ — β2 — 0.3, Ρ = 
0.0). Therefore if a nonionic/nonioni
interaction parameters A
tems from cmc-versus-composition data, the determined values would be 
larger than those calculated with the nonionic/ionic model. The calcu
lated c*/c2 versus a curve for the nonionic/ionic system exhibits a max
imum. Such a maximum can be observed for both positive and negative 
values of A. For the ionic/ionic and nonionic/nonionic models, the c*/c2 

versus a curves only exhibit a maximum if the surfactant chains within 
the micelles interact with positive deviations from ideal mixing, A > 0. 
Hence, the estimation of nonideality of mixing parameters from cmc-
composition diagrams depend significantly on the model one uses to match 
the data. 

In Figure 3, the curves for the ionic/ionic systems are all below the 
curve for the nonionic/nonionic case. As the degree of counterion binding 
increases, i.e. as βχ and β2 increase, the value of c*/c2 decreases for a given 
value of a. The bottom curve in Figure 3 corresponds to the ionic/ionic 
system with βχ — 0.6, β2 — 0.0, and Ρ = 1.0. This case is probably physi
cally unrealistic, inasmuch as these parameters correspond to a system in 
which both surfactants 1 and 2 are ionic and contribute counterions to the 
system but surfactant 2 in the micelles acts as a nonionic surfactant and 
therefore has a zero degree of counterion binding. 

In Figures 3.9 and 3.10 of Ref. (17) we show how the calculated 
cmc varies when βχ is constant and β2 is varied from 0.0 to 1.0 and for the 
case when β2 is constant and βχ is varied. For fixed βχ or β2, the calcu
lated cmc decreases as the other counterion binding parameter decreases 
for the ionic/ionic cases. The cmc's calculated for the nonionic/ionic sys
tems are larger than those calculated for the ionic/ionic systems. For the 
nonionic/ionic systems, a maximum occurs in the cmc-versus-α curve at 
values of α close to that of the pure nonionic surfactant. The maximum 
becomes greater as the value of a for the ionic surfactant increases. 
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Inventory and x-plots for an ionic/ionic system are shown in Figure 
4 for β χ - β 2 - 0.6. If βχ = β2 = 0.3 or βχ - 0.7 and β2 = 0.5, the plots 
are quite similar. In both surfactant monomer concentrations cx and c2 

there are maxima which are due to both mixture and ionic effects (10). For 
the nonionic/ionic system (Figure 5) there is only a maximum in the 
monomer concentration of surfactant 1 (the ionic surfactant). The same is 
observed for βχ = 0.6, β2 - 0.0, and Ρ = 1.0. The maximum in the sur
factant 1 monomer concentration is more abrupt than for the system in 
Figure 5 due to the increased counterion concentration. The ratio of the 
concentration cx for the various models to cx for the ionic/ionic system 
with β\—β2- 0.6 is plotted in Figure 6 versus total surfactant concen
tration. Clearly, the calculated monomer concentrations depend 
significantly on the counterion binding parameters. 

We have used our model to interpret mixed cmc data for 
nonionic/ionic systems. Th
to determine the mixing parameter
eter (A or B) can be calculated. Hence the calculated value of A depends 
on Β and for each a a function of A versus Β is calculated. The pair of 
values A and Β which best fits the entire data set is determined graphi
cally by plotting the A versus Β for each data point on the same plot. In 
Figure 7 A-versus-B plot which are calculated using the nonionic/nonionic 
and the nonionic/ionic model are shown for the system 
C^OSO^Na^/CgEg (1)̂  No pair of A and Β values can fit all of the data 
points exactly for either model. Hence, either the model is inadequate to 
predict exactly the observed behavior, or there are substantial experimen
tal errors. Using the values which appear to fit most of the data one finds 
A = -7.0 and Β = -4.0 for the nonionic/ionic model and A = -5.0 and Β = 
-1.0 for the nonionic/nonionic model. We plot cmc versus composition 
curves for this system in Figure 8. Both models appear to fit the data to 
within experimental error, with one point as an exception. Thus, based on 
this fit, there is no compelling reason to use the more complex 
nonionic/ionic model. Nevertheless, the large differences in the calculated 
Cj-values (Figure 6) argue for using the more precise nonionic/ionic model. 
Two other applications of the nonionic/ionic model to mixed cmc data 
(23,24) are shown in Figure 9 and 10. In both cases, the model is able to 
adequately predict the observed behavior. 

Conclusions 

1. A mass action model (MAM) with monodisperse aggregation number 
Ν which depends on the micelle mole fraction χ and the counterion 
binding parameter β(χ) has been developed for binary surfactants 
either ionic/ionic or nonionic/ionic. 
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Figure 3. Mixed cmc'
Β = 0, cs/c2 = 0.0 and variables βυ β2, and P. The values of 
(βυβ2,Ρ) for the curves from top to bottom are: (0.6, 0.0, a), (0.0, 
0.0, 0.0), (0.3, 0.3, 1.0), (0.6, 0.6, 1.0), (0.7, 0.5, 1.0), (1.0, 1.0, 1.0), 
and (0.6, 0.0, 1.0). 

.75 

CT/C2* 

Figure 4. Surfactant 1 monomer (cj, surfactant 2 monomer (c2), 
counterion (cM+j and micelle (cm) inventories and micelle composi
tions (x) for binary surfactants with c2/cx — 3.0, A = 0, Β = 0, cs 

= 0.0, a - 0.3, βχ - β2 - 0.6, and Ρ - 1.0. 
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Figure 5. Same as Figure 4, except that βχ — 0.6, β2 = 0.0, and Ρ 
= 0.3 (nonionic/ionic model). 
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Figure 6. Ratio of the surfactant 1 monomer concentration for 
ca/q* = 3.0, A = 0, Β = 0, cs/c2* = 0.0, α = 0.3. (a) βχ - 0.6, β2 

- 0.0, Ρ = 0.3; (b) βχ - 0.3, β2 - 0.3, Ρ - 1.0; (c) βχ - 0.7, β2 -
0.5, Ρ = 1.0; and (d) βχ - 0.6, β2 - 0.0, Ρ = 1.0 to the surfactant 
1 monomer concentration calculated for βχ—β2 — 0.6 and Ρ = 1.0. 
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Figure 7. Calculated values of interaction parameters A versus Β 
for C15OS03"Na + / C 8 E 6 mixed cmc data, c /̂cj* = 1.315, cs/c2 = 
0.0, with (a) βχ - 0.0, β2 = 0.7, Ρ = 1 - a and (b) βχ - 0.0, β2 = 
0.0, Ρ = 0.0, where C 8 E 6 is surfactant 1. The curves on each figure 
are for different values of overall mole fraction C 8 E 6 in the mixture, 
a, and from top to bottom at Β = 10 correspond to a values of 0.1, 
0.3, 0.5, 0.7, and 0.9. The cmc versus mole fraction data are taken 
from Lange and Beck (1^ 

1.5 

1.0 

Figure 8. Mixed cmc 's for C 1 5 O S 0 3 ~ N a + / C 8 E 6 versus mole fraction 
of C 8 E 6 . The circles are the experimental data of Lange and Beck 
(1). The curves are calculated values for c2/cx = 1.315, cs/c2 = 0.0 
with (a) βχ - 0.0, β2 - 0.7, Ρ = 1 - α, A = - 7.0 and Β = - 4.0 and 
(b) βχ - β2 = 0.0, Ρ = 0.0, Α = - 5.0, and Β = - 1.0, where C 8 E 6 is 
surfactant 1. 
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Figure 9. Mixed cmc's for decyl methyl sulfoxide 
(DeMS)/cetyltrimethylammonium bromide (CTAB) in lmM KBr 
versus overall mole fraction of CTAB. The circles are the experi
mental data of Funasaki and Hada (23). The curves are calculated 
values for c2*/cÎ = 1.581, c s/c 2 = 0.0, βχ - 0.7, β2 = 0.0, Ρ = α, A 
= - 1.7, and Β = 1.4, where CTAB is surfactant 1. 
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Figure 10. Mixed cmc's for the system sodium dodecylsulfate 
(SDS)/mono-octyltetraethylene glycol (C 8E 4) in 100 mM NaCl 
versus overall mole fraction of C 8 E 4 . The circles are the experimen
tal data of Jay son et al. (24). The curves are calculated for c2/cx 

- 3.857, c s/c 2 = 0.0, βχ = 0.7, β2 - 0.0, Ρ = α, A = - 4.0 and Β = 
1.0, where C 8 E 4 is surfactant 1. 
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2. A pseudo-phase separation model (PSM) with β(χ) has been developed 
as the limit of the MAM as Ν —• oo. 

3. Although cmc's calculated based on the ionic/ionic model can differ 
little from those based on the nonionic/nonionic model, the monomer 
and counterion concentrations c l 7 c2, and cM+ and the micelle compo
sition χ as calculated from the two models can differ substantially 
from each other. 

4. For β — β(χ) and N=N(x), the MAM predicts no azeotrope micelliza
tion. For β = β(χ), the PSM predicts no azeotrope micellization 
unless the salt concentration is substantially higher than the surfac
tant concentration. 

5. The nonionic/ionic model rather than the nonionic/nonionic or the 
ionic/ionic model should b d fo  precis  determinatio f th
nonideality-of-mixin
nonionic/ionic mixtures. 

6. Even with the used detail, both the MAM and the PSM models need 
some improvements for more realistic representation of available data. 
They could be refined to account for micelle size distribution (the 
MAM) and nonideal mixing with the solvent, once data on x, ch c2, 
N(x), and β(χ) become available. 
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4 
A Study of Mixed Aqueous Solutions 
of Hydrocarbon and Fluorocarbon Surfactants 
Using 8-Anilino-1-naphthalenesulfonic Acid Ammonium Salt 

Kenjiro Μeguro, Yasushi Muto, Fujio Sakurai, and Kunio Esumi 

Department of Applied Chemistry and Institute of Colloid and Interface Science, 
Science University of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo 162, Japan 

The miscibility betwee
surfactants was studie
fluorescence. Three mixed aqueous solutions of sur
factants were employed; sodium dodecyl sulfate (SDS)-p-
[(CF3)2CF]2C=C(CF3)O(CH2CH2O)7-CH3(NF), hexaoxyethylene-
glycol dodecyl ether (6ED)-lithium fluorooctane sulfonate 
(LiFOS), and 6ED-NF· The fluorescence probe was 8-
anilino-1-naphthalene sulfonic acid ammonium salt (ANS). 
Since ANS was not solubilized into fluorocarbon micelles, 
the existence of mixed micelles formed by the fluoro
carbon and hydrocarbon surfactants can be discussed. 

(i) 6ED-LiFOS mixed system: When the concentra
tion of 6ED was fixed, the fluorescence intensity of 
ANS decreased with increasing the concentration of LiFOS, 
indicating that mixed micelles are formed. (ii) 6ED-NF 
mixed system: The result was similar to that of (i). 
However, the mixed micelles are not formed at concentra
tions below the CMC of NF. (iii) SDS-NF mixed system: 
When the concentration of NF was fixed and the concen
tration of SDS was increased, the fluorescence intensity 
of ANS remained constant, suggesting that pure NF and 
pure SDS micelles are formed, Further, the above re
sults are confirmed by conductivity measurements. 

Recently, some studies on the mixture of fluorocarbon and hydrocarbon 
materials have been carried out by surface tension, interfacial 
tension, differential conductance, NMR and solubilization methods(1-
9). Mukerjee(5} and Funasaki(2) reported that fluorocarbon and 
hydrocarbon mixtures exhibit departure from ideal solution theory. 

Suzuku and Meguro et al. (V_,£) have been studying the interaction 
of fluorocarbon and hydrocarbon surfactants by the use of the keto-
enol tautomerism of benzoylacetoanilide(BZAA) as a probe and they 
found the existence of a mixed micelle between lithium fluorooctane 
sulfonate(LiFOS) and hexaoxyethylene glycol dodecyl ether(6ED). 

As one of the probes, fluorescence compounds are known. The 
fluorescence probe such as 8-anilino-l-naphthalene sulfonic acid 
ammonium salt(ANS) has been used as an indicator of membrane 
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p o t e n t i a l ( 1 0 , 1 1 ) . F u r t h e r , t h i s p r o b e h a s b e e n u s e f u l f o r 
e l u c i d a t i n g t h e p r o p e r t i e s o f a q u e o u s s u r f a c t a n t s o l u t i o n s ( 1 1 - 1 3 ) , 
s i n c e t h e q u a n t u m y i e l d o f f l u o r e s c e n c e f o r ANS i s e n h a n c e d i n a 
n o n p o l a r e n v i r o n m e n t . F r o m t h i s f a c t , when a c o n c e n t r a t i o n o f a 
h y d r o c a r b o n s u r f a c t a n t i s l a r g e r t h a n i t s c r i t i c a l m i c e l l e 
c o n c e n t r a t i o n ( C M C ) i n t h e p r e s e n c e o f t h e ANS p r o b e , t h e f l u o r e s c e n c e 
i n t e n s i t y i n c r e a s e s b e c a u s e ANS m o l e c u l e s a d s o r b a t t h e o u t e r l a y e r 
o f m i c e l l e s . 

F u r t h e r , we h a v e o b s e r v e d t h a t ANS i s n o t s o l u b i l i z e d i n t o 
f l u o r o c a r b o n s u r f a c t a n t m i c e l l e s , so t h e m i s c i b i l i t y o f t h e 
f l u o r o c a r b o n a n d h y d r o c a r b o n s u r f a c t a n t s c a n be s t u d i e d b y u s i n g t h e 
f l u o r e s c e n c e p r o b e , A N S . 

E x p e r i m e n t a l 
M a t e r i a l s . L i t h i u m f l u o r o o c t a n e s u l f o n a t e , C F S O ^ L i i L i F O S ) was 
s y n t h e s i z e d b y a p r e v i o u s method{7) . H e x a o x y e t n y l e n e g l y c o l 
d o d e c y l e t h e r , C ^ H 0 ( C H
C h e m i c a l s Company L t d . ,
g a s - l i q u i d c h r o m a t o g r a p h y ( G L C ) , t h i n l a y e r c h r o m a t o g r a p h y ( T L C ) a n d 
s u r f a c e t e n s i o n m e a s u r e m e n t s . S o d i u m d o d e c y l s u l f a t e , c ^ 2 H 2 5 S ° 3 N a 

(SDS) was p u r i f i e d b y r e c r y s t a l l i z a t i o n f r o m e t h a n o l t w i c e . 
p - [ ( C F 3 ) 2 C F ] 2 C = C ( C F ) 0 ( C H 2 C H 2 0 ) 7 C H 3 ( N F ) was d o n a t e d b y Neos C o . 
8 - A n i l m o - l - n a p h t h a l e n e s u l f o n i c a c i d ammonium s a l t ( A N S ) was o b t a i n e d 
f r o m Wako P u r e C h e m i c a l I n d u s t r i e s , L t d . P e r f l u o r o c a r b o n o i l ( p p - l , 
p p - 2 ) was s u p p l i e d b y D a i n i p p o n I n k a n d C h e m i c a l I n d u s t r y Company 
L t d . T h e w a t e r u s e d i n a l l e x p e r i m e n t s was p u r i f i e d b y p a s s i n g 
t h r o u g h M i l l i - Q s y s t e m ( N i h o n M i l l i p j r e C o . ) u n t i l i t s s p e c i f i c 
c o n d u c t i v i t y f e l l b e l o w 10 - i l cm 

M e a s u r e m e n t 
T h e f l u o r e s c e n c e s p e c t r u m o f ANS i n e a c h s a m p l e .was m e a s u r e d a t 

25 C w i t h a f l u o r e s c e n c e s p e c t r o p h o t o m e t e r ( H i t a c h i 6 5 0 - 1 0 S ) . T h e 
c o n c e n t r a t i o n o f ANS was f i x e d a t 1x10 m o l e / 1 . T h e f l u o r e s c e n c e 
s p e c t r a w e r e m e a s u r e d w i t h e x c i t a t i o n a t 360 nm i n w a t e r , 377 nm i n 
6ED m i c e l l e s , a n d 370 nm i n SDS m i c e l l e s a n d w i t h e m i s s i o n a t 520 nm, 
435 nm, a n d 500 nm, r e s p e c t i v e l y . 

T h e s u r f a c e t e n s i o n m e a s u r e m e n t was d o n e a t 25 C b y a m o d i f i e d 
W i l h e l m y p l a t e m e t h o d ( S h i m a d z u S T - 1 ) . 

T h e c o n d u c t i v i t y m e a s u r e m e n t was p e r f o r m e d a t 25 C b y a 
c o n d u c t i v i t y m e t e r MODEL C M - 3 0 E T ( T O A E l e c t r o n i c s L t d . ) . 

R e s u l t s a n d D i s c u s s i o n 
T h e b e h a v i o r o f t h e f l u o r e s c e n c e p r o b e , ANS i n t h e a q u e o u s s i n g l e 
s u r f a c t a n t s o l u t i o n 

F i g u r e 1 shows t h e c h a n g e i n f l u o r e s c e n c e i n t e n s i t y o f ANS i n 
t h e a q u e o u s s u r f a c t a n t s o l u t i o n . I n t h e c a s e o f t h e h y d r o c a r b o n 
s u r f a c t a n t , t h e f l u o r e s c e n c e i n t e n s i t y o f ANS was p r o p o r t i o n a l t o t h e 
s u r f a c t a n t c o n c e n t r a t i o n a b o v e t h e C M C . S i n c e t h e f l u o r e s c e n c e 
i n t e n s i t y o f ANS h a d a c o n s t a n t v a l u e b e l o w t h e C M C , t h e i n f l e c t i o n 
p o i n t a p p e a r e d a t t h e C M C . T h e s u r f a c t a n t c o n c e n t r a t i o n a t t h e 
i n f l e c t i o n p o i n t n e a r l y c o i n c i d e d w i t h t h e CMC o f 6ED a n d SDS( t h e 
CMC was 6x10 m o l e / 1 f o r 6ED a n d 8 . 5 x 1 0 m o l e / 1 f o r S D S ) . T h e s e 
f i n d i n g s i n d i c a t e t h a t ANS i s s o l u b i l i z e d i n t o t h e h y d r o c a r b o n 
s u r f a c t a n t m i c e l l e s . F u r t h e r , a b o v e t h e C M C , t h e f l u o r e s c e n c e 
i n t e n s i t y o f ANS i n 6ED s o l u t i o n was a b o u t t e n - f o l d l a r g e r t h a n i n 
SDS s o l u t i o n . S i n c e b o t h ANS a n d SDS a r e a n i o n i c , t h e l o w e r 
s o l u b i l i t y o f ANS i n SDS m i c e l l e s i s p r o b a b l y d u e t o t h e e l e c t r i c 
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r e p u l s i o n b e t w e e n ANS a n d S D S . A d d i n g s o d i u m c h l o r i d e t o t h e SDS 
a q u e o u s s o l u t i o n , t h e f l u o r e s c e n c e i n t e n s i t y o f ANS was g r e a t e r t h a n 
t h e s y s t e m w i t h no a d d e d e l e c t r o l y t e . T h i s s u g g e s t s t h a t b y 
a d d i t i o n o f e l e c t r o l y t e t h e e l e c t r i c a l p o t e n t i a l a t t h e m i c e l l e 
s u r f a c e r e d u c e s d u e t o c o m p r e s s i o n o f t h e e l e c t r i c a l d o u b l e l a y e r , 
r e s u l t i n g i n i n c r e a s e d s o l u b i l i z a t i o n o f ANS i n t o t h e SDS m i c e l l e s . 
I n b o t h SDS a n d 6ED a q u e o u s s o l u t i o n s a b o v e t h e i r C M C s , t h e b a n d o f 
t h e e x c i t a t i o n maxima o f ANS s h i f t e d t o a l o n g e r w a v e l e n g t h , b u t t h e 
t h e b a n d o f t h e e m i s s i o n max ima o f ANS s h i f t e d t o a s h o r t e r 
w a v e l e n g t h w i t h i n c r e a s i n g s u r f a c t a n t c o n c e n t r a t i o n . I n w a t e r , t h e 
w a v e l e n g t h s o f e x c i t a t i o n a n d e m i s s i o n maxima w e r e 360 nm a n d 520 nm, 
r e s p e c t i v e l y . A b o v e t h e CMC o f 6ED a q u e o u s s o l u t i o n , t h e e x c i t a t i o n 
a n d e m i s s i o n w a v e l e n g t h maxima c h a n g e d g r a d u a l l y a n d t h e f o r m e r 
s h i f t e d t o 377 nm, a n d t h e l a t t e r t o 485 nm. T h e s e w a v e l e n g t h s 
a l m o s t c o i n c i d e d w i t h t h o s e o f e t h y l e n e g l y c o l u s e d a s t h e s o l v e n t . 
A c c o r d i n g l y , i t seems t h a t t h i s p r o b e , A N S , i n t h e a q u e o u s s u r f a c t a n t 
s o l u t i o n e x i s t s a t t h e o u t e
an e n v i r o n m e n t l i k e e t h y l e n e g l y c o l

F u r t h e r m o r e , a b o v e t h e CMC o f SDS a q u e o u s s o l u t i o n , t h e 
e x c i t a t i o n a n d e m i s s i o n w a v e l e n g t h max ima a r e r e a c h e d a t 370 nm a n d 
500 nm, r e s p e c t i v e l y . 

On t h e o t h e r h a n d , when t h e f l u o r o c a r b o n s u r f a c t a n t ( N F a n d 
L i F O S ) c o n c e n t r a t i o n s w e r e i n c r e a s e d , e v e n a t c o n c e n t r a t i o n s a b o v e 
t h e i r C M C , t h e f l u o r e s c e n c e i n t e n s i t y r e m a i n e d c o n s t a n t a n d t h e 
maximum e x c i t a t i o n a n d e m i s s i o n w a v e l e n g t h s a l s o r e m a i n e d c o n s t a n t . 
F u r t h e r , t h e f l u o r e s c e n c e i n t e n s i t y a n d t h e maximum e x c i t a t i o n a n d 
e m i s s i o n w a v e l e n g t h o f ANS i n t h e f l u o r o c a r b o n s u r f a c t a n t s o l u t i g n 
w e r e t h e same a s t h o s e i n w a t e r . T h e C ^ C o f NF was a b o u t 6x10 
m o l e / 1 a n d t h a t o f L i F O S was a b o u t 5 χ 1 θ " m o l e / 1 . T h e s e CMCs w e r e 
d e t e r m i n e d b y s u r f a c e t e n s i o n m e a s u r e m e n t s . ANS was f o u n d t o be 
i n s o l u b l e i n f l u o r o c a r b o n o i l , s u p p o r t i n g t h e r e s u l t s s h o w i n g t h a t 
ANS i s n o t s o l u b i l i z e d i n t o f l u o r o c a r b o n s u r f a c t a n t . 

T h e b e h a v i o r o f t h e f l u o r e s c e n c e p r o b e , ANS i n t h e m i x e d a q u e o u s 
s u r f a c t a n t s o l u t i o n s 

F i g u r e 2 shows t h e f l u o r e s c e n c e i n t e n s i t y o f ANS i n 6 E D - L Î F O S 
m i x e d a q u e o u s s o l u t i o n s a s a f u n c t i o n o f L i F O S c o n c e n t r a t i o n . H e r e , 
t h e 6ED c o n c e n t r a t i o n s w e r e f i x e d a b o v e i t s C M C . T h e f l u o r e s c e n c e 
i n t e n s i t y o f ANS p r o p o r t i o n a l l y d e c r e a s e d w i t h i n c r e a s i n g t h e 
c o n c e n t r a t i o n o f L i F O S . I t seems t h a t ANS i s l e s s s o l u b l e i n t h e 
m i x e d 6 E D - L Ï F O S m i c e l l e . 

T h e e q u i v a l e n t c o n d u c t i v i t y o f t h e 6 E D - L Ï F O S m i x e d s o l u t i o n s was 
m e a s u r e d , w i t h t h e c o n c e n t r a t i o n s o f 6ED f i x e d b e l o w a n d a b o v e t h e 
C M C . T h e b r e a k p o i n t c o r r e s p o n d i n g t o t h e CMC i n t h e g r a p h o f 
e q u i v a l e n t c o n d u c t i v i t y v s . c o n c e n t r a t i o n o f L i F O S d i s a p p e a r e d 
g r a d u a l l y . T h e v a l u e s o f e q u i v a l e n t c o n d u c t i v i t y d e c r e a s e d w i t h 
i n c r e a s i n g t h e f i x e d 6ED c o n c e n t r a t i o n . 

F r o m t h e m e a s u r e m e n t o f t h e f l u o r e s c e n c e a n d c o n d u c t i v i t y i t i s 
a p p a r e n t t h a t m i x e d m i c e l l e s a r e f o r m e d i n t h e 6 E D - L Î F 0 S m i x e d 
s y s t e m . 

F i g u r e 3 shows t h e f l u o r e s c e n c e i n t e n s i t y o f ANS i n t h e N F - 6 E D 
m i x e d a q u e o u s s o l u t i o n s a s a f u n c t i o n o f NF c o n c e n t r a t i o n . T h e 
f i x e d 6ED c o n c e n t r a t i o n s w e r e a b o v e i t s C M C . T h e c o n c e n t r a t i o n o f 
NF a t t h e i n f l e c t i o n p o i n t was t h e same v a l u e r e g a r d l e s s o f t h e f i x e d 
6ED c o n c e n t r a t i o n . I n a d d i t i o n , t h e c o n c e n t r a t i o n s a t t h e s e 
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Figure 1. The r e l a t i o n s h i p between fluorescence i n t e n s i t y vs. 
concentration of sur f a c t a n t . 

Figure 2. The r e l a t i o n s h i p between fluorescence of ANS and 
concentration of LiFOS i n 6ED-LÎF0S mixed system. 
The f i x e d concentrations are ImM, 0.9mM, 0.8mM, 
0.6mM and 0.4mM. 
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i n f l e c t i o n p o i n t s a l m o s t c o i n c i d e d w i t h t h e CMC o f NF a n d t h e 
f l u o r e s c e n c e i n t e n s i t y o f ANS was a l m o s t c o n s t a n t b e l o w i t s C M C . 
T h e s e r e s u l t s s u g g e s t t h a t t h e NF m o l e c u l e s do n o t p e n e t r a t e i n t o 
t h e 6ED m i c e l l e s b e l o w t h e CMC o f N F . On t h e o t h e r h a n d , a b o v e t h e 
CMC o f N F , t h e NF m o l e c u l e s p e n e t r a t e i n t o t h e 6ED m i c e l l e s a s 
o b s e r v e d f o r t h e 6 E D - L i F 0 S m i x e d s y s t e m . 

I t seems f r o m t h e a b o v e r e s u l t s t h a t NF m o l e c u l e s a r e n o t 
m i s c i b l e w i t h h y d r o c a r b o n s u r f a c t a n t b e l o w t h e CMC o f N F , b u t a b o v e 
t h e CMC t h e m i s c i b i l i t y o f t h e NF a n d 6ED i s s i m i l a r t o t h e L i F O S and 
6ED s y s t e m . 

F i g u r e 4 shows t h e f l u o r e s c e n c e i n t e n s i t y o f ANS i n t h e S D S - N F 
m i x e d a q u e o u s s o l u t i o n s a s a f u n c t i o n o f NF c o n c e n t r a t i o n . T h e SDS 
c o n c e n t r a t i o n s w e r e f i x e d b e l o w and a b o v e i t s C M C . T h e f l u o r e s c e n c e 
i n t e n s i t y a n d maximum e x c i t a t i o n a n d e m i s s i o n w a v e l e n g t h o f ANS was 
k e p t c o n s t a n t e v e n when t h e c o n c e n t r a t i o n o f NF i n c r e a s e d . T h i s 
r e s u l t means t h a t t h e NF m o l e c u l e s do n o t p e n e t r a t e i n t o t h e SDS 
m i c e l l e s . 

T h e f l u o r e s c e n c e i n t e n s i t
s o l u t i o n s w e r e m e a s u r e d a s a f u n c t i o n o f SDS c o n c e n t r a t i o n . T h e NF 
c o n c e n t r a t i o n was f i x e d a b o v e i t s C M C . S e v e r a l f l u o r e s c e n c e 
i n t e n s i t i e s o f ANS a t t h e same SDS c o n c e n t r a t i o n a g r e e d w i t h t h a t i n 
t h e c a s e o f t h e s i n g l e SDS s o l u t i o n . T h i s r e s u l t s u g g e s t s t h a t t h e 
m i x e d m i c e l l e s c a n n o t be f o r m e d i n t h e NF a n d SDS m i x e d s o l u t i o n , 
b u t , r a t h e r , t h a t p u r e c o m p o n e n t m i c e l l e s a r e f o r m e d . 

A l s o , i n t h e c a s e o f NF a n d SDS m i x e d a q u e o u s s y s t e m s , t h e 
c o n d u c t i v i t i e s w e r e m e a s u r e d a s a f u n c t i o n o f t h e SDS c o n c e n t r a t i o n . 
NF was f i x e d a t s e v e r a l c o n c e n t r a t i o n s b e l o w a n d a b o v e t h e C M C . 
T h e b r e a k p o i n t c o r r e s p o n d i n g t o t h e CMC o f SDS d i d n o t s h i f t i n 
s e v e r a l f i x e d NF c o n c e n t r a t i o n s , a n d t h e v a l u e s o f e q u i v a l e n t 
c o n d u c t i v i t y w e r e a l m o s t t h e same a t t h e same SDS c o n c e n t r a t i o n i n 
t h e m i x e d s o l u t i o n s . T h e r e f o r e , i t i s c o n c l u d e d t h a t t h e NF 
m o l e c u l e s c a n n o t p e n e t r a t e i n t o t h e SDS m i c e l l e s , a n d t h a t p u r e 
c o m p o n e n t NF a n d SDS m i c e l l e s e x i s t . 

Summary 
T h r e e m i x e d s u r f a c t a n t s y s t e m s w e r e s t u d i e d : ( i ) 6 E D - L Î F 0 S , 

( i i ) 6 E D - N F a n d ( i i i ) S D S - N F . 
I n s y s t e m ( i ) , 6ED a n d L i F O S e x h i b i t m i s c i b i l i t y b e h a v i o r 

s i m i l a r t o a m i x e d s y s t e m c o n s i s t i n g o f two h y d r o c a r b o n s u r f a c t a n t s , 
s u c h a s 6ED a n d S D S . M i x e d m i c e l l e s a r e f o r m e d o v e r a w i d e r a n g e 
o f c o n c e n t r a t i o n s . 

I n t h e c a s e o f s y s t e m ( i i ) , 6ED a n d NF a r e n o t m i s c i b l e a t 
c o n c e n t r a t i o n s b e l o w t h e CMC o f b o t h p u r e s u r f a c t a n t s ; a b o v e t h e b o t h 
p u r e CMC v a l u e s , t h e m i x e d m i c e l l e s a r e f o r m e d . 

On t h e o t h e r h a n d , i n s y s t e m ( i i i ) , SDS a n d NF a r e i m m i s c i b l e 
o v e r t h e e n t i r e c o n c e n t r a t i o n r a n g e s t u d i e d , r e s u l t i n g i n t h e 
f o r m a t i o n o f t h e s e p a r a t e m i c e l l e s . 
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F i g u r e 3 . T h e c h a n g e i n f l u o r e s c e n c e i n t e n s i t y o f ANS i n 
6 E D - N F m i x e d s y s t e m a s a f u n c t i o n o f N F c o n c e n t r a t i o n . 
T h e f i x e d 6ED c o n c e n t r a t i o n s a r e ImM, 0 . 8 m M , 0.6mM a n d 
0 . 4 m M . 

F i g u r e 4 . T h e c h a n g e i n f l u o r e s c e n c e i n t e n s i t y o f ANS i n S D S - N F 
m i x e d s y s t e m a s a f u n c t i o n o f N F c o n c e n t r a t i o n . T h e 
f i x e d 6ED c o n c e n t r a t i o n s a r e 25mM, 15mM f lOmM a n d 5mM. 
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5 
Solution Properties of Mixed Surfactant Systems 
The Interaction Between Azo Oil Dyes and Mixed Surfactant Systems 

Keizo Ogino and Masahiko Abe 

Faculty of Science & Technology, Science University of Tokyo, 2641 Yamazaki, Noda, 
Chiba 278, Japan 

Solution properties of anionic-nonionic mixed 
surfactant system
addition of azo
1-naphthylamine (4-NH2) and 4-phenylazo-1-naphthol 
(4-OH). The interaction of 4-NH2 with sodium 
dodecyl sulfate (SDS) was enhanced by the addition 
of alkyl poly(oxyethylene) ethers (CmPOEn) 
surfactants which have a longer alkyl chain and/or 
fewer ethyleneoxide groups. The fading phenomena 
was obserbed when 4-OH was added into the mixed 
surfactant systems, and its rate of 4-OH accelerated 
by increasing the alkyl chain length or decreasing 
the number of ethyleneoxide groups in the CmΡΟΕn 
molecule. The interactions of azo oil dyes with 
mixed surfactant systems would be larger for the 
system which is easy to form a mixed micelle than 
for the system which coexists two kinds of micelles. 

Mixed surfactant systems are of importance from a fundamental and 
practical point of view. Therefore, many recent papers have 
reported on the micellar properties of mixed surfactant solutions 
(1-9). For example, Tokiwa et al. have measured the NMF spectra 
(4_) ; Ingram has measured surface tension (5). Previously, we have 
reported the solution properties of anionic-nonionic surfactant 
mixed systems from the point of view of electrical (6,7) and 
surface tension measurements (8-10), and investigated the mixed 
micelle formation. 

We have discussed the differences in the mixed micelle forming 
due to the different alkyl chain lengths (ACL) and/or polyoxy-
ethylene chain lengths (PCL) in nonionic surfactants. We found 
that the mixed micelle would be formed more easily by a nonionic 
surfactant including long ACL (or shorter PCL) than by one having 
shorter ACL (or long PCL). We have also reported that the 
protonation of 4-phenylazo-l-naphthylamine (4-NH2) was caused by 
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sodium dodecyl s u l f a t e (SDS) m i c e l l e s (11,12). We have, moreover, 
mentioned the e f f e c t of PCL and/or ACL i n nonionic surfactant 
molecule on the tautomerism of 4-phenylazo-l-naphthol (4-OH)(13). 

In t h i s paper, we report the s o l u t i o n p r o p e r t i e s of sodium 
dodecyl s u l f a t e (SDS)-alky1 poly(oxyethylene) ether ((^ΡΟΙ^) mixed 
systems with a d d i t i o n of azo o i l dyes (4-NH 2, 4-OH). The 4-NHo dye 
i n t e r a c t s with anionic surfactants such as SDS (11,12), while 4-OH 
dye i n t e r a c t s with nonionic surfactants such as C mPOEn (13). 
However, 4-NH2 i s dependent on the molecular c h a r a c t e r i s t i c s of the 
nonionic surfactant i n the anionic-nonionic mixed surfactant 
systems, while i n the case of 4-OH, the fading phenomena of the dye 
i s observed i n the s o l u b i l i z e d s o l u t i o n . This fading r a t e i s 
dependent on the molecular c h a r a c t e r i s t i c s of nonionic surfactant 
as w e l l as mixed m i c e l l e formation. We discuss the d i f f e r e n c e s i n 
s o l u t i o n properies of azo o i l dyes i n the d i f f e r e n t mixed s u r f a c 
tant systems. 

Experimental 

M a t e r i a l s 

Anionic s u r f a c t a n t : Sodium dodecyl s u l f a t e (SDS, C 1 2 H 2 5 0 S 0 3 N a ^ w a s 

supplied by Nihon Surfactant Industries Co., Ltd Tokyo, Japan. I t 
was extracted with ether and r e c r y s t a l l i z e d from ethanol. The 
p u r i t y was ascertained by surface tension measurement. Nonionic 
surfactant: A l k y l poly(oxyethylene) ether (C mPOE n, 
C mH2m+lO(CH2CH 20)2oH, m=12, 14, 16, and 18; C 1 6 H 3 3 0 ( C H 2 C H 2 0 ) n H , 
n=10, 20, 30, and 40) were supplied by Nihon Surfactant Industries 
Co., L t d . These have a narrow molecular weight d i s t r i b u t i o n . 
Azo o i l dye: The synthesis and p u r i f i c a t i o n of 4-phenylazo-
1-naphthylamine ( 4 - N H 2 ) , 4-phenylazo-l-naphthol (4-OH) were 
described i n our previous paper (14). Water used i n t h i s 
experiment was twice d i s t i l l e d and was deionized by an ion-exchange 
instrument (ΝΑΝΟ pure D-1791 of Barnstead Co., L t d . ) ; i t s 
r e s i s t i v i t y was about 18.0 megohm'cm and i t s pH was 6.7. 

Method 

Preparation of surfactant s o l u t i o n s i n c l u d i n g o i l dye. 
I. For 4 - N H 9 dye. F i r s t , i n t o several 100 ml glass-stoppered 
Erlenmeyer f l a s k s , 25 ml portions of a given concentration of pure 
surfactant s o l u t i o n were placed. Next a measured amount of 4-NH 
(5.0 χ 10~ 5 mol/1) was added to each s o l u t i o n . The mixture were 
s t i r r e d u l t r a s o n i c a l l y f o r 5 min and then ag i t a t e d with a shaker 
(Model SS-82D type of Tokyo R i k a k i k a i Co., Ltd, Tokyo, Japan) f o r 
24 hr and allowed to stand f o r 24 hr i n a thermostat at 30°C i n 
order to es t a b l i s h e d a s o l u b i l i z a t i o n e q u i l i b r i u m . A f t e r the 
eq u i l i b r i u m had been e s t a b l i s h e d , these pure anionic surfacant 
s o l u t i o n s i n c l u d i n g 4 - N H 2 were mixed with pure nonionic s u r f a c t a n t s 
s o l u t i o n s i n v o l v i n g one. 
I I . For 4-OH dye. Into s e v e r a l 100 ml f l a s k s , 25 ml portions of a 
given concentration of anionic surfactant s o l u t i o n were placed, 
followed by a d d i t i o n of a given concentration of nonionic 
surfactant s o l u t i o n . The mixtures were s t i r r e d f o r 1 hr i n a 
thermostat at 30°C i n order to e s t a b l i s h t h e i r e q u i l i b r i a , and then 
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a measured amount of 4-OH (5.0 χ 1Q~5 mol/1) was added i n t o the 
mixed surfactant s o l u t i o n . 

Determination of maximal absorption wavelength (\n a x) and o p t i c a l 
density of each s o l u t i o n " " 1 

The measurement was the same as that described i n the previous 
paper (13), except that the spectrophotometer used was a model 
MPS-2000 double beam type (Shimadzu Co., Tokyo, Japan) with a 
quartz c e l l (10.Ô mm i n l i g h t pass le n g t h ) . 

Results and Discussion 

(1) Protonation e q u i l i b r i u m of 4-NH? 
Matsuoka (15) suggests that, when the proton goes to β-azo-nitrogen 
atom, e l e c t r i c charge t r a n s f e r occurs; as a r e s u l t , a nitrogen atom 
of amino group becomes p o s i t i v e l y charged (quinoidal form) . The 
protonation e q u i l i b r i u m occurre
l i k e SDS which have a strongl
On the other hand, t h i s azo form was observed i n other surfactant 
m i c e l l e s o l u t i o n s such as sodium l a u r a t e (11) and nonionic 
s u r f a c t a n t s (16). The maximal absorption wavelength i s at 535 nm 
(quinoidal form) i n the SDS s o l u t i o n , while at 450 nm (azo one) i n 
the C mP0E n soution. 

(1*1) E f f e c t of a l k y l chain length i n CmPOEn on the absorption 
spectra. The r e l a t i o n s h i p between the absorption spectra and the 
mixed molar r a t i o of the SDS-Ci2 P O E20 surfactant system i s shown i n 
F i g . l . The maximal absorption wavelength almost s h i f t s to 450 nm 
with i n c r e a s i n g the molar r a t i o of C]_2pOE20» a n d t n e absorption at 
535 nm by the q u i n o i d a l form of 4-NH2 does not appear. This seems 
to be a r e s u l t of the d i f f e r e n c e i n the s o l u b i l i z i n g power and the 
value of the cmc of each pure s u r f a c t a n t . In the former, C12POE20 
i s about 15-times l a r g e r , and i n the l a t t e r , C mP0E n i s about 100-
times smaller. Therefore, at a given concentration, a s o l u t i o n of 
CmPOEn has much more surfactant i n the m i c e l l a r phase than a 
s o l u t i o n of SDS. These m i c e l l e s of Ci2POE2Q s o l u b i l i z e d 4-NH2 more 
than d i d SDS m i c e l l e s . Figure 2 represents the case of SDS-
Ci8pOE20 mixed systems. The s h i f t of the maximal absorption 
wavelength i s not remarkable l i k e that i n F i g . l . Even the molar 
r a t i o of C18POE20 increases up to 0.5, the absorption spectra 
corresponding to the q u i n o i d a l form of 4-NH2 s t i l l remains. 

As the a l k y l chain length of CmP0E2Q i s increased, i t seems 
that the m i c e l l e becomes the more s t a b l e f o r the q u i n o i d a l form of 
4-NH2 and the absorption spectra corresponding to the q u i n o i d a l 
form of 4-NH2 i s more pronounced at the same mixed molar r a t i o of 
the s u r f a c t a n t s . 

(1«2) E f f e c t of polyoxyethylene chain length i n C mP0E n on the 
absorption spectra. In the case of SDS-CièPOE^Q mixed surfactant 
system, the maximal absorption wavelength almost s h i f t s to 535 nm 
except f o r the pure nonionic, and then the peak at 450 nm 
disappear. For SDS-C-J^POE^Q mixed system, the maximal absorption 
wavelength almost s h i f t s to 450 nm regardless of the molar r a t i o , 
and the absorption at 535 nm i s very weak. This i s enhanced by the 
d i f f e r e n c e i n the s o l u b i l i z i n g power f o r 4-NH2 as was observed i n 
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F i g . l V a r i a t i o n of absorption spectra f o r 4-NH2 (5.Q χ 10"^ 
mol/1) with mixed molar r a t i o of SDS-/Ci2P0E2Q at 30 °C. 
T o t a l concentration i s 2.5 χ 10 mol/1, above the cmc. 
Numbers by data curves represent mixed molar r a t i o . 
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The change of maximal absorption with molar r a t i o of 
SDS/C^§P0E20 at 30 QC. 
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the SDS-Ci2 p0E2Q system. At the same mixed molar r a t i o of the 
surfac t a n t s , shorter the polyoxyethylene chain length, the more 
stable the m i c e l l e becomes f o r s o l u b i l i z a t i o n of the qu i n o i d a l form 
of 4 - N H 2 and the absorption spectra corresponding to the q u i n o i d a l 
one i s e a s i l y recognized. E s p e c i a l l y i n the case of the SDS-
CifcPOEiQ mixed surfactant system, the absorption at 535 nm 
increases remarkably. This seems to be due to the e f f e c t of the 
low HLB value of C^POE^). 

(1*3) Examination of mixed m i c e l l e formation. We have studied the 
mixed m i c e l l e formation of polyoxyethylene carboxylate and C mPOEn 
systems by e l e c t r i c measurements (17,18) and surface tension 
measurements (8-10). We found that the mixed m i c e l l e was formed 
more e a s i l y by a nonionic surfactant i n c l u d i n g long ACL (or shorter 
PCL) than by one having shorter ACL (or long PCL). We have also 
obtained almost the same mentioned above f o r SDS-C mP0E n systems 
(19). The model of mixe
to summarize the coment
mixed m i c e l l e s form e a s i e r as the number of carbons i n the a l k y l 
chains increaed and the number of ethyleneoxide groups i s decreased 
on the C mP0En surfactant. T h i s tendency of C mP0En i s accord with 
the trend of HLB values of C mP0En. The lower the HLB value of 
C mP0E n, the greater i n t e r a c t i o n with SDS, and the qu i n o i d a l form of 
4 - N H 2 appears to be s t a b l i z e d i n the mixed m i c e l l e . On the other 
hand, the fewer carbon atoms and/or the more ethyleneoxide groups 
CmPOEn has, the i n t e r a c t i o n between C mP0En and SDS decrease, and 
they seem to form two type of m i c e l l e s , one r i c h i n i o n i c the other 
r i c h i n nonionic. In t h i s case, the azo form of 4 - N H 2 i s more 
sta b l e due to the s o l u b i l i z i n g power of CmPOEn. 

(2) Tautomerism e q u i l i b r i u m of 4-OH 
M i t s u i s h i et a l . described (20) that 4-OH was i n the hydrazo form 
i n polar solvents, and azo form i n nonpolar solvents. I t was 
suggested that one hydrogen atom of the hydroxide group at the 
4-posit i o n of the naphthalene r i n g t r a n s f e r r e d to the β-position of 
the azo group, and the tautomerism was es t a b l i s h e d between hydrazo 
form of the keto type and the azo form of the enol type. In t h i s 
study, we consider that the spectrum with a peak at the 480 nm 
corresponds to the former and that at the 415 nm to the l a t t e r i n 
aqueous s o l u t i o n s of CmP0En surfa c t a n t . The 4-OH goes i n t o the azo 
form when i t i s s o l u b i l i z e d i n the carbon core of C^POEn m i c e l l e s . 
On the other hand, 4-OH becomes hydrazo form when s o l u b i l i z e d i n 
the polyoxyethylene chain. Figure 4 demonstrates the absorption 
spectra of 4-OH i n pure SDS, pure C16POE20 and mixtures of these 
s u r f a c t a n t s . As can be seen from Fig.4, the X m a x of 4-OH appears 
at 480 nm i n the SDS s o l u t i o n , on the other hand, at 415 nm i n the 
C16POE20 s o l u t i o n and a shoulder appears at 480 nm. Tautomerism of 
4-OH i s also observed i n these mixed s o l u t i o n . Time dependence of 
o p t i c a l density of 4-OH at two peaks are not observed i n the s i n g l e 
s o l u t i o n s . 

(2*1) Fading phenomena of 4-OH. One s p e c i a l e f f e c t on 4-OH i s the 
fading phenomena of the dye observed i n the mixed surfactant 
systems. Time dependence of the absorption spectra of 4-OH i n the 
mixed s o l u t i o n i s shown i n Fig.5. The absorbances at both 415 and 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



5. OG1NO A N D A B E Solution Properties of Mixed Surfactant Systems 73 

m i c e l l e m i c e l l e 

Fig.3 M i c e l i i z a t i o n models f o r SDS/C mPOE n mixed surfactant 
systems. 

300 400 500 600 

Wavelength ( nm ) 

F i g . 4 Absorption spectra of 4-OH i n pure SDS, pure C 1 6 P Q E 2 Q , 
and mixtures of these surfa c t a n t s s o l u t i o n s at 30°C. 
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480 nm decrease with time. This fading phenomena i s also observed 
f o r other anionic s u r f a c t a n t s ; f o r example, polyoxyethylene 
carboxylate and sodium dodecylbenzene sulfonate. The change of the 
absorbance at 480 nm i s p l o t t e d against time i n Fig.6. The 
absorbance at 480 nm i n each surfactant s o l u t i o n i s independent of 
time and i s constant. In the mixed s o l u t i o n , the absorbance at 480 
nm decreases with time, and fading phenomena of 4-0H i s observed. 
The absorbance becomes a minimum i n the v i c i n i t y of molar r a t i o of 
SDS/Ci6P0E20 s sl/l. On the other hand, a fading e f f e c t l i k e t h i s i s 
not recognized i n c a t i o n i c - n o n i o n i c surfactant mixed systems. 
Namely, the fading phenomena of 4-OH seems to a r i s e from the system 
which c o n s i s t s of anionic surfactant having s t r o n g l y polar groups 
and nonionic s u r f a c t a n t . It seems that the i n t e r a c t i o n between 
h y d r o p h i l i c groups of SDS and C^OE^ p a r t i c i p a t e i n fading 
phenomena of 4-OH. 

(2*2) E f f e c t of a l k y l chai
C mP0E n on the fading r a t e
atoms on the fading rat  Fig.7
Fig.7, f o r longer a l k y l chain lengths, the fading r a t e a c c e l e r a t e s 
i n the mixed surfactant systems. The opposite e f f e c t of ethylene-
oxide groups i s shown i n Fig.8. As the PCL decreases, the fading 
rate accelerates i n the mixed systems. From Figs.7 and 8, t h i s 
phenomena i s dependent on the molecular c h a r a c t e r i s t i c s of CJJJPOE^ 
added to the mixed surfactant systems. We found that, f o r nonionic 
surfactant i n c l u d i n g long ACL (or shorter PCL), the mixed m i c e l l e 
i s formed more e a s i l y than others; f o r one having shorter ACL (or 
long PCL), there are two kinds of m i c e l l e s c o e x i s t i n g (one r i c h i n 
anionic surfactant and the other r i c h i n nonionic surfactant) 
(8,9,17-19). Therefore the fading phenomena of 4-OH i n the 
mixed surfactant systems appears to be r e l a t e d to the mixed m i c e l l e 
formation of SDS and C^OE^. 

(2·3) E f f e c t of oxygen on the fading r a t e . We must consider why 
the fading phenomena of 4-OH occurs only i n anionic-nonionic mixed 
surfactant s o l u t i o n s . The mixed s o l u t i o n a f t e r bubbling 0 2 gas 
accelerates the fading r a t e , while that a f t e r bubbling N 2 gas 
decelerates. B a l l et a l . (21) have reported the photofading of 
4-OH i n f i l m s of polymer substrates. They have described that 
photofading of 4-OH i s caused by o x i d a t i v e attack on the ground 
state hydrazo form by s i n g l e t oxygen. G r i f f i t h et al.(22) have 
a l s o stated that the photochemical o x i d a t i o n of 4 - a r y l a z o - l -
naphthols are caused by the oxi d a t i o n of s i n g l e t oxygen. Kousaka 
et al.(23) have described that the s o l u b i l i t y of oxygen increases 
with i n c r e a s i n g surfactant concentration because of the penetration 
of i t i n t o m i c e l l e s . However, t h i s fading phenomena does not take 
place i n s i n g l e ( o r pure) or mixed surfactant s o l u t i o n s 
( c a t i o n i c - n o n i o n i c ) . Merkel et al.(24) have declared that the 
l i f e t i m e of s i n g l e t oxygen i s approximately 10 times shorter i n H 20 
than i n D 2 O . I t can be speculated that, when the t r a n s i t i o n energy 
of the oxygen i s not exchanged to the i n t e r n a l energy of the water, 
mainly to the v i b r a t i o n a l energy of the water molecule, the s i n g l e t 
oxygen l i f e t i m e makes long. The long l i f e t i m e of s i n g l e t oxygen 
can make the fading r a t e of 4-OH f a s t e r . 

We have found that the fading r a t e becomes f a s t e r under the 
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Fig.5 Time dependence of absorption spectra of 4-OH i n 
SDS/Ci£POE2o=l/l mixed s o l u t i o n . Numbers by curve 
represent time. 

Fig.6 Time dependence of absorbance at 480 nm i n 
SDS/Ci 6POE20 mixed s o l u t i o n at 30°C. 
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Fig.7 E f f e c t of the number of atoms i n C mPOE n on the fading 
rate of 4-OH at 3 0 ° C 
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F i g . 8 E f f e c t of the number of ethyleneoxide groups i n C mP0E n 

on the fading r a t e at 3 0 ° C 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



5. OGINO A N D A B E Solution Properties of Mixed Surfactant Systems 11 

f o l l o w i n g c o n d i t i o n s : (1) anionic surfactant having strongly polar 
group-nonionic surfactant systems; (2) nonionic surfactant 
i n c l u d i n g long a l k y l chain length (or shorter PCL); (3) i n the 
v i c i n i t y of molar r a t i o of 0.5. 

The above suggestion i s i l l u s t r a t e d by the hydration model f o r 
SDS-C mP0E n mixed surfactant system shown i n Fig.9. When- the mixed 
m i c e l l e of molar r a t i o of 0.5 i s formed, the water molecule would 
be mechanically trapped i n the parts between the oxygen atoms of 
h y d r o p h i l i c group of SDS and ethyleneoxide i n C mP0En molecule to 
depress the v i b r a t i o n a l motion. The s t r u c t u r e of 4-OH s o l u b i l i z e d 
i n t o the palisade l a y e r of m i c e l l e s w i l l be hydrazo form; the 
s i n g l e t oxygen attacks on the hydrazo form of 4-0H as mentioned 
above; the azo form of 4-OH should turn to the hydrazo form due to 
the tautomerism e q u i l i b r i u m ; the absorbance at two peaks are 
g e t t i n g to disappear. Thus, we would guess that the fading 
phenomena observed i n t h i s study i s caused by the h y d r o p h i l i c -
h y d r o p h i l i c i n t e r a c t i o
system. 

Conclusion 

The i n t e r a c t i o n s between azo o i l dye and mixed surfactant systems 
w i l l be dependent on the d i f f e r e n c e i n mixed surfactant m i c e l l e due 
to d i f f e r e n t molecular c h a r a c t e r i s t i c of nonionic s u r f a c t a n t . 

Bound water 

Fig.9 Schematic hydration model f o r SDS-C mP0E n mixed 
surfactant system. 
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Thermodynamics of the Mixed Micellar System Sodium 
Decanoate-2-Butoxyethanol in Water at 25 °C 

Fumitaka Yamashita1,2, Gérald Perron1,3, Jacques E. Desnoyers3,4, and Jan C. T. Kwak2,4 

1Department of Chemistry, Université de Sherbrooke, Sherbrooke, Québec, Canada, 
J1K 2R1 

2Department of Chemistry, Dalhousie University, Halifax, NS, Canada B3H 4J3 
3Institut National de la Recherche Scientifique, C.P. 7500, Sainte-Foy, Québec, Canada 
G1V 4C7 

Medium-chain alcohol
exist as microaggregates in water which in many res
pects resemble micellar systems. Mixed micelles can 
be formed between such alcohols and surfactants. The 
thermodynamics of the system BE-sodium decanoate (Na
Dec)-water was studied through direct measurements of 
volumes (flow densimetry), enthalpies and heat capaci
ties (flow microcalorimetry). Data are reported as 
transfer functions. The observed trends are analyzed 
with a recently published chemical equilibrium model 
(J. Solution Chem. 13,1,1984). By adjusting the dis
tribution constant and the thermodynamic property of 
the solute in the mixed micelle, it is possible to fit 
nearly quantitatively the transfer of BE from water to 
aqueous NaDec. The model is not as successful for the 
transfert of NaDec from water to aqueous BE at low BE 
concentrations indicating self-association of NaDec 
induced by BE. The model can be used to evaluate the 
thermodynamic properties of both components of the 
mixed micelle. 

Most of the studies on thermodynamics of mixed micellar systems are 
based on the variation of the critical micellar concentration (CMC) 
with the relative concentration of both components of the mixed mi
celles (1-4). Through this approach it is possible to obtain the 
free energies of formation of mixed micelles. However, at best, the 
sign and magnitude of the enthalpies and entropies can be obtained 
from the temperature dependences of the CMC. An investigation of the 
thermodynamic properties of transfer of one surfactant from water to 
a solution of another surfactant offers a promising alternative ap
proach Ç5), and, recently, mathematical models have been developed to 
interpret such properties (6-9). 

The thermodynamic functions of transfer can be defined in terms 
4To whom correspondence should be addressed. 
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of apparent or p a r t i a l molar q u a n t i t i e s . For example, 

ΔΥ 3 ( 1 * 1 + 2 ) - Υ 3 > φ ( 1 + 2) - Υ 3 > φ ( 1 ) (1) 

where Y stands f o r any thermodynamic property, Y 3 ^ i s the apparent 
molar quantity of solute 3 i n pure water, component 1, or i n the 
s o l u t i o n of component 2. 

If the concentration of solute 3 i s s u f f i c i e n t l y low, r e l a t i v e 
to i t s CMC, the t r a n s f e r functions become i d e n t i c a l f o r p a r t i a l and 
apparent molar q u a n t i t i e s and are said to approach the standard s t a 
te. 

The trends i n the t r a n s f e r functions, as the concentration of 
s o l u t e 2 i s varied to cover i t s pre- and p o s t - m i c e l l a r region, can be 
i n t e r p r e t e d i n terms of three main fa c t o r s i f both solutes are hydro
phobic (6,10). 
1. In the p r e - m i c e l l a r region of both so l u t e s , the i n t e r a c t i o n s bet

ween the two types o
v i r i a l c o e f f i c i e n t . 

2. If solute 2 i s i n the p o s t - m i c e l l a r region and solute 3 i n i t s 
p r e - m i c e l l a r s t a t e , the solute 3 w i l l d i s t r i b u t e i t s e l f between 
water and the micelles of s o l u t e 2. 

3. In forming a mixed m i c e l l e , solute 3 w i l l s h i f t the CMC of solute 
2 to lower values, and t h i s w i l l be r e f l e c t e d i n the apparent 
molar properties of solute 3 i n the CMC region of s o l u t e 2. 

This model was shown to account f o r the observed trends of en
t h a l p i e s , volumes, c o m p r e s s i b i l i t i e s and heat c a p a c i t i e s of many 
types of hydrophobic solutes (hydrocarbons, alcohols and surfactants) 
i n m i c e l l a r s o l u t i o n s and also f o r the observed trends f o r the trans
f e r of hydrophobic solutes to some alcohol-water mixtures. This 
l a t t e r observation supports the view that some alcohol-water mixtures 
e x i s t as microphases which i n many respects resemble m i c e l l a r systems 
(11-12). 

Work i s presently under way to extend the above model so as to 
e x t r a c t from the experimental data the relevant parameters from a 
least-squares a n a l y s i s (13). This model should be a p p l i c a b l e to non
i o n i c and i o n i c systems. In the l a t t e r case, an extra term i s r e q u i 
red to account f o r the s h i f t i n the CMC of solute 2 due to the s a l 
ting-out of the monomers of 2 by solute 3 (7_)· The model i n i t s 
present form can s t i l l be used to estimate the thermodynamic proper
t i e s of solute 3 i n the m i c e l l e of surfactant 2 by adjusting the 
parameters to get a good f i t with the experimental data. 

In such studies, i t i s preferable to use two surfactants with 
widely d i f f e r e n t CMC's so as to explore the p o s s i b i l i t y of coexisten
ce of two types of mixed m i c e l l e s , 2 i n 3 and 3 i n 2. In t h i s r e s 
pect, the system cetyltrimethylammonium bromide (CTAB)-2-butoxyetha-
n o l (BE)-water i s being i n v e s t i g a t e d (14). Unfortunately, with CTAB, 
the CMC i s too low to allow thermodynamic measurements below the CMC. 
S t i l l , t h i s study shows unambiguously that BE d i s s o l v e s i n the CTAB 
m i c e l l e s and also that CTAB can d i s t r i b u t e i t s e l f i n the BE microag-
gregates. 

In the present study, the system sodium decanoate (NaDec)-BE-
water w i l l be reported. The advantage of t h i s system i s that i t i s 
p o s s i b l e to make measurements below the CMC of NaDec (0.12 mol kg"*1) 
while t h i s CMC i s s t i l l f a r from the e f f e c t i v e CMC of BE (~ 1 mol 
kg""l). Also, i t i s possible to prepare a s i l v e r / s i l v e r decanoate 
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s p e c i f i c ion electrode which allows the study of free energies. The 
present study w i l l present enthalpies, volumes and heat c a p a c i t i e s . 
Free energies w i l l be reported elsewhere (15). 

Experimental 

Decanoic acid was purchased from A l d r i c h Chemicals, Gold Label, and 
from BDH, s p e c i a l pure grade. BE was obtained from Shefford Chemi
c a l s . It was d i s t i l l e d and kept over molecular sieves. The prepara
t i o n of NaDec and i t s p u r i f i c a t i o n are the same as i n previous stu
d i e s (16). The p u r i t y of NaDec was checked by surface tension. A 
minimum i n surface tension i s observed which disappears when NaDec i s 
prepared at a pH higher than 11. This suggests that the impurity i n 
NaDec i s most probably free decanoic a c i d . In consideration of the 
previous d i s c u s s i o n (16), NaDec was prepared at a pH of 9.2 and used 
as such, since a trace of decanoic acid should have less e f f e c t on 
the thermodynamic propertie

The techniques use
ing (19) and heat c a p a c i t i e  (18,20)

A l l s o l u t i o n s were prepared by mass with deionized d i s t i l l e d 
water. A l l measurements were made at 25.00 ± 0.01°C. 

Results and Disc u s s i o n 

The d e n s i t i e s and volumetric heat c a p a c i t i e s of the binary systems, 
which are required f o r the c a l c u l a t i o n of the t r a n s f e r functions, 
were measured at the same time as those of the ternary systems. The 
derived apparent molar q u a n t i t i e s of the b i n a r i e s were i n excellent 
agreement with those i n the l i t e r a t u r e (11,16). 

The enthalpies of d i l u t i o n of BE were required to c a l c u l a t e the 
enthalpies of t r a n s f e r (19). From these i n t e g r a l enthalpies of d i l u 
t i o n A H j D the r e l a t i v e apparent molar enthalpies L 2 were derived 
f o l l o w i n g the t e c h n i q u e of F o r t i e r et a l (21). The'values of A H I D 

corresponding to the i n i t i a l and f i n a l m o l a l i t i e s are given i n Table 
1 along with the parametric equation f o r L 2 . 

The o r i g i n a l d e n s i t i e s , heat c a p a c i t i e s per unit volume and en
t h a l p i e s of mixing from which the various thermodynamic functions are 
c a l c u l a t e d f o r the ternary systems are given elsewhere 1. 

From these data i t i s possible to c a l c u l a t e the t r a n s f e r func
t i o n s of BE from water to a s o l u t i o n of NaDec. In general, f o r any 
t r a n s f e r f u n c t i o n defined i n terms of apparent molar q u a n t i t i e s , 

ΔΥ 3(1 * 1 + 2) = Υ 3 > φ ( 1 + 2) - Υ 3 > φ ( 1 ) 

m Y ( l + 2 + 3) - Y ( l + 2) _ Y ( l + 3) - Υ(1) 
m 3 m3 

= ϋ ΐ ΔΥ,(1 * 1 + 3) (2) 
"•3 

: Complete set of tabular data may be purchased from: The Deposito
ry of Unpublished Data, CISTI, National Research Council of Cana
da, Ottawa, Canada, K1A 0S2 
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where Y i s the t o t a l property of the s o l u t i o n containing 1 kg of 
solvent or mixed solvent. In t h i s r e l a t i o n i s a constant low 
concentration r e l a t i v e to the CMC of 3 and ̂  i s a v a r i a b l e concen
t r a t i o n . Therefore, from the d i f f e r e n c e s between the two volumes and 
heat c a p a c i t i e s i n Figure 1, the corresponding t r a n s f e r functions of 
Be from water to aqueous NaDec are ca l c u l a t e d and i l l u s t r a t e d i n 
Figure 2. The trends are s i m i l a r to those measured d i r e c t l y f o r the 
t r a n s f e r of BE from water to aqueous octylamine hydrobromide (10). 

The apparent molar volumes and heat c a p a c i t i e s , V 2 . and C p 2 ^ 
of NaDec i n water and i n 0.05 mol kg" 1 BE are shown i n f i g u r e 1.' As 
expected from the formation of mixed m i c e l l e s , BE s h i f t s the CMC of 
NaDec to lower values. 

Table I. Enthalpies of D i l u t i o n of BE i n Water at 25°C. 

i 
m 

" A H
mol kg" 1 mol kg""1 

0.1008 0.04918 192.5 0.5673 0.2698 1158 
0.1588 0.07716 293.6 0.7025 0.3301 1491 
0.2091 0.1012 399.6 0.7542 0.3517 1702 
0.2471 0.1194 474 0.8887 0.4086 2154 
0.3065 0.1476 591 0.8887 0.4237 2128 
0.3174 0.1527 610 1.0883 0.4948 3036 
0.4093 0.1959 795 1.0883 0.5178 2957 
0.5100 0.2408 1040 1.3925 0.7126 4115 
0.5193 0.2443 1157 1.3925 0.6995 4168 
0.5216 0.2367 1044 1.6516 0.7173 4800 

'2,φ " 3> 400 m + 700 m2 for m < 1.7 mol kg" 1 

The t r a n s f e r of NaDec from water to BE solutions are shown foi 
volumes and heat c a p a c i t i e s i n Figures 3 and 4 f o r two m o l a l i t i e s of 
NaDec (0.05 and 0.10 mol k g " 1 ) . 

The functions of t r a n s f e r can be simulated with the chemical 
e q u i l i b r i u m model of Roux et a l . (60 

AV 3(1 -> 1+2) = 2 α β v 2 3 m2 + (m2/m3) AV 2
M (a Q-a) + ( l - β ) AV 3

M (3) 

A C p > 3 ( l -> 1+2) = 2 α β c 2 3 m2 + (m2/m3) AC p^ 2 (a Q-a) 

+ ( l - β ) AC p^ 3 + (m2/m3) Δ Η 2
Μ (ôa 0/bT - Ôa/oT) 

- Δ Η 3
Μ (δβ/bT) (4) 

where a and β are the f r a c t i o n s of monomers of solute 2 and of solute 
3 i n water, a Q i s the value of α i n the absence of solute 3, ΔΥ^ are 
the changes i n the thermodynamic functions between the m i c e l l a r state 
and water. The f i r s t term i n equation 3 takes into account the p a i r -
wise i n t e r a c t i o n s between the two monomeric solutes, the second term 
allows f o r the s h i f t i n CMC of solute 2 caused by the presence of 
solu t e 3 and the l a s t term accounts f o r the d i s t r i b u t i o n of solute 3 
between water and the mice l l e of solute 2. The terms i n ôa/ôT and 
ο β/δΤ are introduced i n equation 4 since there i s a s h i f t i n CMC cau
sed both by the presence of solute 3 and by temperature. The f r a c 
t i o n α and β are c a l c u l a t e d from the m i c e l l i z a t i o n constant and 
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Figure 1: Apparent molar volumes and heat c a p a c i t i e s of sodium deca 
noate i n water (réf. 11) and i n 0.05 mol kg" 1 of 2-butoxy-
ethanol at 25°C. 

Figure 2: Volumes and heat c a p a c i t i e s of t r a n s f e r of 2-butoxyethanol 
from water to aqueous sodium decanoate at 25°C. 
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Figure 4: Heat c a p a c i t i e s of t r a n s f e r of sodium decanoate from water 
to 2-butoxyethanol soluti o n s at 25°C. Simulations (curves 
A and B) with a chemical e q u i l i b r i u m model. 
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the d i s t r i b u t i o n constant K n. The constant K n i s d e l i v r e d i n such a 
way that i t has the units of r e c i p r o c a l m o l a l i t i e s and represents the 
r e c i p r o c a l e f f e c t i v e s o l u b i l i t y of solute 3 i n the aqueous s o l u t i o n . 

It i s pos s i b l e to estimate a l l the parameters of equations 3 
and 4 from data on the binary systems. For example, data f o r solute 
2 are derived from a mass-action model (22), while data f o r solute 3 
can be estimated from the CMC of 3 (from which a d i s t r i b u t i o n cons
tant and consequently β can be derived) and from the molar values of 
3 i n the pure l i q u i d state or i n the m i c e l l a r form (6). The parame
t e r s , derived from the mass-action model using data from the l i t e r a 
t ure (16,23), are summarized i n Table I I . The curves A shown i n 
Figures 2 to 4 are simulations with no adjustable parameters except 
v 2 3 and c 2 3 . These simulations, which e s s e n t i a l l y correspond to 
i d e a l mixing of the mixed m i c e l l e s , generally underestimate the 
t r a n s f e r functions. Better f i t s are obtained, at l e a s t at high m2, 
i f the parameters Kp and Δ Υ 3

Μ are adjusted. These new parameters are 
a l s o given i n Table I I I
i t i s sometimes necessar
t i o n s s i n c e Kp i s r e l a t e d to the s o l u b i l i t y of solute 3 i n water and 
the model does not allow to be higher than t h i s e f f e c t i v e s o l u b i 
l i t y . 

Table I I . Parameters* from the Mass-Action Model f o r the Binary Sys
tem at 25°C 

Αγ Βγ γθ 
YA» E q u i l 

NaDec 

BE 

1,2, φ 
ΓΡ,2,φ 
4 , Φ 

,2,φ 

2, 
2,φ 
Φ 

164.010 1.867 
771.834 28.99 

0 1,975 

122.826 
553.014 

0 

4.6429 175.198 0.7085 0.12626 20 
-70.372 302.142 40.148 0.11901 20 104 
13,510 10,000 0.11807 18.57 

-1.2353 129.622 
1.9525 270.665 
4,100 7,847 

1.1171 8.607 
1.1201 14.306 83.23 
1.1200 9 

* These parameters are defined i n References 22 and 24. 

Table I I I . Parameters f o r Simulations of Transfer Functions of NaDec 
from Water to BE Solutions at 25°C 

Solute 3 
mol^kg 

Property Δ Υ 3
Μ 

KD 
kg/mol 

Y23 

NaDec A 0.05 V 11.0 cm3/mol 8.33 - 1.05 
Β 0.01 V 11.0 cm3/mol 45.45 - 1.05 
A 0.05 C p 

- 479 J/K mol 8.33 0 
Β 0.01 i - 650 J/K mol 45.45 0 
A 0.025 H P 10 kJ/mol 8.33 8.0 
Β 0.01 Η 25 kJ/mol 90.9 8.0 

BE A 0.05 V 6.79 cm3/mol 2.5 - 1.5 
Β 0.05 V 3.67 cm3/mol 10 - 1.5 
A 0.05 C p 

- 282 J/K mol 2.5 0 
Β 0.05 cl - 603 J/K mol 10 0 
A 0.025 H P 7.85 kJ/mol 2.5 8.0 
Β 0.025 Η 2 kJ/mol 23.26 8.0 
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The f i t s f o r the t r a n s f e r of BE from water to aqueous NaDec are 
q u i t e good over the whole m2 range when the parameters y 23> a n < * 
Δ Υ 3

Μ are a d j u s t e d . T h i s g i v e s c r e d i b i l i t y to the model and shows 
that the assumptions and approximations are generally v a l i d f o r t h i s 
t r a n s f e r system. The parameters Kp and Δ Υ 3

Μ are somewhat interdepen
dent and must therefore be int e r p r e t e d with care. S t i l l , the much 
l a r g e r values of that are needed to get a good f i t and the magni
tude of Δ Υ 3

Μ a l l suggest that the formations of a mixed m i c e l l e bet
ween BE and NaDec i s quite a favorable event. 

The t r a n s f e r s of NaDec from water to aqueous BE are more d i f f i 
c u l t to f i t . The i n i t i a l slopes y 2 q were taken i d e n t i c a l to those of 
the converse t r a n s f e r functions ( i n Figure 2) since t h i s follows 
d i r e c t l y from the r e c i p r o c i t y theorem. The values of K D and Δ Υ 3

Μ 

were then adjusted so as to get a good f i t at high concentrations. 
The simulations cannot account f o r the data at low concentration of 
BE. The deviations are l a r g e r at 0.10 mol kg" 1 NaDec. The o r i g i n of 
the d i f f e r e n c e i s obviou
not low compared to th
wers the CMC of NaDec
induced by BE occuring before the normal m i c e l l i z a t i o n or aggregation 
of BE. A si n g l e m i c e l l i z a t i o n process would have been observed only 
i f « CMC of NaDec. This phenomenon was also observed with other 
systems (5,14). As f o r the converse t r a n s f e r functions and Δ Υ 3

Μ 

are generally d i f f e r e n t from the predicted values f o r i d e a l mixing 
and i n the d i r e c t i o n of a favorable mixing. This again confirms the 
lar g e a f f i n i t y of BE and NaDec to form mixed m i c e l l e s . Under the 
experimental conditions of Figures 3 and 4, m i c e l l e s of NaDec c o n t a i 
ning small q u a n t i t i e s of BE are produced i n i t i a l l y but, as the con
c e n t r a t i o n of BE i s increased, the prefered mixed m i c e l l e s are those 
of BE with small q u a n t i t i e s of NaDec. 

The enthalpies of t r a n s f e r of BE (0.025 mol kg" 1) from water to 
NaDec so l u t i o n s are shown i n Figure 5. With no adjustable parameters 
curve A i s predicted with the model of Roux et a l (6). The r e l a t i o n 
i s analogous to Equation 3. By adjusting K D and Δ Η 3 a nearly quan
t i t a t i v e f i t can again be obtained as shown i n curve Β of Figure 5. 
The va l u e of K D used i n t h i s simulation i s about twice as large as 
the one used f o r volumes and heat c a p a c i t i e s . If Kj^ was f i x e d as the 
same value as that used f o r other properties the maximum i n Figure 5 
i s then underestimated. 

The enthalpies of t r a n s f e r of NaDec from water to BE sol u t i o n s 
are shown i n Figure 6. Unfortunately, data at high BE concentration 
a r e not a v a i l a b l e s i n c e , at BE i n i t i a l concentrations above 1 mol 
kg' 1 complete mixing of the sol u t i o n s could not be obtained i n the 
flow calorimeters. The i n i t i a l slopes of these enthalpies of trans
f e r are experimentally the same as i n Figure 5, as expected, and the 
parameter h 2 3 could be f i x e d at the same value as f o r t h i s converse 
system. The parameter Κ β can a l s o be f i x e d u s i n g the values f o r 
volumes and heat c a p a c i t i e s . Curve A corresponds again to the i d e a l 
mixing s i t u a t i o n and, as with other functions, l a r g e l y underestimates 
the e x p e r i m e n t a l trends. If i s taken as 45.45, the value needed 
to f i t the high data f o r volumes and heat c a p a c i t i e s , the e x p e r i 
mental t r a n s f e r function i s again underestimated unless u n r e a l i s t i -
c a l l y large Δ Η 3

Μ are used (> 80 kJ mol" 1). Even i f i s taken as_90 
(curve B), some devi a t i o n i s s t i l l observed at about 0.2 mol k g " 1 . 
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Figure 5: Enthalpies of t r a n s f e r of 2-butoxyethanol from water to 
sodium decanoate soluti o n s at 25°C. Simulations (curves A 
and B) with a chemical e q u i l i b r i u m model. 
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Figure 6: Enthalpies of t r a n s f e r of sodium decanoate from water to 
2-butoxyethanol so l u t i o n s at 25°C. Simulations (curves A 
and B) with a chemical e q u i l i b r i u m model. 
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The Δ Η 3 are not r e l i a b l e i n these simulations since high nu data are 
not a v a i l a b l e . S t i l l the lack of agreement between the predicted and 
experimental enthalpies of t r a n s f e r i n Figure 6 again supports s e l f -
a s s o c i a t i o n of NaDec induced by BE as with other functions. The de
v i a t i o n i s not as pronounced as with volumes and heat c a p a c i t i e s s i n 
ce was maintained at a lower value i n the enthalpy experiments. 

Conclusion 

The chemical e q u i l i b r i u m model of Roux et a l (6̂ ) i s a powerful t o o l 
f o r the study of the thermodynamics of mixed m i c e l l a r s o l u t i o n s . I t 
can estimate the d i s t r i b u t i o n constant of the surfactant 3 between 
water and micelles of the surfactant 2 and the thermodynamic proper
t i e s of the surfactant 3 i n the mixed m i c e l l e s . For t h i s i t i s ne
cessary to obtain r e l i a b l e data over a large concentration range of 
solute 2. 

The present compariso
t r a n s f e r and the simulation
s e l f - m i c e l l i z a t i o n i n th  presenc  experimenta
c e n t r a t i o n of NaDec i s r e l a t i v e l y close to i t s CMC. On the other 
hand, no such pre-aggregation of BE i s observed when t h i s solute at 
0.05 mol kg""1 or lower i s transfered to a s o l u t i o n of NaDec. 

The magnitude and sign of the d i s t r i b u t i o n constants and of the 
thermodynamic functions of the transfered solute to the mixed m i c e l 
l e , when compared with those predicted from the binary systems, i n d i 
cate that the formation of a mixed m i c e l l e between BE and NaDec i s a 
highly favorable event. 
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7 
Characterization of Inverted Micelles of Calcium 
Alkarylsulfonates by Some Pyrene Fluorescence Probes 

Tze-Chi Jao and Kenneth L. Kreuz 

Texaco Research Center, Beacon, NY 12508 

1-Pyrene carboxaldehyd
ylic acids were foun
describing the constitution of inverted micelles of 
certain calcium alkarylsulfonates in hydrocarbon 
media. 1-Pyrene carboxaldehyde is a convenient probe 
for studying the particle sizes of micelles in the 
region of 100A. A series of graded probes, pyrene 
carboxylic acids with varying alkyl chain length, have 
been used to determine internal fluidity and micro-
polarity as a function of distance from the polar core 
of these inverted micelles. Pyrene excimer to monomer 
fluorescence intensity ratio and fluorescene lifetime 
provided the means of measurement of internal fluidity 
and micropolarity, respectively. 

The use of the fluorescence probe as a tool for characterizing 
aggregate systems in non-polar media (e.g.; "inverted micelles") has 
become increasingly popular within the last decade among chemists 
and biochemists (1-4). Its utility has been demonstrated for 
providing constitutional (e.g.; micro-viscosity, -polarity, and -pH) 
information on aggregates, and for demonstrating the dynamic nature 
of these structures. Such information has been applied toward an 
improved understanding of the function of bio-membranes, and to a 
better utilization of surfactants in industrial processes and 
products. 

Much remains to be learned, however, regarding the limits of 
applicability of the fluorescence probe technique to aggregates in 
non-polar media. A number of obvious experiments are conspicuous by 
their absence from the published literature. For example, 1-pyrene 
carboxaldehyde is a well known probe which has been used to measure 
the microscopic polarity of sodium dodecyl sulfate micelles in 
aqueous medium (5); there is, however, no account of its use in 
non-polar media. 

0097-6156/ 86/ 0311 -0090S06.00/ 0 
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The present study demonstrates the u t i l i t y of the above probe 
i n d e s c r i b i n g the c o n s t i t u t i o n of aggregates of c e r t a i n a l k a r y l s u l 
fonates i n hydrocarbon media. I t also demonstrates the use of the 
probe technique i n measuring the m i c r o p o l a r i t y of these same aggre
gates as a function of distance from the polar core. The micro-
v i s c o s i t y of inverted or normal m i c e l l e s i n the past has been 
estimated only as an average value of e i t h e r the polar or non-polar 
regions (6). 

I t i s worthy of note that the m i c e l l a r systems de a l t with i n 
t h i s study d i f f e r from conventional "inverted m i c e l l e s " i n that they 
contain s o l u b i l i z e d inorganic species i n t h e i r cores. I t was of 
a d d i t i o n a l i n t e r e s t to observe the response of such systems to the 
fluorescence probe technique. 

Experimental 

M a t e r i a l s . 1-pyren
1-pyrene nonanoic a c i
were purchased from Molecular Probes, Inc. (Eugene, Oregon). 
Sp e c t r a l grade n-hexane, n-heptane, η-octane and n-nonane were 
obtained e i t h e r from Burdick and Jackson Laboratories, Inc. 
(Muskegan, Michigan) or from P f a l t z and Bauer, Inc. (Stamford, 
Connecticut). Two kinds of calcium a l k a r y l s u l f o n a t e s were used: 
sulfonate A contained basic Ca equivalent to one-half mole CaiOH)^ 
per mole of Ca a l k a r y l s u l f o n a t e ; sulfonate Β contained 20 mole of a 
mixture of CaCO^ and the above type of bas i c Ca. The average 
molecular weight of the parent s u l f o n i c a c i d f o r both materials was 
450. Both sulfonates were a mixture of 35% (w/w) syn t h e t i c s u l 
fonate (containing over 90% di-dodecyl benzene sulfonate) and 65% 
(w/w) petroleum sulfonate (branched monoalkaryl sulfonate ca. 
^28 35^ " T n e s e t w o sulfonates were the subject of a previous 
communication from t h i s laboratory (7) · Aerosol OT was purchased 
from P f a l t z and Bauer, Inc. Further p u r i f i c a t i o n was c a r r i e d out by 
p r e c i p i t a t i o n from methanol; the p r e c i p i t a t e was then d r i e d under 
vacuum at 40°C f o r several days. 

A l l t e s t s o l u t i o n s , except otherwise mentioned, were degassed 
by ^hree freeze-pump-thaw cycles with a vacuum l i n e operated under 
10 t o r r pressure. Problems of background fluorescence o r i g i n a t i n g 
from sulfonates themselves could be adequately minimized by proper 
choice of probe/sulfonate r a t i o s . The e x c i t a t i o n wavelength was set 
at 340 nm. Emission spectra were obtained i n constant energy mode. 
The s p e c t r a l r e s o l u t i o n was 3 nm. 

Instrumentation. The steady-state fluorescence spectra were 
measured with Perkin-Elmer MPF-44B fluorescence spectrophotometer. 
The single-photon counting instrument f o r fluorescence l i f e t i m e 
measurements was assembled in-house from components obtained from 
EG&G ORTEC. A PRA-510B l i g h t puiser f i l l e d with KL gas was used as 
the e x c i t a t i o n source. Instrument response fu n c t i o n was obtained 
with DuPont Ludox s c a t t e r s o l u t i o n at the e x c i t a t i o n wavelength. 
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Results 

1-Pyrene Carboxaldehyde Probe Studies. Fluorescence spectra of 
1-pyrene carboxaldehyde i n nonane s o l u t i o n s of sulfonates A and Β 
and i n an octane s o l u t i o n of Aerosol OT are compared to the probe 
spectra i n pure hydrocarbon media i n Figure 1. Parts (a) and (b) 
are of sulfonates A and Β systems, r e s p e c t i v e l y ; part (c) i s of 
aerosol OT system. They were constructed at d i f f e r e n t gain s e t t i n g s 
and therefore the i n t e n s i t i e s shown f o r the i n d i v i d u a l system are 
not d i r e c t l y comparable. The fluorescence i n t e n s i t y of 1-pyrene 
carboxaldehyde i n nonane alone i s much weaker than i n e i t h e r the 
sulfonate A or sulfonate Β s o l u t i o n . Aerosol OT containing s o l u b i -
l i z e d H«0 does not enhance the fluorescence i n t e n s i t y of 1-pyrene 
carboxaldehyde as much as sulfonates A and B, but the band maximum 
i s s h i f t e d as expected f o r t h i s probe i n a water-rich medium. 

We measured the time-dependent anisotropy of 1-pyrene carbox
aldehyde i n sulfonate A
Figure 2. Relaxation time
tropy decays f o r sulfonate  heptan
to be 7 ns and 28 ns, r e s p e c t i v e l y . 

In order to t e s t f u r t h e r the a p p l i c a b i l i t y of 1-pyrene carbox
aldehyde as a f l u o r e s c e n t probe, we a p p l i e d Keh and V a l e u r 1 s method 
(4) to determine average m i c e l l a r s i z e s of sulfonate A and Β 
m i c e l l e s . This method i s based on the assumption that the motion of 
a probe molecule i s coupled to that of the m i c e l l e , and that the 
m i c e l l a r hydrodynamic volumes are the same i n two apolar solvents of 
d i f f e r e n t v i s c o s i t i e s . For our purposes, time averaged a n i s o t r o p i e s 
of these systems were measured i n two n-alkanes: hexane and nonane. 
The fluorescence l i f e t i m e of 1-pyrene carboxaldehyde with the two 
sulfonates i n both these solvents was found to be approximately 5 
ns. The m i c e l l a r s i z e s (diameter) c a l c u l a t e d f o r sulfonates A and Β 
were 53 ± 5A and 82 ± 10A, r e s p e c t i v e l y . Since these m i c e l l e s 
possesed s o l i d polar cores, they were probably more t i g h t l y bound 
than t y p i c a l i nverted m i c e l l e s such as those of aerosol OT. Hence, 
i t was expected that the probe molecules would not perturb the 
m i c e l l e s to an extent which would s u b s t a n t i a l l y a f f e c t the m i c e l l a r 
s i z e s measured. 

I f one assumes f o r an extreme case that the core materials of 
sulfonates A and Β are Ca(0H) 2 and CaCO plus Ca(0H) 2 > r e s p e c t i v e l y , 
one can derive a l i m i t i n g c o n s t i t u t i o n f o r these m i c e l l e s . I f one 
f u r t h e r assumes that the d e n s i t i e s of calcium hydroxide and calcium 
carbonate i n the polar core are 2.2 g/cm and 2.4 g/cm , respec
t i v e l y , and that the average density of both m i c e l l e types excluding 
the polar core i s about 1 g/cm , one a r r i v e s at aggregation numbers, 
c a l c u l a t e d from the m i c e l l a r s i z e s determined, f o r these two s u l f o 
nate m i c e l l e s to be nearly the same, approximately 50. 

L a t e r a l M o b i l i t y ( F l u i d i t y ) of Sulfonate A and Β M i c e l l e s . The 
r a t i o of excimer to monomer fluorescence i n t e n s i t y of pyrene had 
p r e v i o u s l y been used to measure the f l u i d i t y of b i o l o g i c a l membranes 
(8). The ease of excimer formation was c o r r e l a t e d with the f l u i d i t y 
of the membrane. The same p r i n c i p l e may be applied to the measure
ment of f l u i d i t y i n inverted m i c e l l e s . To t h i s end, we used three 
pyrene c a r b o x y l i c a c i d probes of varying chain length: PVA, PNA and 
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M 

470 440 410 380 350 
λ , nm 

470 440 410 380 350 
λ , nm 

Figure 1. Fluorescence spectra of 1-pyrene carboxaldehyde 
(2.5 χ 10 M) i n : (a) sulfonate A (5.0 χ 10 M)/ nonane 
s o l u t i o n , heptane, (b) sulfonate Β (5.0 χ 10 M)/ 
nonane s o l u t i o n , heptane, (c) 3% (w/w) A0T/1.5% (w/w) 
H«0/0ctane s o l u t i o n , Octane. E x c i t a t i o n wavelength i s 
350 nm. 
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Figure 2. Unconvoluted anisotropy decays of 1-pyrene carbox
aldehyde i n sulfonate m i c e l l e s : (a) sulfonate A (5 χ 10 M)/ 
heptane (7 n s ) , (b) Sulfonate Β (5 χ 10 M^/heptane (28 n s ) . 
The cmc of sulfonate A i s l e s s than 10~ M, while that of 
sulfonate Β i s " i n f i n i t e l y " d i l u t e . 
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PHA. The r e l a t i v e l o c a t i o n of each probe i n the m i c e l l e had reason
ably been e s t a b l i s h e d i n our e a r l i e r report 07) by demonstrating the 
anchoring of the carboxylate moiety i n the polar core. 

For t h i s study, we maintained the pyrene probe concentrations 
constant, while we v a r i e d sulfonate concentration. The measured 
excimer to monomer r a t i o s as a f u n c t i o n of the molar r a t i o of probe 
to sulfonate f o r sulfonates A and Β are shown i n Figure 3. 

I t can be seen that the excimer to monomer fluorescence i n t e n 
s i t y r a t i o s f o r the same molar r a t i o of probe to sulfonate are much 
smaller i n the sulfonate A system than i n the sulfonate Β system. 
For both sulfonates A and B, the i n t e n s i t y r a t i o tends to increase 
with the chain length of the c a r b o x y l i c a c i d . The v a r i a t i o n i s 
d i s t i n c t l y e s t a b l i s h e d f o r sulfonate Β m i c e l l e s , but l e s s so f o r 
sulfonate A m i c e l l e s . The r e s u l t s i n d i c a t e that the i n t e r n a l 
f l u i d i t y of the m i c e l l e s decreases from the edge of the polar core 
to the continuous hydrocarbon medium; the gradient i s steeper f o r 
sulfonate B. 

P o l a r i t y V a r i a t i o n i n Sulfonate M i c e l l e s . Other workers have 
est a b l i s h e d a c o r r e l a t i o n between the fluorescence l i f e t i m e of 
pyrene i n s o l u t i o n and the p o l a r i t y of the solvent medium (9). 
Polar media quench the e x c i t e d e l e c t r o n i c state of pyrene and hence 
shorten i t s fluorescence l i f e t i m e . We applied t h i s p r i n c i p l e to 
measure the p o l a r i t y v a r i a t i o n w i t h i n the m i c e l l e s of sulfonates A 
and B. 

The fluorescence l i f e t i m e s of the three pyrene c a r b o x y l i c a c i d 
probes (PVA, PNA, PHA) were determined without convolution with 
respect to the instrument response f u n c t i o n , since the fluorescence 
l i f e t i m e s of the pyrene probes (280 ns) are s u f f i c i e n t l y long 
compared with the pulse-width of the ^ lamp p r o f i l e (5 n s ) . 
Background fluorescence from the aromatic moieties of the sulfonates 
was found to be s u f f i c i e n t l y strong to give the appearance of a 
double exponential (see Figure 4). The shorter component l a r g e l y 
o r i g i n a t e d from the sulfonate i t s e l f . We analyzed the longer 
l i f e t i m e component i n order to c a l c u l a t e the fluorescence l i f e t i m e 
f o r pyrene. The r e s u l t s are shown i n Figure 5. 

Fluorescence l i f e t i m e s of PVA, PNA and PHA i n heptane alone 
were found to vary s l i g h t l y among themselves. Since i t would not 
a f f e c t our i n t e r p r e t a t i o n , no attempt was made to study the o r i g i n 
of the discrepancy. I t was concluded that the probe (PVA) that i s 
c l o s e s t to the polar core of the m i c e l l e experiences the most polar 
environment, since i t s fluorescence l i f e t i m e was found to be shorter 
than those of PNA and PHA. The v a r i a t i o n i n p o l a r i t y i s seen to be 
greater i n the m i c e l l e s of sulfonate A than those of sulfonate B. 

Discussion 

1-Pyrene Carboxaldehyde i n Calcium A l k a r y l s u l f o n a t e s . Our work 
shows that 1-pyrene carboxaldehyde as a f l u o r e s c e n t probe f o r the 
sulfonate systems behaves very much the same as rhodamine Β (1) and 
anilinonaphthalene sulfonate (2), whose fluorescence i n t e n s i t i e s i n 
hydrocarbon media are enhanced i n the presence of inverted m i c e l l e s . 
However, the i n t e n s i t y increase observed with AOT was considerably 
l e s s than that observed with the sulfonates. I t i s speculated that 
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Figure 3. P l o t s of excimer (at 470 nm) to monomer (370 nm) 
i n t e n s i t y r a t i o s as a funct i o n of probe/sulfonate molar 
r a t i o . (a) sulfonate A /heptane, (b) sulfonate B / t i t a n e . 
T h e 5 c o n c e n t r a t i o n s 6 of PHA, PNA, and PVA are 1 χ 10" M, 1 χ 
10 M, and 5 χ 10 M, r e s p e c t i v e l y . 
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Figure 4. Fluorescence decay of PVA i n the sulfonate 
A/heptane system. Wavelength of e x c i t a t i o n i s 340 nm and 
emission i s c o l l e c t e d at 390 nm. 
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Figure 5. P l o t s of the fluorescence l i f e t i m e of pyrene as 
fu n c t i o n of distance from the po l a r core of the m i c e l l e s 
sulfonates A and Β i n heptane s o l u t i o n s . 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



98 P H E N O M E N A IN M I X E D S U R F A C T A N T SYSTEMS 

i n the case of sulfonate system, 1-pyrene carboxaldehyde could react 
with the basic species i n the polar core, so that the probe could be 
f i r m l y held by the m i c e l l e . Aerosol OT, of course, lacks such basic 
m a t e r i a l s , and i n contrast to the sulfonates i s a c t u a l l y a water-
i n - o i l microemulsion. 

The i n t e r n a l r o t a t i o n a l r e l a x a t i o n times of 1-pyrene carbox
aldehyde i n sulfonate systems may o f f e r some i n d i c a t i o n of the 
extent of probe binding to the inverted m i c e l l e . In the absence of 
any background fluorescence i n t e r f e r e n c e to the time-dependent 
anisotropy decay p r o f i l e , the i n t e r n a l r o t a t i o n a l r e l a x a t i o n time 
should c o r r e l a t e with the strength of binding with the polar 
m a t e r i a l i n the polar core. However, s p e c t r a l i n t e r f e r e n c e from the 
aromatic moieties of sulfonates i s s u b s t a n t i a l , so that the values 
of i n t e r n a l r o t a t i o n a l r e l a x a t i o n time can only be used f o r q u a l i 
t a t i v e comparison. 

L a t e r a l M o b i l i t y i n A l k a r y l s u l f o n a t
v a l i d comparison of f l u i d i t
m i c e l l a r s i z e s should be comparable. This c o n d i t i o n i s required so 
that equal population of pyrene moieties between the two sulfonate 
systems can be assumed. A l t e r n a t i v e l y , the requirements might be 
met i f they have equal aggregation numbers. I f the above-mentioned 
(See Section A under "Results") assumptions regarding polar core 
composition are reasonable, the c o n d i t i o n f o r equal probe population 
between the two sulfonate m i c e l l e s can s t i l l be reasonably 
approximated. 

The l a t e r a l m o b i l i t y experiments demonstrate that the m i c e l l a r 
aggregate, excluding polar core, of sulfonate A i s l e s s f l u i d than 
that of sulfonate B. I t would then follow that the sulfonate 
moieties are l e s s densely packed on the polar core of sulfonate B. 

P o l a r i t y V a r i a t i o n i n Sulfonate M i c e l l e s . Our r e s u l t s here 
suggest that a p o l a r i t y gradient i n the inverted m i c e l l e s of 
sulfonates, excluding the polar core, does e x i s t i n a manner s i m i l a r 
to the oxygen concentration gradient f o r the same sulfonates 
reported p r e v i o u s l y by us 07). E a r l i e r , Wheeler and Thomas (10) 
e s t a b l i s h e d that the v i b r a t i o n a l f i n e structure of bands II and I I I 
of a pyrene d e r i v a t i v e probe can be used to measure the l o c a l 
p o l a r i t y of a micro-environment i n aggregates. We noted that bands 
II and I I I i n the v i b r a t i o n a l f i n e s t r u c t u r e of PVA f o r both 
sulfonate systems has completely disappeared, while that of PHA i s 
r e t a i n e d . The disappearance of bands II and I I I i n d i c a t e s that the 
probe has experienced a h i g h l y polar medium. Hence, the p o l a r i t y 
gradient observed here i s reasonably e s t a b l i s h e d despite the f a c t 
that background fluorescence i n t e r f e r e n c e from the aromatic moieties 
of sulfonates produced considerable uncertainty i n the l i f e t i m e 
values measured. 

The oxygen concentration gradient and p o l a r i t y gradient seem to 
be r e l a t e d . I t i s l i k e l y that the oxygen concentration gradient i s 
created by the existence of the p o l a r i t y gradient. More work i s 
needed to e s t a b l i s h the r e l a t i o n s h i p . 
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Conclusion 

1-Pyrene carboxaldehyde has u t i l i t y as a fluorescent probe i n some 
inverted m i c e l l a r systems containing s o l u b i l i z e d inorganic species 
i n the polar core. I t s fluorescence l i f e t i m e i s ca. 5 ns; thus i t 
i s an appropriate probe f o r measuring m i c e l l a r s i z e s which are 
approximately 100A. 

V a r i a t i o n of l a t e r a l m o b i l i t y ( f l u i d i t y ) and p o l a r i t y gradient 
have been reasonably e s t a b l i s h e d i n c e r t a i n calcium a l k a r y l s u l f o n a t e 
m i c e l l e s using 1-pyrene c a r b o x y l i c a c i d probes with varying a l k y l 
chain lengths. The existence of a p o l a r i t y gradient i n an inverted 
m i c e l l e may be responsible f o r the cr e a t i o n of an oxygen concentra
t i o n gradient. 
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8 
Nonideal Mixed Monolayer Model 

Paul M . Holland 

Miami Valley Laboratories, The Procter & Gamble Company, Cincinnati, OH 45247 

A generalized nonideal mixed monolayer model 
based on the pseudo-phase separation approach is 
presented. Thi
earlier for mixe
87, 1984) to the treatment of nonideal surfac
tant mixtures at interfaces. The approach 
explicity takes surface pressures and molecular 
areas into account and results in a nonideal 
analog of Butler's equation applicable to mi
cellar solutions. Measured values of the 
surface tension of nonideal mixed micellar 
solutions are also reported and compared with 
those predicted by the model. 

In mixed surfactant systems, physical properties such as the 
critical micelle concentration (cmc) and interfacial tensions are 
often substantially lower than would be expected based on the 
properties of the pure components. Such nonideal behavior is of 
both theoretical interest and industrial importance. For example, 
mixtures of different classes of surfactants often exhibit 
synergism (1-3) and this behavior can be utilized in practical 
applications (£5).In addition, commercial surfactant 
preparations usually contain mixtures of various species (e.g. 
different isomers and chain lengths) and often include surface 
active impurities which affect the critical micelle concentration 
and other properties. 

An important motivation for understanding the behavior of mixed 
micellar solutions is that equilibrium between the micelles and 
monomers establishes the chemical potential of the different surfac
tant species in bulk solution. In turn, these chemical potentials 
provide the driving force for processes such as interfacial tension 
lowering,contact angle changes and partitioning, and at equilibrium 
exert a controlling influence on physical properties at the solution 
interfaces of interest. Viewed from this perspective, the mixed 
micellar problem represents the crucial first step toward developing 
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a generalized model f o r the behavior of nonideal mixed s u r f a c t a n t 
systems. 

Pseudo-phase separation models f o r t r e a t i n g mixed m i c e l l i z a t i o n 
have become i n c r e a s i n g l y u s e f u l since the e a r l y 1950's when they 
were f i r s t developed f o r binary systems based on the assumption of 
i d e a l mixing i n the mi c e l l e s (7 9Q). Further developments f o r 
the i d e a l models have included e x p l i c i t treatment of monomer concen
t r a t i o n s and m i c e l l a r compositions (9.) 9 mixed i o n i c systems with 
d i f f e r e n t counterions (10-11) two phase systems (12) and mu l t i -
component su r f a c t a n t systems (12-14)· The e a r l i e s t attempts 
to e x p l i c i t l y t r e a t nonideal mixing i n mi c e l l e s (13-16) were some
what cumbersome and have not been widely used. However, a much 
more t r a c t a b l e approach i s based on the regular s o l u t i o n approxi
mation and was f i r s t a p p l i e d by Rubingh (17) to a wide range of 
nonideal mixtures. Although t h i s thermodynamic model was s p e c i f i 
c a l l y developed f o r nonionic s u r f a c t a n t mixtures, i t was a l s o found 
to be u s e f u l i n d e s c r i b i n
i o n i c s u r f a c t a n t s . Man
sur f a c t a n t mixtures have employed the regular s o l u t i o n approach i n 
one form or another. These include Ingram's extension of binary 
nonionic approach to model surface tensions of binary s u r f a c t a n t 
mixtures (18-19) 9 Rosen and coworkers' d e t a i l e d treatment of 
synergism i n binary systems (2-3), a model i n c l u d i n g treatment 
of nonideal binary i o n i c s u r f a c t a n t mixtures by Kamrath and Franses 
(20), treatment of binary anionic-nonionic mixtures by 
Scamehorn et . a l . (21_) and a generalized model f o r nonideal 
multicomponent m i c e l l e s by Holland and Rubingh (14.)· Although 
the underlying assumptions of the regular s o l u t i o n approximation 
are known to f a i l i n a number of these cases (22-24) and i t has 
been c r i t i c i z e d on fundamental grounds (23 »26), i t does provide 
the most t r a c t a b l e and u s e f u l way to t r e a t nonideal mixed m i c e l l a r 
s o l u t i o n s i n many s i t u a t i o n s . 

The purpose of t h i s paper w i l l be to develop a generalized 
treatment extending the e a r l i e r mixed m i c e l l e model (14) to non-
i d e a l mixed su r f a c t a n t monolayers i n m i c e l l a r systems. In t h i s 
work, a thermodynamic model f o r nonionic s u r f a c t a n t mixtures i s 
developed which can a l s o be ap p l i e d e m p i r i c a l l y to mixtures contain
i n g i o n i c s u r f a c t a n t s . The form of the model i s designed to allow 
f o r future g e n e r a l i z a t i o n to multiple components, other i n t e r f a c e s 
and the treatment of contact angles. The use of the pseudo-phase 
separation approach and regular s o l u t i o n approximation are d i c t a t e d 
by the requirement that the model be s u f f i c i e n t l y t r a c t a b l e to be 
ap p l i e d i n r e a l i s t i c s i t u a t i o n s of i n t e r e s t . 

Theory 

The pseudo-phase separation approach has been s u c c e s s f u l l y a p p l i e d 
i n developing a generalized nonideal multicomponent mixed m i c e l l e 
model (see 14.) and i t i s i n t e r e s t i n g to consider whether t h i s 
same approach can be used to develop a generalized treatment f o r 
adsorbed nonideal mixed su r f a c t a n t monolayers. The pr e f e r r e d form 
f o r such a model i s that i t be s u i t a b l e ( a t l e a s t i n p r i n c i p l e ) f o r 
t r e a t i n g multiple components and be extendable to other i n t e r f a c e s 
and p r o p e r t i e s of i n t e r e s t such as contact angles. E a r l i e r models 
(3 9 18, 27) based on the pseudo-phase separation approach and 
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r e g u l a r s o l u t i o n approximation have a more l i m i t e d range of a p p l i 
c a t i o n and are r e s t r i c t e d to binary systems due to t h e i r f u n c t i o n a l 
dependence on surface tension r a t i o s . The form of the model to be 
presented here i s d i r e c t l y based on p h y s i c a l parameters and meets 
the c r i t e r i a f o r g e n e r a l i t y stated above. Here, the p a r t of the 
model which describes the behavior of the mixed m i c e l l e s provides a 
b a s i s f o r e s t a b l i s h i n g the chemical p o t e n t i a l s of the i n d i v i d u a l 
s u r f a c t a n t species i n bulk s o l u t i o n , and thereby the e q u i l i b r i u m 
chemical p o t e n t i a l s i n adsorbed mixed monolayers a t the various 
i n t e r f a c e s with the s o l u t i o n . 

Using t h i s approach, a model can be developed by considering 
the chemical p o t e n t i a l s of the i n d i v i d u a l s u r f a c t a n t components. 
Here, we consider only the region where the adsorbed monolayer i s 
"saturated" with s u r f a c t a n t ( f o r example, at or above the cmc) and 
where no " b u l k - l i k e " water i s present a t the i n t e r f a c e . Under 
these conditions the sum of the surface mole f r a c t i o n s of s u r f a c t a n t 
i s assumed to equal u n i t y
treatments of adsorptio
solvent i s not e x p l i c i t l y included i n the treatment. While the 
" r e s i d u a l " solvent a t the i n t e r f a c e can c l e a r l y e f f e c t the surface 
free energy of the system, we now consider these e f f e c t s to be 
accounted f o r i n the standard chemical p o t e n t i a l s at the surface and 
i n the nonideal net i n t e r a c t i o n parameter i n the mixed pseudo-phase. 

With these considerations i n mind, the chemical p o t e n t i a l of 
the i t h f r e e monomeric s u r f a c t a n t component i n s o l u t i o n i s given by 

P i = μι° + RT In C i m (1) 

where i s a standard state chemical p o t e n t i a l and C^ m the 
monomer concentration of the i t h species (see l i s t of symbols). 
For pure m i c e l l e s of the i t h component, a s i m i l a r expression 

y i M o = + RT In C£ ^ 

r e s u l t s which depends on the cmc of the pure s u r f a c t a n t , C^. The 
chemical p o t e n t i a l of the i t h s u r f a c t a n t component i n an adsorbed 
monolayer of pure s u r f a c t a n t can be expressed as 

y . s = u.os + π . W i (3) 

where y ^ o s i s a standard state chemical p o t e n t i a l and π ^ ω ^ 
a force f i e l d term. Conveniently, both the surface pressure and 
the molar area can be obtained experimentally from i n t e r f a c i a l 
tension measurements (such as surface tensions a t the a i r / s o l u t i o n 
i n t e r f a c e used to determine the cmc). Here, i s given by 

YH 20-Vi ( 4 ) 

and the molar area by 
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Above the c r i t i c a l m i c e l l e concentration (C^) i n a pure sur
f a c t a n t s o l u t i o n the chemical p o t e n t i a l of the monomer i s given by 

Mi = + RT In C i (6) 
and that of su r f a c t a n t species i n the adsorbed (pure) monolayer by 

y . s = u.os + ïïimaXa). (7) 

where ïïi
max i s the l i m i t i n g value of the surface pressure above 

the cmc. 
At e q u i l i b r i u m μ^= y ^ s and the equations 6 and 7 can be 

combined to y i e l d 

RT RT 1 

where the term containing the chemical p o t e n t i a l s i s i n the form of 
a bulk-surface d i s t r i b u t i o

In mixed s u r f a c t a n
p o t e n t i a l of the i t h component ( i n the mixed m i c e l l e ) i s given by 

P i M = y i M o + RT In f i x i (9) 

where fj^ and x.̂  are the a c t i v i t y c o e f f i c i e n t and mole f r a c t i o n 
i n the m i c e l l e , r e s p e c t i v e l y . Combining t h i s with equations 1 and 
2 at e q u i l i b r i u m y i e l d s the monomer concentration as given i n the 
nonideal mixed m i c e l l e model (14) 

C i m = X i f i C i (10) 

The chemical p o t e n t i a l of the i t h component i n the monolayer 

y . s = y.os + R T l n f i s x i s + π ω · . (^) 

now includes a term containing i t s a c t i v i t y c o e f f i c i e n t i n the 
mixed monolayer ( f ^ s ) as well as i t s mole f r a c t i o n . As i n the 
case of mixed m i c e l l e s , the binary a c t i v i t y c o e f f i c i e n t s based on 
the regular s o l u t i o n approximation take the form 

f f = exp S s d - x i S ) 2 (12) 

f 2
s = exp 3 s ( x i S ) 2 (13) 

where 3s i s a dimensionless net i n t e r a c t i o n parameter. At e q u i l i b 
rium the chemical p o t e n t i a l s are equal and equations 8 and 9 can be 
combined to y i e l d 

Ui° s-Pi° + mJi= (14) 

RT RT U i s x i 
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where π i s the t o t a l surface pressure. Combining equations 7 and 
10 to eliminate t h e i r common term r e s u l t s i n the generalized 
expression 

= e fiX£ RT 
(15) 

which d i r e c t l y r e l a t e s the a c t i v i t y c o e f f i c i e n t s and mole f r a c t i o n s 
i n the mixed m i c e l l a r and monolayer psuedo-phases. Here, t h e i r 
r a t i o depends on the maximum surface pressures of the pure s u r f a c 
tants components, t o t a l surface pressure, and areas per molecule a t 
the i n t e r f a c e i n the pure and mixed systems. This allows compari
son between nonideal i n t e r a c t i o n s i n the mi c e l l e and monolayer as 
modeled by t h e i r respective i n t e r a c t i o n parameters. 

Rearranging t h i s expression gives the f o l l o w i n g nonideal 
analog of B u t l e r ' s equatio

RT In Î|iîU] + TTi m a x<"i (16) 

Assuming the areas per molecule remain unchanged on mixing t h i s can 
be f u r t h e r s i m p l i f i e d to 

* - § Ι» i f e s ) + HmaX (17) 

T h i s r e l a t i o n s h i p w i l l be the f o c a l p oint f o r the d i s c u s s i o n of 
r e s u l t s i n the present paper. However, i t should be recognized 
that f o r some systems of i n t e r e s t , the areas per molecule can 
change s i g n i f i c a n t l y on mixing. E x p l i c i t treatment of such changes 
of the molecular area on mixing can be d i r e c t l y incorporated i n t o 
the model based on equation 16, but to do t h i s i n a f u l l y genera
l i z e d and s e l f - c o n s i s t e n t way w i l l require a d d i t i o n a l modeling of 
the changes i n molecular area as a f u n c t i o n of the composition of 
the monolayer. T h i s i s beyond the scope of the present paper and 
i s reserved f o r future d i s c u s s i o n . 

One i n t e r e s t i n g feature of the f u n c t i o n a l form derived here 
i s the d i r e c t r e l a t i o n s h i p of the a c t i v i t y c o e f f i c i e n t s and compo
s i t i o n between the m i c e l l a r and surface psuedo-phases. This allows 
a comparison of nonideal i n t e r a c t i o n s i n the m i c e l l e and monolayer 
as modeled by t h e i r r e s p ective net i n t e r a c t i o n parameters. In 
p r i n c i p l e , t h i s form may a l s o allow extension to more complicated 
s i t u a t i o n s such as the treatment of contact angles i n nonideal 
mixed s u r f a c t a n t systems. Here, the f u n c t i o n a l form derived above 
depends on d i f f e r e n c e s i n surface pressures and these may be 
d i r e c t l y obtained from experimentally measured parameters under the 
proper conditions (30). 
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Experimental Section 

Measurements of surface tension versus concentration were c a r r i e d 
out using a tensionmeter with du Nouy r i n g . C r i t i c a l m i c e l l e 
concentrations obtained from t h i s work were reported e a r l i e r 
(14)» The compounds used i n t h i s study were pure s i n g l e specie 
surfactants determined to be of greater than 98$ p u r i t y by t h i n -
l a y e r or gas chromatography. Surface tension p l o t s f o r the s i n g l e 
components d i d not show evidence of sur f a c e - a c t i v e i m p u r i t i e s . 
Measurements on the various binary mixtures of decyl methyl s u l f o x 
ide (CJQMSO), decyl dimethylphosphine oxide ( C J Q P O ) and sodium 
dodecyl s u l f a t e (SDS) were c a r r i e d out a t 24°C i n 1 mM sodium 
carbonate (pH 10). Various binary mixtures of dodecyl dimethyl-
amine oxide (C^AO), tetraoxy-ethylene g l y c o l monodecyl ether 
(C^QE4) and SDS measurements were studied at 23°C i n 0.5 mM 
sodium carbonate (pH 9.8). The f i n a l binary mixture studied was 
sodium decyl s u l f a t e (SDeS
(C 1 QTAB) a t 23°C i n 0.0

Results and Discussion 

Results f o r the various binary mixed surf a c t a n t systems are shown 
i n f i g u r e s 1-7. Here, experimental r e s u l t s f o r the surface tension 
a t the cmc (points) f o r the mixtures are compared with c a l c u l a t e d 
r e s u l t s from the nonideal mixed monolayer model ( s o l i d l i n e ) and 
r e s u l t s f o r the i d e a l model (dashed l i n e ) . C a l c u l a t i o n s of the 
surface tension are based on equation 17 with u n i t a c t i v i t y c o e f f i 
c i e n t s f o r the i d e a l case and a c t i v i t y c o e f f i c i e n t s determined 
using the net i n t e r a c t i o n 3 (from the mixed m i c e l l e model) and 3 s 

(equations 12 and 13) i n the nonideal case. In these c a l c u l a t i o n s 
the area per mole at the surface f o r each pure component, ω^, i s 
obtained d i r e c t l y from the slope of the l i n e a r region i n experimen
t a l surface tension data below the cmc ( v i a equation 5) and the 
maximum surface pressure, 7T^ m a x, from the l i n e a r best f i t of 
zero slope above the cmc (with the i n t e r s e c t i o n of these d e f i n i n g 
the cmc). Also shown f o r comparison are the experimental mixed 
c r i t i c a l m i c e l l e concentrations f o r each system together with 
c a l c u l a t e d r e s u l t s from the mixed m i c e l l e model (from reference 
11) . 

Results f o r the binary mixture of CJQPO and SDS are shown i n 
f i g u r e 1, and good agreement with the nonideal model i s seen f o r 
both mixed cmc 1s and the surface tensions a t the cmc. Here, the 
surface tensions show the i n t e r e s t i n g feature of a sharp increase 
i n going from pure CJQPO, followed by a l e v e l i n g o f f , and a 
f u r t h e r sharp increase i n going to pure SDS. This suggests that 
nonideal i n t e r a c t i o n of the more surface a c t i v e CJQPO with SDS 
may be causing a r e l a t i v e enhancement of SDS at the surface. In 
f i g u r e s 2 and 3, nonideal surface tension r e s u l t s f o r CJQMSO and 
SDS, and nearly i d e a l r e s u l t s f o r CJQMSO and C>JQP0 are i n d i 
cated, both showing good agreement with the model. Although the 
r e s u l t s i n f i g u r e 2 a l s o seem to be quite close to those of the 
i d e a l model, i t should be pointed out that the c a l c u l a t e d surface 
tensions f o r the i d e a l case (dashed l i n e s ) are c a l c u l a t e d a t the 
higher p r e d i c t e d cmc 1s f o r i d e a l mixing i n the m i c e l l e s . 
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Figure 1. Mixed cmc 1s and surface tensions at the cmc f o r mix
tures of CJQPO and SDS i n 1 mM Na 2C0, (at 24°C). The 
p l o t t e d points are experimental r e s u l t s , the s o l i d l i n e s the 
p r e d i c t i o n of the nonideal model f o r 3 = -3.7 and 3 s = -3.5 
r e s p e c t i v e l y , and the dashed l i n e s the p r e d i c t i o n f o r i d e a l 
mixing i n the pseudo-phase. 

0 .2 .4 .6 .8 1.0 
Mole Fraction 2OSO5 Na+ 

0 .2 .4 .6 .8 
Mole Fraction C^OSOâ-Na* 

1.0 

Figure 2. Mixed cmc 1s and surface tensions at the cmc f o r mix
tures of CJQMSO and SDS i n 1 mM Na 2C0, (at 24°C). The 
p l o t t e d points are experimental r e s u l t s , the s o l i d l i n e s the 
p r e d i c t i o n of the nonideal model f o r 3 = -2.4 and 3S= -3.0 
r e s p e c t i v e l y , and the dashed l i n e s the p r e d i c t i o n f o r nonideal 
mixing i n the pseudo-phase. 
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Good agreement with the model i s seen i n f i g u r e 4 f o r the binary-
mixture of C^QE^ and SDS, with p r e d i c t e d nonideal surface ten
s i o n behavior s i m i l a r to that seen f o r CJQPO and SDS i n f i g u r e 1. 
The r e s u l t s f o r the mixture of C J Q E ^ and C^AO are given i n 
f i g u r e 5 and suggest p o s s i b l e synergism i n the surface tension 
behavior f o r t h i s system, which e x h i b i t s nearly i d e a l mixed cmc 
behavior. C l e a r evidence of such synergism i s seen f o r the non-
i d e a l mixture of C^AO and SDS i n f i g u r e 6. Here, a substan
t i a l l y more negative net i n t e r a c t i o n parameter i s c a l c u l a t e d f o r 
the surface monolayer than f o r the m i c e l l e s and s i g n i f i c a n t surface 
tension lowering i s observed. 

The f i n a l binary mixture, which e x h i b i t s extreme deviations 
from i d e a l i t y , i s CJQSO^ with CJ Q T A B . This mixed a n i o n i c -
c a t i o n i c system shows e x c e l l e n t agreement with the model over the 
f u l l range of compositions, and large s y n e r g i s t i c e f f e c t s on both 
surface tensions and cmc. Here, the c a l c u l a t e d net i n t e r a c t i o n 
parameter g s f o r surfac
t i a l l y more negative tha
However, i t should a l s o be pointed out that the assumption that 
0)j= would be expected to be s u b s t a n t i a l l y i n e r r o r f o r t h i s 
system. We f i n d areas per mole i n the mixed system to be i n good 
agreement those of C o r k i l l e t . a l . (31)» which show the d e c y l -
trimethylammonium decyl sulphate complex (1:1 molar mixture of 
these surfactants) to give an area of 58 A a t the a i r - s o l u t i o n 
i n t e r f a c e . T h i s i s about 70% of that f o r corresponding unmixed 
components under our conditions, i n d i c a t i n g that a s u b s t a n t i a l 
change i n molar area occurs on mixing. E x p l i c i t l y i n c o r p o r a t i n g 
t h i s change i n molar area i n t o the c a l c u l a t i o n using equation 16 
and an appropriate f r a c t i o n a l adjustment to the area, r e s u l t s i n 
e x c e l l e n t agreement f o r surface tensions that i s v i r t u a l l y equiva
l e n t to the r e s u l t i n f i g u r e 7 but with 3 s equal to -13.7. This 
suggests that the e f f e c t s due to changes i n the area per molecule 
on mixing ( i n binary systems) are e m p i r i c a l l y accounted f o r i n the 
net i n t e r a c t i o n parameter f o r surface mixing. 

Together, these r e s u l t s f o r binary s u r f a c t a n t mixtures demon
s t r a t e that a nonideal mixed monolayer model based on the pseudo-
phase separation approach, some s i m p l i f y i n g assumptions, and the 
r e g u l a r s o l u t i o n approximation can be s u c c e s s f u l l y a p p l i e d to a 
considerable range of nonideal mixed su r f a c t a n t systems. As i n the 
cases of mixed m i c e l l e s , i t i s i n t e r e s t i n g to note that mixtures 
containing i o n i c s u r f a c t a n t s seem to be adequately treated even 
though the model neglects e f f e c t s due to the binding of counter-
ions. This implies that deviations due to such e f f e c t s are e i t h e r 
r e l a t i v e l y small or can be e m p i r i c a l l y accounted f o r by use of the 
r e g u l a r s o l u t i o n approximation. C a l o r i m e t r i c studies of excess 
heats of m i c e l l a r mixing i n anionic-nonionic systems show re g u l a r 
s o l u t i o n theory to f a i l , and suggest that the net i n t e r a c t i o n 
parameter of the m i c e l l e model be i n t e r p r e t e d as an excess f r e e 
energy parameter i n such cases (22). 

Adopting t h i s viewpoint, the net i n t e r a c t i o n parameter f o r 
surface mixing i n the present model may be seen as a u s e f u l way to 
account f o r changes i n the surface f r e e energy i n nonideal mixed 
su r f a c t a n t monolayers. Here, the parameter must not only account 
f o r the e f f e c t s due to counterions, but f o r changes i n molar surface 
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Figure 3. Mixed cmc 1s and surface tensions at the cmc f o r mix
tures of C 1 QMS0 and C^FO i n 1 mM Na CO (at 24°C). The 
p l o t t e d points are experimental r e s u l t s ? the s o l i d l i n e s the 
p r e d i c t i o n of the nonideal model f o r 3 = 0 and 3 S = -0.3 
r e s p e c t i v e l y , and the dashed l i n e s the p r e d i c t i o n f o r i d e a l 
mixing i n the pseudo-phase. 

Figure 4· Mixed cmc 1s and surface tensions at the cmc f o r mix
tures of C 1 Q E and SDS i n 0.5 mM Na 2C0 ( a t 23°C). The 
p l o t t e d points are experimental r e s u l t s , the s o l i d l i n e s the 
p r e d i c t i o n of the nonideal model f o r 3 = -3.6 and 3S = -2.9 
r e s p e c t i v e l y , and the dashed l i n e s the p r e d i c t i o n f o r i d e a l 
mixing i n the pseudo-phase. 
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Figure 5· Mixed cmc 1s and surface tensions at the cmc f o r mix
tures of C 1 Q E and C^AO i n 0.5 mM Na 2C0 (at 23°C). The 
p l o t t e d points are experimental r e s u l t s , The s o l i d l i n e s the 
p r e d i c t i o n of the nonideal model f o r 3 = -0.8 and 3 S = -2.0 
r e s p e c t i v e l y , and the dashed l i n e s the p r e d i c t i o n f o r i d e a l 
mixing i n the pseudo-phase. 

Figure 6. Mixed cmc 1s and surface tensions at the cmc f o r mix
tures of Ο| 2Α0 and SDS i n 0.5 mM Na 2C0^ (at 23°C). The 
p l o t t e d points are experimental r e s u l t s , t h e s o l i d l i n e s the 
p r e d i c t i o n of the nonideal model f o r 3 = - 4 · 4 and 3 s = -7·2 
r e s p e c t i v e l y , and the dashed l i n e s the p r e d i c t i o n f o r i d e a l 
mixing i n the pseudo-phase. 
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C10SO4/C10TAB 
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Figure 7· Mixed cmc*s and surface tensions at the cmc f o r 
mixtures of C^SO^ and C 1 QTAB i n 0.05 M NaBr ( a t 23°C. 
The p l o t t e d points are experimental r e s u l t s , t h e s o l i d l i n e s the 
p r e d i c t i o n of the nonideal model f o r 3 = -13.2 and 3s = -19-7 
r e s p e c t i v e l y , and the dashed l i n e s the p r e d i c t i o n f o r i d e a l 
mixing i n the pseudo-phase. 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



8. H O L L A N D Nonideal Mixed Monolayer Model 113 

areas on mixing and f o r e f f e c t s due to " r e s i d u a l " solvent a t the 
i n t e r f a c e . As suggested by the r e s u l t s f o r a n i o n i c - c a t i o n i c systems 
( f i g u r e 7 and d i s c u s s i o n ) , i n c o r p o r a t i n g changes i n molar surface 
areas due to mixing i n t o the model may s i g n i f i c a n t l y e f f e c t the 
magnitude of the parameters used i n the monolayer model and make 
them more comparible to those f o r the mixed m i c e l l e s . 

In conclusion, a generalized nonideal mixed monolayer model i s 
presented which uses a s i n g l e net i n t e r a c t i o n parameter to model 
nonideal i n t e r a c t i o n s i n binary m i c e l l a r systems, and depends only 
on experimental information that i s r e a d i l y a v a i l a b l e from surface 
tension measurements used to obtain cmc !s. The form of t h i s 
s i m p l i f i e d model i s designed to allow f o r future g e n e r a l i z a t i o n to 
mul t i p l e components, other i n t e r f a c e s and the treatment of contact 
angles. 

Legend of Symbols 

chemica

standard chemical p o t e n t i a l of monomeric 
surfac t a n t i 

chemical p o t e n t i a l of i at surface 

standard chemical p o t e n t i a l of i a t surface 

chemical p o t e n t i a l of i i n mixed m i c e l l e s 

chemical p o t e n t i a l of i i n pure m i c e l l e s 

monomer concentration of surfactant i 

surface pressure of surfactant component i 

surface pressure of surfactant component i 
above cmc i n pure system 

surface pressure i n mixed system 

area per mole of surfactant i i n pure system 

area per mole of surfa c t a n t i i n mixed system 

surface tension i n presence of surfa c t a n t 
i (pure system) 

surface tension of water 

a c t i v i t y c o e f f i c i e n t of surfactant i i n 
mixed monolayer 

a c t i v i t y c o e f f i c i e n t of surfactant i i n 
mixed m i c e l l e s 

P i 
ο 

P i 

P i S 

μ ±
Μ 0 

r m 

ïïi
max 

Ύ Η 2 0 

f i 
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x^ s mole f r a c t i o n of surfactant i i n mixed monolayer 

x^ mole f r a c t i o n of surfactant i i n mixed m i c e l l e s 

cmc of pure su r f a c t a n t i 

mole f r a c t i o n of surfactant i i n t o t a l mixed 
solute 

C* cmc of mixed system 

β 3 dimensionless net i n t e r a c t i o n parameter i n 
mixed monolayer 

3 dimensionless net i n t e r a c t i o n parameter i n 
mixed m i c e l l e 

R gas conten

Τ absolute temperature 
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Monolayer Properties of Octadecyldimethylamine Oxide 
and Sodium Alkyl Sulfate 
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NY 10031 

Monolayer properties of octadecyldimethylamine oxide 
alone and in combinatio
aqueous substrat
amine oxide produces more expanded film than the 
ionised species; minimum film expansion and highest 
surface potential are obtained at half ionisation. 
Due to hydrogen ion competition, sodium octadecyl 
sulfate exhibits film expansion with increasing 
acidity of the substrate. Mixed films of these two 
compounds show marked contraction at all pH investi
gated. The sequence of film condensation of C18amine 
oxide/C18SO4Na association follows the order 1:1 
(pH 10.9) < 1:1 (pH 2.2) < 2:1 (pH 5.5). C18amine 
oxide/C12SO4Na mixed monolayers st i l l show film conden
sation at both pH 10.9 and pH 5.5, the former corre
sponds to an ion-dipole interaction, and the latter 
is an ion-ion interaction. Due to chain incompati
bility, C18amine oxide/C12SO4Na form less tightly 
bound associations than C18amine oxide/C18SO4Na. 
Correlation between surface and bulk properties of 
these two classes of compounds are discussed. 

In a previous p u b l i c a t i o n (V), r e s u l t s were presented on the 
m i c e l l a r p r o p e r t i e s of binary mixtures of surfactant s o l u t i o n s con
s i s t i n g of alkyldimethylamine oxide (C12 to Cia a l k y l chains) and 
sodium dodecyl s u l f a t e . I t was reported that upon mixing, s t r i k i n g 
a l t e r a t i o n i n p h y s i c a l p r o p e r t i e s was observed, most notably i n the 
v i s c o s i t y , surface tension, and bulk pH values. These changes were 
a t t r i b u t e d to 1) formation of elongated s t r u c t u r e s , 2) protonation 
of amine oxide molecules, and 3) adsorption of hydronium ions on 
the mixed m i c e l l e surface. In a d d i t i o n , p o s s i b l e s o l u b i l i s a t i o n of 
a l e s s s o l u b l e 1:1 complex, form between the protonated amine oxide 
and the long chain s u l f a t e was a l s o considered. 

1Current address: The Gillette Company, Gillette Park 6F-1, Boston, MA 02106. 
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9. C H A N G A N D R O S A N O Monolayer Properties 1 

In the present study, the monolayer technique i s used to 
i n v e s t i g a t e the surface p r o p e r t i e s of octadecyldimethylamine oxide 
and sodium octadecyl s u l f a t e , as s i n g l e component f i l m s and i n com
b i n a t i o n . The i n t e r p r e t a t i o n of the r e s u l t s provides a d i r e c t 
understanding of the mechanism of i n t e r a c t i o n between these two 
surface a c t i v e agents. 

Goddard and Kung (2) studied the surface c h a r a c t e r i s t i c s of 
docosyldimethylamine oxide alone and i n mixed f i l m s with nonadecyl-
benzene sulfonate. The amine oxide s i n g l e component f i l m showed 
large v a r i a t i o n s with the pH of the substrate, but the mixed f i l m s 
d i d not reveal evidence of pronounced i n t e r a c t i o n . However, these 
authors i n d i c a t e d that a d i f f e r e n t i a l thermal a n a l y s i s study of the 
shorter chain homologs, dodecyldimethylamine oxide and sodium 
dodecylbenzene sulfonate, d i d show i n t e r a c t i o n between these com
ponents, i n accord with r e s u l t s obtained from studies of aqueous 
s o l u t i o n containing s i m i l a r m a terials (_3). They suggested that the 
choice of more s u i t a b l e
complete mixing of the component
i n t e r a c t i o n between these two species. 

Experimental 

Octadecyldimethylamine oxide (CieDAO) was a commercial sample from 
Onyx Chemical Company, Jersey C i t y , N. J . (25% a c t i v e ) . A f t e r 
evaporating the solvent i n a r o t a r y evaporator under reduced pres
sure, the crude product was r e c r y s t a l l i s e d s e v e r a l times from e t h y l 
acetate. The f i n a l product was d r i e d and stored i n vacuo over P2O5 
Sodium octadecyl s u l f a t e (SODS) was a sample prepared i n t h i s l a b 
oratory previously, and was r e c r y s t a l l i s e d from ethanol before use. 
Sodium dodecyl s u l f a t e (SDS) was obtained from A l d r i c h Chemical Com
pany, and was of 98% p u r i t y . It was f u r t h e r p u r i f i e d by repeated 
c r y s t a l l i s a t i o n from ethanol followed by ether e x t r a c t i o n . Benzene 
and methanol were g o l d - l a b e l reagent grade, purchased from A l d r i c h 
Chemical Company (Metuchen, N. J . ) . 

The spreading s o l u t i o n s were prepared as fo l l o w s : CieDAO was 
d i s s o l v e d i n 45/5, the SODS i n 25/25, the SDS i n 40/10, benzene/ 
methanoImmixture. The concentrations of these s o l u t i o n s were 
1.157xl0~ 3M. For mixed monolayers, mixtures at d i f f e r e n t volume 
r a t i o were made from stock s o l u t i o n s p r i o r to spreading. The 
aqueous substrates used were unbuffered, and the experiments were 
performed i n the presence of atmospheric C0 2. D e i o n i s e d - d i s t i l l e d 
water was used to prepare the substrate. 

The experimental apparatus employed was described elsewhere 
(4). B r i e f l y , surface pressures were determined continuously from 
surface tension measurements using a sand bl a s t e d platinum blade, 
suspended from a transducer-amplifier (Sandborn, model 311A). The 
transducer s i g n a l was fed to a X-Y recorder. Surface p o t e n t i a l was 
measured with an electrometer ( K e i t h l y , model 61OB) using an a i r 
electrode coated with 2 2 6 R a and an Ag/AgCl electrode i n the sub-
s o l u t i o n . 

The surface of the subsolution was cleaned by f i r s t dusting 
i t with Talc powder and then sweeping the surface by moving a 
T e f l o n s l i d e from one side of the trough to the other. The Talc 
powder along with the i m p u r i t i e s ( i f any) were then removed using 
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s u c t i o n from an a s p i r a t o r . This was done se v e r a l times to make 
sure no i m p u r i t i e s remained on the surface. The monolayers were 
spread evenly on the surface using an Agla microsyringe. A time 
i n t e r v a l of three minutes was allowed f o r spreading solvent to 
evaporate from the monolayers. Three to f i v e monolayers of each 
s o l u t i o n were made, and the r e s u l t s reported are the average sur
face pressure f o r each area p l o t t e d . 

Results 

Single Component Systems. Surface pressure-area (ττ-Α) and surface 
p o t e n t i a l - a r e a (Δν-Α) isotherms of CieDAO on 0.01M NaCl subsolution 
at various pH values are shown i n Figure 1, (the NA0H/HC1 was post-
added. At the highest pH i n v e s t i g a t e d , v i z . ; pH 10.9, the amine 
oxide i s i n the nonionic form and gives r i s e to the most expanded 
curve as w e l l as a lower c o l l a p s e pressure. Reduction i n bulk pH 
r e s u l t s i n contraction
oxide predominates and r e s u l t
the l e a s t expanded f i l m i s obtained at an intermediate bulk pH value, 
v i z . ; pH 5.5. The f i l m i s expected to be composed of both nonionic 
and c a t i o n i c forms of the amine oxide molecules at approximately a 
1:1 mole r a t i o , as suggested by the acid-base t i t r a t i o n behaviour of 
i t s C 4 homolog (I). These r e s u l t s are i n agreement with the mono
laye r p r o p e r t i e s of docosyldimethylamine oxide reported by Goddard 
and Kung (2); however i n t h e i r case the amine oxide a l s o shows a 
phase t r a n s i t i o n from expanded to the condensed s t a t e s , and that the 
f i l m condensation upon i o n i s a t i o n i s more pronounced than i n the 
case of CieDAO. The surface p o t e n t i a l s of amine oxide f i l m s vary 
s t r o n g l y with the bulk pH of the substrate, and hence the c a t i o n i c / 
nonionic r a t i o of the constituent molecules i n the f i l m . With a 
formal p o s i t i v e charge on the nitrogen i n the c a t i o n i c species, i t 
i s expected that the c a t i o n i c f i l m has the highest p o t e n t i a l . How
ever, the mixed f i l m of c a t i o n i c and nonionic amine oxides e x h i b i t s 
an even higher p o t e n t i a l than the completely i o n i s e d f i l m , while 
the nonionic species (pH 10.9) shows the lowest p o t e n t i a l . This 
behaviour i s a l s o seen with the C 2 2 homolog which show a maximum i n 
surface p o t e n t i a l i n the v i c i n i t y of pH 5.6 under i d e n t i c a l e x p e r i 
mental con d i t i o n s . 

In Figure 2 the π-A and AV-A p l o t s f o r SODS on 0.01M NaCl sub-
s o l u t i o n s having d i f f e r e n t pH values are shown. In a l l cases, 
phase t r a n s i t i o n s from liquid-expanded to liquid-condensed state 
are evident (5). A c i d i f i c a t i o n of the subsolution increases the 
t r a n s i t i o n pressure but the t r a n s i t i o n i s l e s s pronounced at the 
lowest pH studied. This i s a l s o accompanied by an expansion of the 
condensed part of the curve. Small negative surface p o t e n t i a l s are 
observed over most areas. The highest p o t e n t i a l i s obtained f o r 
f i l m spread on the pH 2.2 subsolution. For small areas, the sur
face p o t e n t i a l a t t a i n s a p o s i t i v e value. This may be r e l a t e d to 
r e o r i e n t a t i o n of the d i p o l e moments of the molecules which occur 
once a threshold surface concentration i s exceeded (6). Mingins 
and Pethica Ç7) studied the monolayer p r o p e r t i e s of SODS on various 
sodium c h l o r i d e s o l u t i o n s (0.1, 0.01 and 0.001M) at 9.5°C, and they 
showed that the monolayer i s only s t a b l e on the more concentrated 
s a l t s o l u t i o n s (0.1 and 0.01M). In t h i s work, no noticeable 
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Figure 1. E f f e c t of pH on π-Α and AV-A isotherms of octadecyl
dimethylamine oxide (CieDAO) at 25°C, 0.01M NaCl subsolutions 
(NaOH or HCl/NaCl). Substrate pH:1-10.9, 2-5.5, 3-2.2. 
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Figure 2. E f f e c t of pH on ττ-A and Δν-Α isotherms of sodium octa
decyl s u l f a t e (SODS) at 25°C, 0.01M NaCl subsolutions (NaOH or 
HCl/NaCl). Substrate pH: 1-10.9, 2-5.5, 3-2.2. 
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d i f f e r e n c e i n both the π and Δν r e s u l t s were observed from the 
d i f f e r e n t experimental runs. 

Mixed Component Systems. C^gDAO/SODS. These systems were examined 
at three subsolution pH values, namely 10.9, 5.5, and 2.2 (0.01M 
NaCl), and various compositions. The compression isotherms are 
shown i n Figuers 3-5, r e s p e c t i v e l y , and f o r comparison, isotherm of 
the CieDAO i s a l s o p l o t t e d . At high pH value, i n t e r a c t i o n between 
the two components i s quite n o t i c e a b l e . Addition of SODS produces 
a condensing e f f e c t on the f i l m (with respect to C l 8DA0 f i l m i n a l l 
cases, and i n most cases with respect to SODS f i l m ) . The phase 
t r a n s i t i o n which i s c h a r a c t e r i s t i c of the SODS curve, i s s t i l l e v i 
dent at a l l mixing r a t i o s . Reduction i n t r a n s i t i o n pressure i s 
observed f o r the mixed f i l m s with i n c r e a s i n g SODS content up to the 
equimolar mixture, which shows the lowest t r a n s i t i o n pressure, 
t h e r e a f t e r the value increases when the amount of SODS i n the f i l m 
becomes excess. In term
and 3:1 mixed f i l m s hav
f i l m , but lower than tha
tures form s o l i d f i l m s , and the isotherms become i d e n t i c a l at high 
pressure and small area, but the equimolar mixture shows the most 
condensed f i l m f o r large areas. Mixed f i l m s containing excess SODS 
show the highest c o l l a p s e pressures, suggesting these f i l m s are 
quite s t a b l e . Surface p o t e n t i a l s of the mixed f i l m s g e nerally f a l l 
between the values of those of the pure component f i l m s . However, 
fo r small areas, mixtures containing excess amine oxide show an 
even higher p o t e n t i a l than the pure C^gDAO f i l m , probably due to 
c l o s e r packing of the molecules. 

Mixed monolayers on the pH 5.5 subsolution (Figure 4) show 
pronounced condensation, i n d i c a t i n g very strong i n t e r a c t i o n among 
the components; these include both the c a t i o n i c and nonionic forms 
of amine oxide, as w e l l as the long chain s u l f a t e . The most con
densed curve i s observed f o r the 2:1 amine oxide/SODS mixture, 
c l o s e l y followed by the equimolar mixture, and at high pressures 
the two isotherms become i d e n t i c a l . Unlike the case at high pH 
subsolution, no phase t r a n s i t i o n was detected i n the present case. 
Surface p o t e n t i a l s of the mixed f i l m s f a l l between those of the 
amine oxide and SODS at constant area. However, the 4:1 and 3:1 
f i l m s have surface p o t e n t i a l values that are s l i g h t l y higher than 
the pure amine oxide f i l m at small areas. 

At the lowest pH value of the subsolution i n v e s t i g a t e d , v i z . ; 
pH 2.2, the amine oxide molecules are protonated, therefore large 
i n t e r a c t i o n i s expected with an anionic substance, such as the long 
chain s u l f a t e . Such an i n t e r a c t i o n i s r e f l e c t e d i n the monolayer 
behaviour of the mixed f i l m , as shown i n Figure 5. The mixed f i l m s 
are a l l more condensed than the pure component f i l m s , with the 
equimolar mixture e x h i b i t i n g the most condensed curve. Phase 
t r a n s i t i o n s are s t i l l detected i n some cases when the SODS content 
i s i n excess, but with lower t r a n s i t i o n pressure than the SODS 
s i n g l e component f i l m , and the t r a n s i t i o n pressure increases with 
i n c r e a s i n g amount of the a n i o n i c constituent. A w e l l defined f i l m 
c o l l a p s e i s observed only when the amine oxide i s i n large excess 
(4:1 and 3:1), a l l others become incompressible at high pressures. 
The surface p o t e n t i a l s are s i m i l a r to those discussed p r e v i o u s l y . 
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Figure 3. π-Α and AV-A isotherms of mixed f i l m s of CieDAO and SODS 
on pH 10.9 (NaOH), 0.01M NaCl subsolution at 25°C. CieDAO/SDS 
r a t i o : 1-4:1, 2-3:1, 4-1:1, 5-1:2, 6-1:3, 7-1:4. 
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Figure 4. ïï-A and AV-A isotherms of mixed f i l m s of QeDAO and SODS 
on pH 5.5 (HC1), 0.01M NaCl subsolution at 25°C. CieDAO/SODS 
r a t i o : 1-4:1, 2-3:1, 3-2:1, 4-1:1, 5-1:2, 6-1:3, 7-1:4. 
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Figure 5. π-Α and Δν-Α isotherms of mixed f i l m s of Ci 8DAO and SODS 
on pH 2.2 (HC1, 0.01M NaCl subsolution at 25°C. Ci8DAO/SODS r a t i o : 
1-4:1, 2-3:1, 3-2:1, 4-1:1, 5-1:2, 6-1:3, 7-1:4. 
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CjaDAO/DSD. Mixtures of CieDAO/SDS were spread on subsolutions of 
pH 10.9 (NaOH) and pH 5.5 (HC1), and 0.01M NaCl. Since SDS i s 
h i g h l y soluble i n water, and hence has a high desorption r a t e , 
compressions were made at a f a s t e r speed. The r e s u l t i n g curves 
were f i t t e d such that the v e r t i c a l p o r t i o n of each curve c o r r e 
sponds to 20 â 2/molecule, which approximates the l i m i t i n g value of 
an a l k y l chain, i f the o r i g i n a l curve showed a value smaller than 
that. Figures 6 and 7 show the f i t t e d isotherms f o r pH 5.5 and pH 
10.9, r e s p e c t i v e l y . At low pH, i t appears that the a d d i t i o n of SDS 
causes c o n t r a c t i o n of the f i l m , and that t r a n s i t i o n i n f i l m type i s 
evident f o r a l l mixtures. It also appears that the r e l a t i v e degree 
of f i l m c o n t r a c t i o n increases with i n c r e a s i n g amount of SDS i n the 
mixed f i l m . However, with excess SDS i n the mixture, the apparent 
increase i s probably caused by the desorption of SDS. At high pH, 
the mixed isotherms are s i m i l a r to those obtained at low pH, except 
that the t r a n s i t i o n i n f i l m type i s evident only when the amount of 
SDS i s equal to or greate
there seems to be a mor
with i n c r e a s i n g amount
tween the two components i s d e f i n i t e , since SDS alone d i d not r e 
v e a l a reasonable compression pattern under the present e x p e r i 
mental c o n d i t i o n s . 

Discussion 

Ci BDA0 Films. The unusual feature of aIkyIdimethylamine oxide i s 
that the i o n i s e d form y i e l d s a l e s s expanded f i l m that the non-
i o n i s e d species, contrary to the expectation that the presence of 
charged head groups should r e s u l t i n a more expanded f i l m , due to 
e l e c t r i c a l r e p u l s i o n among the charges. This p a r t i c u l a r character
i s t i c of amine oxide f i l m s has been a t t r i b u t e d (2) to the a b i l i t y 
of the hydroxy group i n i o n i s e d amine oxide to hydrogen bond. This 
leads to a reduction i n r e p u l s i v e forces among the head groups, 
g i v i n g r i s e to the condensing e f f e c t upon i o n i s a t i o n . At an i n t e r 
mediate pH, v i z . ; pH 5.5, the appearance of c a t i o n i c species can 
cause the condensing e f f e c t by a s s o c i a t i n g with the nonionic 
species, since the i o n i s a b l e proton i s capable of hydrogen bonding 
to the neighbouring oxygen thereby decreasing the average distance 
between adjacent head groups e f f e c t i v e l y . In the bulk s o l u t i o n , 
t h i s e f f e c t manifests i t s e l f i n an increase i n the v i s c o s i t y i f 
the s o l u t i o n concentration i s s u f f i c i e n t l y high. From the a c i d -
base t i t r a t i o n studies of the C i 2 and C i * homologs (1), i t was 
reported that the appearance of c a t i o n i c species leads to a sub
s t a n t i a l increase i n the s o l u t i o n v i s c o s i t y , reaching a maximum 
value at h a l f i o n i s a t i o n . This change i n v i s c o s i t y was explained 
i n terms of reduction of r e p u l s i o n , and the formation of elongated 
m i c e l l e s . 

The surface p o t e n t i a l of the nonionised species i s r e l a t i v e l y 
high f o r a nonionic s u r f a c t a n t . This i n d i c a t e s that there i s a 
strong d i p o l e i n the head group, which i s the primary cause of ex
pansion of the f i l m . A mixture of c a t i o n i c and nonionic species 
has an even higher surface p o t e n t i a l value, t h i s may be due to, at 
l e a s t i n part, the c l o s e r packing of the molecular assembly i n the 
f i l m , consequent of the diminishing r e p u l s i o n i n the head group 
region. 
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Figure 6. π-Α isotherms of mixed f i l m s of CieDAO and sodium dodecyl 
s u l f a t e (SDS) on pH 5.5 (HC1), 0.01M NaCl subsolutions at 25°C. 
Each curve i s f i t t e d such that the high pressure region corresponds 
to 20a2 i f the experimental value preceded t h i s number. CieDAO/SDS 
r a t i o : 1-4:1, 2-3:1, 3-2:1, 4-1:1, 5-1:2, 6-1:3, 7-1:4. 
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Figure 7. ïï-A isotherms of mixed f i l m s of CieDAO and SDS on pH 
10.9 (NaOH). 0.01M NaCl subsolution at 25°C. Each curve i s f i t t e d 
such that the high pressure region corresponds to 20a* i f the 
experimental value precedes t h i s number. CieDAO/SDS r a t i o : 1-4:1, 
2-3:1, 3-2:1, 4-1:1, 5-1:2, 6-1:3, 7-1:4. 
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I t has been shown (8) that the c a t i o n i c form of amine oxide i s 
more so l u b l e i n water than the nonionised species, i t has a higher 
CMC value. More importantly, a C-13 nmr study of t h i s c l a s s of 
compound (8) i n d i c a t e d that the degree of penetration of water 
molecules i n t o the m i c e l l a r core increases with i n c r e a s i n g c a t i o n i c 
character of the m i c e l l e (up to three carbons of a f u l l y i o n i s e d 
m i c e l l e ) , r e s u l t i n g i n an u p f i e l d chemical s h i f t of carbon atoms 
near the head group region with i n c r e a s i n g degree of protonation 
of the m i c e l l e surface. The condensing e f f e c t on the monolayer 
upon i o n i s a t i o n can therefore be considered as a consequence of the 
increased s o l v a t i o n ; the molecules penetrate i n t o the bulk aqueous 
substrate. At an intermediate substrate pH, the protonated mole
cules are more solubl e , therefore more are embedded i n the subsolu
t i o n , while the nonionised f r a c t i o n remains higher i n the surface 
i n order to minimise paraffin-water i n t e r f a c i a l area. Under these 
conditions, the monolayer can assume the l e a s t expanded configura
t i o n , due to p o s s i b l e "staggering
t h i s s p a t i a l arrangemen
a c i d i f i c a t i o n of the aqueous substrate increases the f r a c t i o n of 
molecules i o n i s e d , but the condensing e f f e c t due to increased s o l 
v a t i o n i s o f f s e t by an increased e l e c t r i c a l r e p u l s i o n between 
neighbouring charged head groups, r e s u l t i n g i n a s l i g h t expansion 
of the monolayer. This i n t e r p r e t a t i o n i s most consistent with both 
the C-13 nmr and the monolayer r e s u l t s . 

SODS Films. For an i o n i s e d monolayer, a r e l a t i v e l y large surface 
p o t e n t i a l i s expected, negative i n s i g n f o r a long chain s u l f a t e 
monolayer. However, the present r e s u l t s show that the surface 
p o t e n t i a l i s small, i n d i c a t i n g that the surface i s probably not 
completely i o n i s e d , or that the counter ions, although d i s s o c i a t e d , 
are w i t h i n a very c l o s e v i c i n i t y to the plane of the negatively 
charged i n t e r f a c e , as was suggested by the electromotive force 
determination of the apparent binding of counterions (Na + ions) on 
the sodium dodecyl s u l f a t e m i c e l l e surface (9), and on sodium t e t -
radecyl s u l f a t e m i c e l l e surface from an electrochemical study (10). 

The expansion of the f i l m with i n c r e a s i n g a c i d i t y of the sub
s t r a t e may be due to the competition of counterions at the i n t e r 
face. The swamping amount of H ions i n low pH subsolution com
petes with Na + ions at the n e g a t i v e l y charged i n t e r f a c e . Such com
p e t i t i o n has been shown to e x i s t between H* ions and K + ions at the 
negatively charged m i c e l l e - s o l u t i o n i n t e r f a c e (11). Studies on the 
counterion e f f e c t s i n sodium docosyl s u l f a t e monolayers (6,12) have 
shown that the f i l m expansion follows the sequence L i + > Nâ ~~> K+. 
It follows that H + should give r i s e to the most expanded f i l m . 

Mixed Films. Isotherm data from two-component monolayers are f r e 
quently represented by p l o t t i n g the mean molecular area as a func
t i o n of f i l m composition at constant surface pressure. A l i n e a r 
r e l a t i o n s h i p i s u s u a l l y obtained when the two components are immis
c i b l e or when they form an i d e a l two-dimensional s o l u t i o n . For 
m i s c i b l e components, deviations from i d e a l i t y r e s u l t i n a non-
l i n e a r i t y i n the p l o t . P o s i t i v e deviations i n d i c a t e an increase i n 
the area occupied by e i t h e r one or both components, probably due to 
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a more r e p u l s i v e i n t e r a c t i o n i n nature, whereas negative deviations 
are i n d i c a t i v e of condensation. Figure 8 represents such a p l o t 
f o r the system CieDAO/SDS studied on the pH 5.5 subsolution. 
C l e a r l y these two components i n t e r a c t favourably so as to produce 
condensation of r e l a t i v e l y large magnitude. Mixtures studied at 
pH 10.9 and pH 2.2 e x h i b i t the same features. At l e a s t two f a c t o r s 
are involved i n the process: 1) chain length c o m p a t i b i l i t y and 2) 
head group i n t e r a c t i o n . The former i s responsible f o r the hydro
phobic i n t e r a c t i o n between the chains: compatibile chains r e s u l t 
i n maximum cohesive i n t e r a c t i o n s between the a l k y l groups while 
incompatible chains have a d i s r u p t i v e e f f e c t on the packing of 
molecules i n the monolayer. Shibata et a l . (13) have shown that 
the most pronounced condensing e f f e c t i s u s u a l l y observed when the 
two components have equal chain length, f o r a f i x e d t o t a l number of 
carbon atoms. This c o m p a t i b i l i t y i s important i n determining the 
p r o p e r t i e s of mixed m i c e l l a r s o l u t i o n s (1), and i n the formation of 
microemulsion systems (14-16)

The second f a c t o r
i n f l u e n c e the surface p r o p e r t i e s of mixed surfactant markedly. In 
p a r t i c u l a r , a n i o n i c / c a t i o n i c surfactant mixtures e x h i b i t the 
l a r g e s t e f f e c t (17,18). In nonionic/anionic surfactant mixtures, 
s y n e r g i s t i c e f f e c t s can s t i l l take place to a s i g n i f i c a n t extent, 
as revealed i n Figure 3 (pH 10.9, nonionic amine oxide with 
a n i o n i c long chain s u l f a t e ) , since i n s e r t i o n of nonionic surfactant 
molecules i n t o an i o n i c s u r f a c t a n t molecular assembly minimises 
e l e c t r o s t a t i c r e p u l s i o n (19). 

Except i n a very a c i d i c medium i n which the amine oxide mole
cules are protonated by the excess protons already present i n the 
bulk s o l u t i o n , i t i s a l s o p o s s i b l e that the strong i n t e r a c t i o n s 
between these two species i s a r e f l e x i o n of an induced acid-base 
e q u i l i b r i u m s h i f t of the amine oxide i n the aqueous medium, brought 
about by the a d d i t i o n of long chain s u l f a t e . As i s known from the 
Gouy-Chapman theory (20,21), a d i f f u s e l a y e r of counter-cations 
b u i l d s up and anion d e p l e t i o n i s e s t a b l i s h e d near a negatively 
charged surface. One a d d i t i o n a l consequence of t h i s negative sur
face p o t e n t i a l i s the accumulation of protons at the surface and 
hence the surface pH i s lower than the bulk value. The presence of 
a long chain s u l f a t e i n an amine oxide molecular assembly can 
therefore s i g n i f i c a n t l y modify the acid-base e q u i l i b r i u m s t a t e of 
amine oxide; production of the protonated species i s enhanced. 
This i n t e r p r e t a t i o n i s confirmed by the s o l u t i o n behaviour of 
C18DA0/SDS mixtures. Solutions of these two components have been 
shown to be t u r b i d and biréfringent, and the a d d i t i o n of SDS to 
CieDAO r e s u l t s i n the production of f i l a m e n t - l i k e structures and an 
increase i n the bulk pH value, suggesting the formation of a new 
species between protonated CieDAO and SDS, which i s a l s o respon
s i b l e f o r the surface tension lowering (1). The increase i n bulk 
pH value i s then a consequence of the consumption of hydrogen ions 
i n the production of c a t i o n i c amine oxide, and the protonated amine 
oxide and the long chain s u l f a t e p r e c i p i t a t e out s t o i c h i o m e t r i c a l l y . 

Mixtures of compatible chain systems, v i z . ; C12DA0/SDS and 
CmDAO/SDS, lead to the formation of mixed m i c e l l e s which i s a l s o 
accompanied by an increase i n the pH of the s o l u t i o n . However, the 
increase i n pH i n these two cases may not be caused by the protona-
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Figure 8. Mean molecular area vs. composition p l o t s f o r CieDAO/SDS 
mixed f i l m s spread on 0.01M NaCl, pH 5.5 (HC1) subsolution at 25°C. 
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t i o n process. Protonation i n i t s usual sense implies an a c t u a l 
bond formation. I f the amine oxide molecules are protonated, then 
an i o n - i o n i n t e r a c t i o n with the s u l f a t e w i l l be r e f l e c t e d i n the 
bulk by the formation of an i n s o l u b l e 1:1 double long chain s a l t ; 
the absence of p r e c i p i t a t i o n would then be i n d i c a t i v e of the ab
sence of any s u b s t a n t i a l i o n - i o n i n t e r a c t i o n . In the cases of 
Ci2DAO/SDS and CiifDAO/SDS mixtures, since no p r e c i p i t a t i o n occurs 
f o r a l l mixing r a t i o s i n v e s t i g a t e d , the observed increase i n bulk 
pH i s probably due to the adsorption of H3 0*" ions on the m i c e l l e 
surface, rather than a c t u a l protonation of amine oxide molecules, 
only when there are s u f f i c i e n t protons a v a i l a b l e , such as with the 
a d d i t i o n of an a c i d , w i l l protonation of the amine oxide and the 
formation of the double chain complex take place. This a l t e r n a t i v e 
i n t e r p r e t a t i o n of the increased pH value has been considered pre
v i o u s l y . Therefore i t i s proposed that there are two d i f f e r e n t 
mechanisms, both of which are needed i n order to e x p l a i n the i n t e r 
a c t i ons between alkyldimethylamin
f a c t o r i l y . When the a l k y
p a r a f f i n i n t e r a c t i o n i s maximised, the formation of mixed m i c e l l e 
i s favoured and i s accompanied by the adsorption of hydronium ions 
on the surface. When the a l k y l chains do not match, head group 
i n t e r a c t i o n predominates, and protonation of amine oxide i s 
favoured, r e s u l t i n g i n the formation of a 1:1 i n s o l u b l e complex. 

Goddard and Kung (2) have i n v e s t i g a t e d the mixed monolayer 
properties of docosyldimethylaminde oxide and nonadecyl benzene 
sulfonate under conditions i d e n t i c a l to t h i s study. The mean mole
c u l a r area versus composition p l o t s show small p o s i t i v e deviations 
from i d e a l i t y , and the ττ-Α curves of the mixed f i l m s are of s i m i l a r 
shape. This i s probably due to the presence of benzene r i n g i n the 
chain; the bulky group has a negative s t e r i c e f f e c t on the packing 
of the a l k y l chains. Nevertheless, favourable i n t e r a c t i o n s can 
s t i l l be expected. Kolp e t ^ a l . (3) have i n v e s t i g a t e d the s o l u t i o n 
behaviours of the shorter chain homologs, dodecyldimethylamine 
oxide and dodecylbenzene sulfonate. They found that the protonated 
amine oxide molecules and the long chain sulfonate p r e c i p i t a t e 
m e t a t h e t i c a l l y . Removal of the bulky group optimises the packing of 
the chains, and can produce s y n e r g i s t i c e f f e c t s . Another study has 
confirmed (22) that mixtures of dodecyldimethylamine oxide and 
sodium dodecane sulfonate show very pronounced surface tension 
lowering upon mixing, and that p r e c i p i t a t i o n occurs only i n d i l u t e 
s o l u t i o n s . Hence the expected but not detected i n t e r a c t i o n between 
C 22 amine oxide and nonadecyl benzene sulfonate i s probably a 
s t e r i c e f f e c t due to the presence of a bulky group i n the mixed 
molecular assembly. 
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10 
The Penetration of Monolayers by Surfactants 

D. M . Alexander, G. T. Barnes, M . A. McGregor, and K. Walker 

Department of Chemistry, University of Queensland, Brisbane, Australia 

When a surfactant is injected into the liquid beneath 
an insoluble monolayer, surfactant molecules may 
adsorb at the surface
monolayer molecules
determine the extent of this penetration. In 
principle, equilibrium penetration is described by the 
Gibbs equation, but the practical application of this 
equation is complicated by the need to evaluate the 
dependence of the activity of monolayer substance on 
surface pressure. There have been several approaches 
to this problem. In this paper, previously published 
surface pressure-area isotherms for cholesterol 
monolayers on solutions of hexadecyl-trimethyl-
ammonium bromide have been analysed by three 
different methods and the results compared. For this 
system there is no significant difference between the 
adsorption calculated by the equation of Pethica and 
that from the procedure of Alexander and Barnes, 
but analysis by the method of Motomura, et al. gives 
results which differ considerably. These differences 
indicate that an independent experimental measurement 
of the adsorption should be capable of discriminating 
between the Motomura method and the other two. 

If a surfactant is injected into the liquid beneath an insoluble 
monolayer, there are often marked changes in the properties of the 
monolayer. These changes are usually attributable to the 
penetration or adsorption of surfactant between the monolayer 
molecules. Early experiments, beginning with Schulman and Hughes 
(1), concentrated on the kinetics of penetration, and 
interpretations ranged from the formation of stoichiometric 
complexes between monolayer and surfactant (2-3) to simple space
filling models (4·). However in recent years there has been a 
recognition (5) that equilibrium measurements are essential to a 
proper understanding of the phenomena. 

0097-6156/ 86/ 0311 -0133506.00/ 0 
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In such an e q u i l i b r i u m study the surfactant i s i n j e c t e d beneath 
a monolayer (6), the surface i s compressed i n stages with e q u i l i b r i u m 
being e s t a b l i s h e d at each step, and the e q u i l i b r i u m surface pressure-
area isotherm i s e s t a b l i s h e d . In t h i s way, isotherms f o r a range of 
surfactant concentrations are produced. 

For i n t e r p r e t i n g thesedata, and as a f i r s t step towards 
formulating a model f o r monolayer penetration, i t i s c l e a r l y 
d e s i r a b l e to c a l c u l a t e the amount of surfactant that has penetrated 
the monolayer. This has proved to be a d i f f i c u l t t h e o r e t i c a l 
problem, but i n recent years some l i m i t e d s o l u t i o n s and a general 
s o l u t i o n have been found. In t h i s paper we examine data f o r the 
penetration of c h o l e s t e r o l monolayers by hexadecyl-trimethyl-
ammonium bromide (CTAB) (7) and compare the penetration or 
adsorption values c a l c u l a t e d from the d i f f e r e n t treatments. 

Theory 

In p r i n c i p l e , the penetratio
given by the Gibbs equation. For a non-ionic monolayer and an 
io n i s e d surfactant (as i n the system examined), t h i s equation i s : 

dU/RT = T M d In + T_d In λ_ + ̂ d In λ_ (1) 

where su b s c r i p t s M, S, C r e f e r to monolayer molecules, surfactant 
ions and counter-ions r e s p e c t i v e l y . 

For the very d i l u t e s o l u t i o n s u s u a l l y encountered i n penetration 
s t u d i e s , i t i s reasonable to put 

Xs = ms (2) 

and i f there i s no added e l e c t r o l y t e and no surface h y d r o l y s i s , 

Xc = X s = ms (3) 

and 

Also by d e f i n i t i o n , 

Equation 1 then y i e l d s the expression: 

_ L . f i _ Bl^M ) 9Π 
1̂3 l n m s 

(6) 

In the usual experimental s i t u a t i o n a l l q u a n t i t i e s on the r i g h t of 
t h i s equation are known or measurable except f o r the dependence of 

on surface pressure. There have been several attempts to reso l v e 
t h i s d i f f i c u l t y . 
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Pethica (_5) put 

mamyan)^ (7) 

which he c a l l e d the p a r t i a l molar area of M, and assumed that f o r a 
chosen surface pressure, 

M 

1 
2RT 

Ά - ΆΊ 3Π 
3 lnmn A,n. M 

and a l l q u a n t i t i e s on th
Later, Alexander an

conditions of equation 7 are not those required f o r the p a r t i a l 
molar area. This i s given by: 

(8) 

the area per molecule of the pure M monolayer. His equation i s , 
therefore, 

(9) 

A. = RT(d In λ„/3Π) σ σ 
M M «Jj.Wg 

(10) 

As a consequence equation 9 can only be used i n the region of 
s a t u r a t i o n adsorption or i n c e r t a i n s p e c i a l circumstances. 

They derived a general equation which, however, requires the use 
of s e v e r a l approximations i f Γs i s to be c a l c u l a t e d from experimental 
data. In a d d i t i o n to the usual assumptions (equations 2-4), they put 
( a f t e r Pethica) 

and 
σ σ 

and derived the equation: 

3Π 2RT 1 -
^ ( 3 ^ / 3 Π ) η σ ί η σ 

This equation can be solved f o r A^ which i n turn y i e l d s the 
adsorption: 

(11) 

(12) 

(13) 

(14) 

I t should be noted that i n both of these approaches i t i s 
necessary to make an assumption about the p a r t i a l molar area of 
monolayer (equation 8 or 11). 

F i n a l l y , Motomura et al. (9) derived an expression which, with 
equations 3 and 4, becomes 
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Γ = Γ° 
s s 

(ms/2RTAK) θ Δ Π / 3 ^ . ) Λ Ρ ) Λ (15) 

A l l q u a n t i t i e s on the r i g h t can be determined and no assumption 
about the p a r t i a l molar area of M i s necessary. 

Results 

Numerical data are a v a i l a b l e from our e a r l i e r penetration work f o r a 
number of monolayer/surfactant systems. The simplest of these 
systems was selected for t h i s i n i t i a l a n a l y s i s : the penetration of 
c h o l e s t e r o l monolayers by hexadecyl-trimethyl-ammonium bromide (CTAB) 
(7). C h o l e s t e r o l monolayer t 298 Κ e x h i b i t  s i n g l e  h i g h l
incompressible, condense
phase occurring at a n e g l i g i b l
appear to undergo surface h y d r o l y s i s (10) and the gaseous-to-expanded 
phase t r a n s i t i o n occurs at a low concentration (0.043 mmol kg"l) and 
a low surface pressure (1.0 mN m~l). 

Adsorption values c a l c u l a t e d f o r t h i s system by the three 
procedures described above are shown i n Figures 1-4. 

The values c a l c u l a t e d by the procedure of Alexander and Barnes 
(equations 13 and 14) are i n d i s t i n g u i s h a b l e from those obtained from 
the Pethica equation (equation 9). In contrast, markedly d i f f e r e n t 
values were obtained by the Motomura a n a l y s i s (equation 15). 

A l l three methods r e l y on the accurate determination of the 
slopes of curves. This i s a major source of e r r o r when there i s some 
sc a t t e r i n the data, as there i s i n t h i s case. However, i t i s not 
s u f f i c i e n t to e x p l a i n the d i f f e r e n c e s between the Motomura analyses 
on the one hand and the adsorptions c a l c u l a t e d by the other two 
methods. 

Discussion 

For t h i s system, and over the experimental range studied, the 
adsorption values c a l c u l a t e d by the Pethica equation are very s i m i l a r 
to those obtained by the procedure of Alexander and Barnes. 
Unfortunately there are i n s u f f i c i e n t data to permit a n a l y s i s i n those 
regions where the two procedures might be expected to y i e l d d i f f e r e n t 
r e s u l t s . 

When the curves ίη ΛFigure 1 are compared with the curve f o r the 
monolayer-free system ( i M = 0 0) major d i f f e r e n c e s are apparent. At 
low surfactant concentrations the adsorptions i n the presence of 
monolayer of t e n exceed the values f o r the monolayer-free system. 
Part of t h i s e f f e c t might be a t t r i b u t a b l e to the s c a t t e r i n the 
o r i g i n a l experimental data, but even when the most favourable 
i n t e r p r e t a t i o n i s taken, the e f f e c t i s not removed e n t i r e l y . Thus 
these c a l c u l a t i o n s suggest that the monolayer can enhance the 
adsorption of s u r f a c t a n t . 

This does not happen with the a n a l y s i s by the Motomura method. 
Equation 15 shows that the i n t e g r a l term i s used as a c o r r e c t i o n to 
the monolayer-free adsorption Γ§. To give an enhancement, the 
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FIG. 1. Penetration of c h o l e s t e r o l monolayers by CTAB c a l c u l a t e d by 
the equation of Pethica and the procedure of Alexander and 
Barnes. 
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FIG. 2. Penetration of c h o l e s t e r o l monolayers by CTAB c a l c u l a t e d by 
the procedure of Motomura et at. 
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FIG. 3. Penetration of c h o l e s t e r o l monolayers by CTAB c a l c u l a t e d by 
the procedure of Motomura et al. 
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FIG. 4. Comparison of d i f f e r e n t procedures f o r c a l c u l a t i n g the 
penetration of c h o l e s t e r o l monolayers by CTAB: closed p o i n t s , 
Pethica and Alexander and Barnes; open p o i n t s , Motomura et at* 
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i n t e g r a l would have to be negative which would i n turn r e q u i r e 
negative slopes pAIl/3ff?s). This system does give negative slopes, 
but only at low and the i n t e g r a l s nevertheless remain p o s i t i v e . 

At high surfactant concentrations the surface pressure - area 
curves tend towards the surface pressures of the pure surfactant 
£ΔΠ 0). Thus the i n t e g r a l s i n equation 15 appear to be zero f o r 
Ay[ > 1.4 nm2 molecule -1 and the adsorptions are then equal to the 
adsorptions f o r the monolayer-free system. In contrast, the Pethica 
equation at t h i s area s t i l l imposes a s i g n i f i c a n t c o r r e c t i o n f a c t o r 
on the adsorption: the slope (3Π/3 lntf?s) f o r Aft = 1-4 nm2 

molecule~l equals that f o r the monolayer-free system but (Aft-A&)/ 
Ay[ 5 0 . 7 . 

The Motomura a n a l y s i s i n Figure 2 shows the e f f e c t s of monolayer 
compression. As expected, compression causes some e j e c t i o n of 
s u r f a c t a n t , p a r t i c u l a r l y at low surfactant concentrations. There 
even appears to be negative adsorption at 0.6 mmol kg"~l» but while 
t h i s r e s u l t i s p l a u s i b l
which surfactant would nee

Conclusions 

The adsorption values c a l c u l a t e d by the method of Motomura et al. 
d i f f e r appreciably from those c a l c u l a t e d by the procedures of 
Pethica and of Alexander and Barnes. D i s c r i m i n a t i o n between these 
theories should therefore be p o s s i b l e by measuring the adsorptions 
by an independent experimental method, such as through the use of 
r a d i o - l a b e l l e d s urfactants (11-12). 

The Motomura equation i s apparently derived without e x t r a -
thermodynamic assumptions, but the other approaches, through the 
necessary approximations, are based on models f o r the system. 
Independent adsorption measurements could r e v e a l any d e f i c i e n c i e s i n 
these models and suggest refinements. 
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Legend of Symbols 

area 

area per mole (or molecule) of M 

area per mole (or molecule) of M without surfactant present 

p a r t i a l molar area of i 

m o l a l i t y of surfactant 

amount of i adsorbed 

pressure 

\ = 

m s " 
σ 
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R = gas constant 

Τ = temperature 

γ = surface tension 

I\ = adsorption of i 

Γ° = adsorption of i without monolayer 

= absolute a c t i v i t y of i 

Π = surface pressure = Y w a t e r - Y f ± l m 

ΔΠ = Π - Π° 

Subscripts 

M, monolayer molecules 

S, surfactant ions 

C, counter-ions 
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11 
Molecular Interaction and Synergism in Binary Mixtures 
of Surfactants 

Milton J. Rosen 

Department of Chemistry, Brooklyn College, The City University of New York, Brooklyn, 
NY 11210 

Non-ideal solutio
value of a parameter,  ,
action between two surfactants in mixed monolayer 
or mixed micelle formation. The value of this 
parameter, together with the values of relevant 
properties of the individual, pure surfactants, 
determines whether synergism will exist in a 
mixture of two surfactants in aqueous solution. 
The conditions for synergism in surface tension 
reduction efficiency, mixed micelle formation, 
and surface tension reduction effectiveness in 
aqueous solution have been derived mathematically 
together with the properties of the surfactant 
mixture at the point of maximum synergism. This 
treatment has been extended to liquid-liquid 
(aqueous solution/hydrocarbon) systems at low 
surfactant concentrations.) The effect of 
chemical structure and molecular environment 
on the value of β is demonstrated and 
discussed. 

During the past few years, the determination of the interfacial 
properties of binary mixtures of surfactants has been an area in 
which there has been considerable activity on the part of a number 
of investigators, both in industry and in academia. The interest 
in this area stems from the fact that mixtures of two different types 
of surfactants often have interfacial properties that are better 
than those of the individual surfactants by themselves. For example, 
mixtures of two different surface-active components sometimes reduce 
the interfacial tension at the hydrocarbon/water interface to values 
far lower than that obtained with the individual surfactants, and 
certain mixtures of surfactants are better foaming agents than the 
individual components. For the purpose of this discussion we define 
synergism as existing in a system when a given property of the 
mixture can reach a more desirable value than that attainable by 
either surface-active component of the mixture by itself. 

0097-6156/ 86/ 0311 -0144$06.00/ 0 
© 1986 American Chemical Society 
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In my laboratory at Brooklyn College, we have been i n v e s t i g a t i n g 
molecular i n t e r a c t i o n s and synergism i n binary mixtures of s u r f a c t 
ants f o r the past f i v e years (1-6). The key to both i n v e s t i g a t i o n s 
i s the determination of the value of a parameter, 3, that measures 
the nature and the extent of the i n t e r a c t i o n between the two 
s u r f a c t a n t s . I f the i n t e r a c t i o n between the two surfactants i s 
a t t r a c t i v e , 3 i s negative; i f the i n t e r a c t i o n i s r e p u l s i v e , then 3 
i s p o s i t i v e . The l a r g e r the value of 3, the stronger the i n t e r a c t i o n , 
e i t h e r a t t r a c t i v e or r e p u l s i v e , between the two s u r f a c t a n t s . To 
date, 3 values, determined e i t h e r i n our laboratory or i n the 
laboratory or i n the l a b o r a t o r i e s of other i n v e s t i g a t o r s , have ranged 
from 0 to -30; 0 i n d i c a t i n g no i n t e r a c t i o n and -30 an extremely 
strong i n t e r a c t i o n . The 3 values f o r mixtures of two given s u r f a c t 
ants at a s p e c i f i e d temperature v a r i e s , depending upon the p a r t i c u l a r 
i n t e r f a c i a l phenomenon being i n v e s t i g a t e d . For example, f o r mix
tures of sodium n - o c t y l s u l f a t e and n - o c t y l trimethylammonium 
bromide, the 3 value f o
aqueous s o l u t i o n / a i r i n t e r f a c
m i c e l l e formation at 25°C i n water i s -10.2 (6). 

The e v a l u a t i o n of the i n t e r a c t i o n parameters i s based upon 
equations (1 and 2), derived by Rubingh (7) f o r mixed m i c e l l e 
formation from the thermodynamics of the system: 

= χ \ \ Μ (1) 

(1-cO = ( l - x " ) f 2
M C 2

M (2) 

α = mole f r a c t i o n of surfactant 1 i n the t o t a l s u r f a c t a n t i n the 
s o l u t i o n phase; 
M M M 

C^jC^ , C ^ = c r i t i c a l m i c e l l e concentrations of i n d i v i d u a l 

surfactants 1 and 2 and t h e i r mixture, r e s p e c t i v e l y , at a given 

value of α; X M « mole f r a c t i o n of s u r f a c t a n t 1 i n the t o t a l s u r f a c t -
M M 

ant i n the mixed mi c e l l e ; f ^ , f ^ = a c t i v i t y c o e f f i c i e n t s of 
i n d i v i d u a l surfactants 1 and 2, r e s p e c t i v e l y , i n the mixed m i c e l l e ; 

M M 
and equations (3 and 4) f o r the a c t i v i t y c o e f f i c i e n t s , and * 

i* = exp f5 M (1-xV (3) 

f 2
M = exp 0 M ( X V (4) 

using regular s o l u t i o n theory. 

From equations (1-4), we obtain 

(X*)2 i n ( a C ^ / x V ) 

(1-xV i n [ ( l - a ) ^ / ( l - x V / 
= 1 (5) 
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and R
M = i n (aC* /Χ^Λ 
β X - X — (6) 

U-xV 
Equation (5) i s solved numerically f o r X M, and s u b s t i t u t i o n of 

i n equation (6) y i e l d s the value of 3 (the molecular i n t e r 
a c t i o n parameter f o r mixed m i c e l l e formation i n aqueous s o l u t i o n ) . 

We have extended t h i s treatment (equations 7 and 8) to mixed 
monolayer formation (1), 

ac~2 = X f ^ 0 (7) 

( l - a ) C 1 2 = (1-X

X = mole f r a c t i o n of surfactant 1 i n the t o t a l surfactant i n the 
mixed monolayer; 0^°, C 2 ° , C 1 2 = s o l u t i o n phase molar concentrations 
of surfactants 1, 2, and t h e i r mixture, r e s p e c t i v e l y , required to 
produce a given surface tension value; 
f1^2 = act^v^-ty c o e f f i c i e n t s of i n d i v i d u a l s u r f a c t a n t s 1 and 2, 
r e s p e c t i v e l y , i n the mixed monolayer; 

using the non-ideal s o l u t i o n approximations (8) f o r the a c t i v i t y 
c o e f f i c i e n t s , 

f± = exp 3σ ( 1 - X ) 2 (9) 

f 2 = exp 3σ X 2 (10) 

where $° i s the molecular i n t e r a c t i o n parameter f o r mixed monolayer 
formations at the aqueous s o l u t i o n / a i r i n t e r f a c e . Equation (7-10) 
y i e l d 

x2m (ac^/xc^) ( n ) 

(1-X) 2 In [(1-a) C 1 2/(1-X)C 2°] 

β Μ =
 1 Π ( a C 1 2 / X C i ° > 

(1 - X ) 2 (12) 

analogous to equations (5) and (6), from which (3° can be evaluated. 

We have shown (1), not only that the s i n g l e parameter, (3°, 
can be used to p r e d i c t surface tension values f o r any value of a, 
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as Rubingh d i d f o r c r i t i c a l m i c e l l e concentrations using 3M, but 
that the values of X, obtained by use of the equation f o r mixed 
monolayer formation, agree w e l l with those c a l c u l a t e d by an indepen
dent method from surface excess concentrations by use of the Gibbs 
adsorption equation. 

σ M 
The experimental determination of 3 and 3 i s shown i n 

Figure 1. I t involves determining the surface tension-log concen
t r a t i o n curves f o r each of the pure components and f o r at l e a s t one 
mixture of them at a s p e c i f i c value of a. For c a l c u l a t i n g 3σ (the 
i n t e r a c t i o n parameter f o r mixed monolayer formation), C°, C 2, and 

C*12 are needed; f o r de terming 3̂  (the i n t e r a c t i o n parameter f o r 

mixed m i c e l l e formation i n aqueous s o l u t i o n ) , the c r i t i c a l m i c e l l e 
M M M concentrations, C , , and > a r e required. 

Synergism i n surfac
e f f i c i e n c y of surface tensio
(9) as the s o l u t i o n phase concentration required to produce a given 
surface tension (reduction). Synergism i n t h i s respect i s present 
i n a binary mixture of surfactants when a given surface tension 
(reduction) can be atta i n e d at a t o t a l mixed surfactant concentration 
lower than that required of e i t h e r surfactant by i t s e l f . This i s 
i l l u s t r a t e d i n Figure 2. 

From equations (7) and (9), we obtain 

in C 1 2 - in C° = in a+f (1-X) 2 (13) 

The c o n d i t i o n f o r synergism i s : C^ 2 < C°> C 2 

Thus in X - in a + 3° (1-X) 2 < 0 (14) 

When synergism e x i s t s , a minimum w i l l e x i s t i n the C^ 2 

vs. α curve, i . e . , dC 1 2/da = 0 

From the preceding, i t can be shown (1) that when dC 1 2/da = 0, 
then X = α Λ , i . e . , the mole f r a c t i o n of each surf a c t a n t i n the t o t a l 
s urfactant i n the t o t a l s urfactant i n the mixed monolayer equals i t s 
mole f r a c t i o n i n the s o l u t i o n phase at the point of maximum 
synergism. S u b s t i t u t i n g t h i s i n t o equations (7), (8), and (14), we 
obtain the conditions f o r synergism i n t h i s respect: 

no 
1. ρ must be negative. 

2. I to c°/c° j < I β σ I 
where C° and C° are the s o l u t i o n phase molar concentration of pure, 
i n d i v i d u a l surfactants 1 and 2, r e s p e c t i v e l y , required to a t t a i n a 
given surface tension (reduction). 

At the point of maximum synergism, the mole f r a c t i o n a A , of 
surfactant 1 i n the s o l u t i o n phase equals i t s mole f r a c t i o n i n the 
mixed monolayer at the aqueous s o l u t i o n / a i r i n t e r f a c e , and i s given 
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l o g C 

Figure 1. Experimental evaluation of 3 or 3 . (Ï) Pure 
surfactant 1; (2) Pure surfactant 2; @ Mixture of 
surfac t a n t s 1 and 2 at a given mole f r a c t i o n , a, i n s o l u t i o n . 
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© Ο Θ 

l o g C 

Figure 2 . Synergism i n surface tension reduction e f f i c i e n c y 

(C^2 < or ^ 2 ° ) or i n mixed m i c e l l e formation 

( C 1 2
M < or C 2

M ) © Pure surfactant 1; 

(2) Pure surfactant 2 ; (£2) Mixture of surfac t a n t s 1 and 2 at 
a given mole f r a c t i o n , a, i n s o l u t i o n . 
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by the r e l a t i o n s h i p : 
An <C°/C°) + S>° 

α. = x = (15) 

where X i s the mole f r a c t i o n of s u r f a c t a n t 1 i n the mixed monolayer. 
The minimum mixed surfactant concentration i n the s o l u t i o n phase, 
C12 min' r e c l u i r e c * t o a t t a i n a given surface tension (reduction) i s 
given by the expression: 

C12,min = C l e x p 

in C°/C° ] 2 

2 g u 

(16) 

Figure 3 shows the t o t a l surfactant concentration required 
to a t t a i n a given surface tension (reduction) as a f u n c t i o n of α i n 
a number of binary surfactant systems  I t i l l u s t r a t e s the r e q u i r e 
ment that J£n C^/C^ | mus
surface tension reduction e f f i c i e n c y to occur. Table I shows some 
data f o r a system showing synergism, together with values c a l c u l a t e d 
f o r a. and C, 0 . using equations (12) and (13). iz,mm, 

Table I. Synergism i n Surface Tension Reduction E f f i c i e n c y 

System: C 1 2 H 2 5 S 0 4 N a / C 1 2 H 2 5 ( O C 2 H 4 ) g 0 H i n 0.5 M NaCl 

= -3.2; in C°/C° = 1.7; γ « 36 dyne cm -1 

α Χ C12, mol dm 3 

0 0 5.0 χ 10" 5 

0.20 0.22 4.6 χ 10" 5 

0.40 0.30 4.9 χ 1 θ " 5 

0.60 0.38 5.0 χ 10~ 5 

0.80 0.47 6.5 χ 10" 5 

Cale: α Α = 0.23; C12,min = 4.2 χ 10~ 5 mol dm"3 

a 
Adapted with permission from Réf. 3. Copyright 1982, 
American O i l Chemists 1 Society . 

We have extended t h i s treatment to the l i q u i d - l i q u i d i n t e r f a c e 
and have determined the c o n d i t i o n for synergism i n i n t e r f a c i a l 

tension reduction e f f i c i e n c y . The i n t e r a c t i o n parameter, f o r 
mixed monolayer formation at the l i q u i d - l i q u i d i n t e r f a c e i s deter
mined from p l o t s of i n t e r f a c i a l tension vs. t o t a l s u r f a c t a n t concen
t r a t i o n i n the system at constant phase volume r a t i o and constant 
i n i t i a l r a t i o of the two s u r f a c t a n t s . The conditions f o r synergism 
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Figure 3. Synergism i n surface tension reduction e f f i c i e n c y 
f o r some binary surfactant mixtures. 

Ο C 1 2 H 2 5 S 0 4 N a ^ C 1 4 H 2 9 S 0 4 N a raixtures i n 0.5 M NaCl at 25 C 

(γ = 36 mJm ) , showing no synergism; 

© C Η SO Na/C 2H 2 5(0C 2H,) f i0H mixtures i n 0.5 M NaCl at 

25°C (γ = 36 mJm ), showing synergism. 
Data from Lange, H. and Κ. Η. Beck, K o l l o i d Ζ. Ζ. Polym. 251, 
424 (1973). Adapted with permission from Ref. 3. Copyright 1982, 
American O i l Chemists 1 Society . 
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i n t h i s respect, as derived by t h i s treatment, are completely 
analogous to those obtained f o r the l i q u i d - a i r i n t e r f a c e : 

1 ) 
2 ) 

LL must be negative 

LL 
% t 

where C l , t and C 9 are the t o t a l system concentrations of i n d i v i d u a l ^ > t 
surfactants 1 and 2 , r e s p e c t i v e l y , required to produce a given 
i n t e r f a c i a l tension i n the two-phase systems containing only the 
i n d i v i d u a l s urfactants and a l l systems (containing i n d i v i d u a l sur
factants and t h e i r mixtures) are compared at the same phase volume 
r a t i o ( 1 0 ) . 

Under these conditions
i n the t o t a l s u r f a c t a n t
synergism equals the mole f r a c t i o n at the i n t e r f a c e and i s given by 
the expression: 

^ilt^LLLÎL ( 1 7 ) α = χ = 
2 β! LL 

The minimum t o t a l concentration of mixed surfactant i n the 
system C. 9 min, to produce a given i n t e r f a c i a l tension i s given by 

LL, t 
the expression: 

C n ο · = C-. ̂  exp 1 2 , t , m i n l , t v LL 
1° LL in C" ./C 

2ft LL 

(18) 

Synergism i n mixed m i c e l l e formation. Synergism i n t h i s respect 
i s present when the c r i t i c a l m i c e l l e concentration of any mixture i s 
lower than that of e i t h e r pure sur f a c t a n t . This i s i l l u s t r a t e d i n 
Figure 2 . 

By mathematical treatment s i m i l a r to that f o r synergism i n 
surface tension reduction e f f i c i e n c y , we have found that the condi
tions f o r synergism i n mixed m i c e l l e formation are: 

M 
1 . 3 must be negative 
2 · U n (cj/φ < I e

M I 
At the point of maximum synergism i n mixed m i c e l l e formation, 

M 
the mole f r a c t i o n , α Λ , of the surfactant 1 i n the s o l u t i o n phase 
equals i t s mole f r a c t i o n i n the mixed m i c e l l e and i s given by the 
r e l a t i o n s h i p : 

(19) in (0λ/02) + 3 

2 3 
where X M i s the mole f r a c t i o n of surfactant 1 i n the mixed m i c e l l e . 
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The cmc at the point of maximum synergism, i . e . , the minimum t o t a l 
mixed surfactant concentration i n the s o l u t i o n phase required f o r 
mixed m i c e l l e formation, m ± n > *-s S i - v e n by the r e l a t i o n s h i p : 

, _ 2 

"12, min C l exp - in <Ç/(Ç 

23 

(20) 

Figure 4 shows data f o r some systems i n which synergism does 
M 

and does not occur. We see that when the absolute value of 3 i s 
greater than the absolute value f o r in then synergism 

does occur; when i t i s not greater, synergism does not occur. 
Table I I l i s t s some data f o r a system showing synergism i n 

M M 
mixed m i c e l l e formation

c a l c u l a t e d using equations (19) and (20). 

Table I I . Synergism i n Mixed M i c e l l e Formation at 25°C a 

System: C ^ H ^ S O ^ a / C g H ^ i O C ^ ^ O H 

3M = -3.1; In ( ϋ ^ / φ =0.13 

α C^ 2(=c.m.c.), mol dm 3 

0.05 0.21 4.8 χ 10~ 3 

0.20 0.35 3.6 χ 10" 3 

0.50 0.49 3.5 χ 10" 3 

0.80 0.62 3.9 χ 1 θ " 3 

0.90 0.70 4.5 χ 10~ 3 

Cale: M M α. = 0.48; C, 0 . = * 12, mm 3.4 χ 10~ 3 mol dm"3 

Adapted with permission from Réf. 3. 
American O i l Chemists 1 Society . 

Copyright 1982, 

Here, a l s o we have extended (10) our treatment of synergism to 
2-phase l i q u i d systems and have derived equations that are completely 
analogous to those obtained f o r s o l u t i o n s i n contact with a i r , when 
the nonaqueous phase i s a hydrocarbon. The i n t e r a c t i o n parameter, 
M 

3 L L > i s obtained from the breaks i n the p l o t s of i n t e r f a c i a l tension 
vs. t o t a l s urfactant concentration i n the system, i n d i c a t i n g the 
onset of m i c e l l i z a t i o n i n the aqueous phase. 

Synergism i n surface tension reduction e f f e c t i v e n e s s . This 
e x i s t s when the mixture of surfactants of i t s cmc reaches a lower 
surface tension than that obtained at the cmc of e i t h e r component of 
the mixture by i t s e l f . This i s i l l u s t r a t e d i n Figure 5. 
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Figure 4. Synergism i n mixed m i c e l l e formation f o r some binary 
surfactant mixtures, φ C ^ H ^ S O ^ N a / C ^ H ^ ( O C ^ ) g0H mixtures 
i n water at 25°C, showing no synergism; 

Δ C l 2H 2 5S0 4Na/C gH 1 7(OC 2H 4) 7OH mixtures i n water at 25°C, 

showing synergism; data from Lange, H. and Κ. Η 
K o l l o i d Ζ. Ζ. Polym. 251, 424 (1973). 

0 ( C 

Beck, 

Μη Cu ++) 
-12 H25 S 04 )2 M / C l 2 H 2 5 ( O C 2 H 4 ) 4 9 O H ( M = Z n ' 

mixtures i n water at 30°C, showing synergism; data from 
Nishioka, N., J. C o l l o i d Interface S c i . 60, 242 (1977). 

® C 1 0 H 2 1 S ( O ) C H 3 / C 1 0 H 2 1 ( O C 2 H 4 ) 3 m i x t u r e s a t 2 5 ° C > s h o w i n g 
no synergism; data from Ingram, Β. T. and A.H.W. Luckhurst, i n 
"Surface A c t i v e Agents" Soc. Chem. Ind., London, 1979, p.89. 
Adapted with permission from Ref. 3. Copyright 1982, American 
O i l Chemists 1 Society . 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



R O S E N Synergism in Binary Mixtures of Surfactants 

Ο Θ Θ 

l o g C 

Figure 5. Synergism i n surface tension reduction e f f e c t i v e n e s s . 

(Ycmc^ < Y°cmc^ or γ ^ π κ ^ ) . © Pure surfactant 1; 

@ Pure surfactant 2; (Γ2) Mixture of surfactants 1 and 2 

at a given mole f r a c t i o n , a , i n s o l u t i o n . 
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The conditions f o r t h i s to occur are (6): 

n0 
1. ρ must be negative 

Ο M 
2. 3 - 3 must be negative 

3 · l e ° - e M l > l < d - 0 > * l 

where γ ,' γ „ are the surface tensions of pure su r f a c t a n t s cmcl cmc2 
1 and 2 by themselves i n aqueous s o l u t i o n and Κ i s the slope of the 
surface tension-natural l o g concentration curve of that s u r f a c t a n t 
having the l a r g e r surface tension value at i t s cmc. 

Data on systems showing synergism i n t h i s respect i n d i c a t e that 
fo r s u r factants containing a s i n g l e h y d r o p h i l i c and a s i n g l e 
hydrophic group, the point of maximum synergism i s reached when 

X = 0.5 
that i s , when there are approximatel
d i f f e r e n t s u r f a c t a n t s at the i n t e r f a c e . 

With t h i s assumption, at the point of maximum synergism 
i n t h i s respect, 

a* -<*/<(*+ φ (2D 

* / u · r u N O Κ1(2)(3σ- 3M) 
^cmc ( t h e m i n ^ o f t h e s y s t e m ) = Kmcl~2) 7 

(22) 

( t h i s equation works best when γ° i s f o r the surfactant having 
cmc 

the lower γ° va l u e ) . 
cj + ĉ  M 

cmc* (c.m.c. of the mixture at γ* ) = exp (3 M) (23) 
cmc A 

We have checked (6) these equations on 10 systems (Table III) 
for which data are a v a i l a b l e , and have found good agreement i n a l l 
cases between theory and experimental r e s u l t s . C a l c u l a t i o n s show 
that synergism i n t h i s respect i s very l i k e l y to occur i f 
|3σ - 3M| = 2 or more. 

Extension of the treatment (10) to 2 -phase l i q u i d systems 
gives the analogous conditions f o r synergism i n t h i s respect: 

1. & < 0 1. 
L L 

2. β σ - β Μ 

L L L L 

ο 
J · 

PLL L L 

< 0 

I > (Ycmcl,t " ^ m c 2 ) t ) / K 

Ύ° Y ° 
'cmcl, and cmc2 are the i n t e r f a c i a l tension values of surfac t a n t s 
1 and 2, r e s p e c t i v e l y , at the breaks i n t h e i r p l o t s of i n t e r f a c i a l 
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tensions vs. in C i n d i c a t i v e of m i c e l l e formation. Κ i s the slope 
t 9 

of the i n t e r f a c i a l tension - in f o r the i n d i v i d u a l s urfactant 
having the l a r g e r i n t e r f a c i a l tension at i t s cmc. 
The E f f e c t of S t r u c t u r a l and Molecular Environmental Factors on 
QO J Q M 

ρ and β 
Since a l l these s y n e r g i s t i c e f f e c t s depend upon the values of 

β σ and β Μ , we have determined β σ and β^ values f o r many binary 
Systems with d i f f e r e n t h y d r o p h i l i c and hydrophobic groups. I t i s 
i n s t r u c t i v e to see how the values are a f f e c t e d by the nature of the 
chemical s t r u c t u r e s of the two s u r f a c t a n t s that are present i n the 
systems and by the molecular environment surrounding them. 

Table IV l i s t s examples of systems showing strong i n t e r a c t i o n 
between the two surfactants ( |βσ or β Μ | > 10)  These are a n i o n i c
c a t i o n i c systems or thos
c a t i o n i c system by proto
systems containing C^ 2 dimethylamine oxide (C^ 2NMe 20) o r 

ammoniopropionate [C 1 2N +H 2(CH 2) 2C00~"] · These m a t e r i a l s , i n the 
presence of a n i o n i c s , are converted to c a t i o n i c s by a d d i t i o n of a 
proton, even at n e u t r a l pH. 

Table IV. E f f e c t of S t r u c t u r a l Factors on Values of β σ and B M 

Mixture Temp (°C) β° β Μ 

C 8 S 0 4 - N a + - C gN +Me 3Br" 25 -14.2 -10.2 

C 1 2 S 0 4 ~ N a + _ -C 1 2N +Me 3Br~ 25 -27.8 -25.5 

(both σ M β and β become more negative with increase i n R) 

C 1 2 S O 4 - K + - C 1 2NMe 20 25 -21.6 -16.5 

C 1 0S0 4-Na +-- C l 2 N + H 2 ( C H 2 ) 2 C 0 0 " 30 -13.4 -10.6 

C 1 2S0 4-Na +-- C 1 2 N + H 2 ( C H 2 ) 2 C 0 0 " 30 -15.7 -14.1 

C uS0 4-Na +-- C 1 2 N + H 2 ( C H 2 ) 2 C 0 0 ~ 30 -15.5 -15.5 

( | ί * σ 

1 2 
1 i s max. at R = R ; 

| β Μ | increases with R 1 + R 2 ) 

σ M 
In general, the value of both β and β become more negative 

as the chain lengths of the a l k y l groups present are increased, 
i n d i c a t i n g increased i n t e r a c t i o n of the two s u r f a c t a n t s with t h i s 

M 
change. The value of β appears to increase somewhat more r a p i d l y 
with t h i s change than the value of β σ , p o s s i b l y the r e s u l t of the 
c l o s e r packing of the chains below the curved surface of the m i c e l l e 
than at the planar air/water i n t e r f a c e . Another d i f f e r e n c e between 
i n t e r a c t i o n s i n mixed monolayers and i n mixed m i c e l l e s i s the 
maximum β σ value shown when the lengths of the a l k y l chains are 
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equal, which i s not true f o r β values. The l a t t e r appears to 
increase monotonically with increase i n the a l k y l chain length of 
e i t h e r of the two surfactants present i n the system. This a l s o may 
be due to the d i f f e r e n c e i n packing of the chains i n the planar 
monolayer and below the curved m i c e l l a r surface. 

Table V shows some systems with intermedicate strength i n t e r 
a c t i o n between the two surfactants (|$° or β Μ|3-10). The systems 
i n the upper p o r t i o n of the table are two d i f f e r e n t a n i o n i c -
z w i t t e r i o n i c systems. The f i r s t system contains a z w i t t e r i o n i c (a 
betaine) capable of r e a d i l y accepting a proton to become a c a t i o n i c 
species; the second system contains a z w i t t e r i o n i c (a sulfobetaine) 
of s i m i l a r s t r u c t u r e that i s much l e s s capable of accepting a 
proton (The sulfonate i o n i s a much weaker base than the carboxylate 
i o n . ) . The greater a b i l i t y of the f i r s t system to accept a proton, 
with the r e s u l t i n g strong a n i o n i c - c a t i o n i c i n t e r a c t i o n , gives i t a 
s i g n i f i c a n t l y greater (negative
at s i m i l a r pH. Note a l s

both 3 and β , ( increase i n surf a c t a n t i n t e r a c t i o n ) with decrease 
i n pH, as would be expected f o r an i n t e r a c t i o n i n v o l v i n g acceptance 
of a proton. 

Table V. E f f e c t of S t r u c t u r a l and Molecular Environmental Factors 

on Values of β σ and 

Mixture Temp (°C) β σ β Μ 

C 1 2S0 3~Na +—C 1 2N +(B z)(Me)CH 2C00" 25 -5.7 -5.0 

(pH = 5.0) 

C 1 2 S 0 3 ' N a + — C 1 2 N + ( B z ) ( M e ) C H 2 C 0 0 " 25 -4.9 -4.4 

(pH = 6.7) 

(both | β σ | and | β Μ | decrease with increase i n pH) 

C 1 2 S 0 3 " N a + — C 1 Q N + ( B z ) ( M e ) C 2 H 4 S 0 3 " 25 -2.5 

(pH = 6.6) 

C 1 2S0 4""Na +—C 1 2(0E) g0H 25 -2.7 -4.1 

C 1 2S0 3"Na +—C l 2(OE)gOH 25 1.5 -3.4 

(RS0 4~ i n t e r a c t i o n > RS03~~) 

The two systems at the bottom of the table i l l u s t r a t e an e f f e c t 
that we do not yet f u l l y understand: the s i g n i f i c a n t l y greater 
i n t e r a c t i o n of a l k y l s u l f a t e s , compared to a l k y l s ulfonates, with 
POE nonionics. We have observed t h i s i n a number of systems, both 
i n pure water and i n the presence of e l e c t r o l y t e . 

Table VI l i s t s data on systems showing weak i n t e r a c t i o n s 
( | β σ or β Μ | < 3). Included are POE nonionic systems containing a 
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c a t i o n i c , a z w i t t e r i o n i c , or a second POE nonionic as the second 
s u r f a c e - a c t i v e component. In the cationic-POE nonionic systems, 

Ο M 
the absolute values of both β and β decrease with i n c r e a s i n g 
i o n i c strength of the aqueous phase, i n d i c a t i n g that the i n t e r a c t i o n 
between the two surfactants must be e l e c t r o s t a t i c i n nature, 
presumably between the ether oxygens of the polyoxethylene chain 
and the p o s i t i v e charge of the pyridinium nitrogen. 

Table VI. E f f e c t of S t r u c t u r a l and Molecular Environmental 
σ M Factors on Values of β and β 

Mixture Temp (°C) β° β Μ 

C 1 2 P y r + C f — C 1 2 ( 0 E ) g (H 20) 25 -2.8 -2.7 

C 1 2 P y r + C r — C 1 2 ( 0 E ) g (0.

C 1 2 P y r + C l — ° 1 2
( Ο Ε ) 8 ( 0 , 5 M N a C 1 ) 25 -1.5 -1.0 

(both | β σ | and |β^| decrease with increase i n i o n i c strength) 

C 1 2 P y r + C 1 " — C
1 2

( 0 E ) 8 ( 0 ' 1 M N a C 1 ) 1 0 ~ 2 , 5 

C 1 2 P y r + c r — C 1 2 ( O E ) g ( 0 . 1 M NaCl) 40 -2.0 

(decrease i n | β σ | with temperature increase) 

C 1 2N +(B z)(Me)CH 2C00"*—C 1 2(0E) g 25 -0.6 -0.9 

C 1 2 ( 0 E ) 8 — C 1 2 ( 0 E ) g 25 -0.2 

(weak z w i t t e r i o n i c - n o n i o n i c or nonionic-nonionic i n t e r a c t i o n ) 

As might be expected, β σ decreases with increase i n tempera
ture, i n part because the area per molecule at the i n t e r f a c e 
increases as temperature increases, weakening the i n t e r a c t i o n 
between adjacent molecules. 

Table VII shows some s t r u c t u r a l e f f e c t s on POE n o n i o n i c - i o n i c 
M 

i n t e r a c t i o n s . From the β values f o r the systems l i s t e d here, i t 
appears that i n t e r a c t i o n between an a l k y l s u l f a t e and a POE 
increases with increase i n the number of oxyethylene u n i t s i n the 
nonionic. 

Table VIII shows the e f f e c t of i o n i c strength on the i n t e r 
a c t i o n between i o n i c s and FOE nonionics. In the c a t i o n i c - n o n i o n i c 
systems, there i s a monotonie decrease i n the absolute value of β σ , 
i . e . , a decrease i n i n t e r a c t i o n between the two s u r f a c t a n t s , with 
increase i n the i o n i c strength of the s o l u t i o n , i n d i c a t i n g that 
the nature of the i n t e r a c t i o n between the c a t i o n i c and the non
i o n i c i s probably e l e c t r o s t a t i c (since increase i n the i o n i c 
strength of the s o l u t i o n decreases e l e c t r o s t a t i c i n t e r a c t i o n s ) . 
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Table VII. E f f e c t of Length of the POE Chain on g Value 
at 25°C i n Aqueous S o l u t i o n 3 

Surfactant P a i r 
C 1 2S0 4Na/C g(EO) 4 

C 1 2S0 4Na/C 8(EO) 6 

C 1 2 S 0 4 N a / C 8 ( E O ) 1 2 

-3.1 

-3.4 

-4.1 

Calculated from data of Lange, H. and Κ. Η. Beck, K o l l o i d 
Ζ. Ζ. Polym. 251, 424 (1973). 

Table VIII. E f f e c t o

(Temp. = 25°C) _ 

Medium 3 System 

C 1 2 E V •C 1 2PyrCl 

C 1 2 E 0 8 - •C 1 2 P y r C l 

C 1 2 E 0 g - •C 1 2 P y r C l 

C 1 2 E 0 g - " C 1 2 S ° 4 N a 

C 1 2 E 0 g - •C 1 2S0 4Na 

C 1 2 E 0 8 - •C 1 oS0,Na 12 4 

C 1 2 E 0 8 - C 1 2 S 0 3 N a 

C 1 2E0 8-

C 1 2 E 0 8 " 

C 1 2 S 0 3 N a 

C 1 2 S 0 3 N a 

H 20 -2.8 

0.1 M T.I.S (NaCl) -2.2 

0.5 M T.I.S. (NaCl) -1.5 

H 20 -2.7 

0.1 M T.I.S. (NaCl) -3.5 

0.5 M T.I.S. (NaCl) -3.1 

H 20 -1.5 

0.1 M T.I.S. (NaCl) -2.6 

0.5 M T.I.S. (NaCl) -2.0 

T o t a l i o n i c strength 
Reproduced with permission from Ref. 4. Copyright 1983, 
Academic Press . 

However, i n the two anionic-nonionic systems, an increase i n 
the i o n i c strength of the s o l u t i o n produces f i r s t an increase, and 
then a decrease, i n the strength of the i n t e r a c t i o n between the two 
su r f a c t a n t s . Our explanation f o r t h i s i n i t i a l increase (4) i s that, 
i n the presence of anionic s u r f a c t a n t , there i s complexing of the 
Na + with the ether oxygens of the polyoxyethylene chain, i n a 
manner s i m i l a r to t h e i r i n t e r a c t i o n with crown ethers. 

The extent of t h i s complexing i s small i n pure water, since 
the Na + concentration i s very low. In 0.1 M NaCl, however, there 
i s a s i g n i f i c a n t amount of complexing of the Na + with the poly-

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



162 P H E N O M E N A IN M I X E D S U R F A C T A N T SYSTEMS 

oxyethylene chain. This complex formation gives the nonionic a 
small amount of c a t i o n i c character, with the r e s u l t that i t s i n t e r 
a c t i o n with the anionic increases. The decrease i n the value of 
3Q i n 0.5 M NaCl i s then the usual decrease i n e l e c t r o s t a t i c i n t e r 
actions with increase i n the i o n i c strength of the s o l u t i o n . 

Our data, to date, show that molecular i n t e r a c t i o n between two 
sur f a c t a n t s , both i n mixed monolayers at the aqueous s o l u t i o n / a i r 
i n t e r f a c e and i n mixed m i c e l l e s i n aqueous s o l u t i o n , increases i n 
the order: POE nonionic-POE-nonionic < POE nonionic-betaine < 
be t a i n e - c a t i o n i c < POE n o n i o n i c - i o n i c ( c a t i o n i c , anionic) « betaine-
anionic « c a t i o n i c - a n i o n i c . The greatest p r o b a b i l i t y of synergism 
e x i s t s , therefore, i n c a t i o n i c - a n i o n i c mixtures, followed by betaine-
anionic mixtures. Synergism can e x i s t i n POE n o n i o n i c - i o n i c 
mixtures only i f the surfactants involved have the proper s t r u c t u r e s . 
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12 
Thermodynamic Study of the Surface Adsorption 
and Micelle Formation of Mixed Surfactants 

Kinsi Motomura, Hidetsugu Matsukiyo, and Makoto Aratono 

Department of Chemistry, Faculty of Science, Kyushu University 33, Fukuoka 812, Japan 

The surface tension of the aqueous solution of dode-
cylammonium chlorid
(DeAC) mixture wa
molality m of surfactants and the mole fraction X of 
DeAC in the total surfactant in the neighborhood of 
the critical micelle concentration (CMC). By use of 
the thermodynamic equations derived previously, the 
mole fraction XH in the mixed adsorbed film was evalu
ated from the γ vs. X and m vs. X curves. Further, 
the mole fraction XM in the mixed micelle was evalu
ated from the CMC vs. X curve. By comparing these 
values at the CMC, it was concluded that the behavior 
of DAC and DeAC molecules in the mixed micelle is 
fairly similar to that in the mixed adsorbed film. 

It was recently ascertained that the behavior of the adsorbed film 
of two surfactants in equilibrium with their micelle can be ex
plained by assuming both the surface region and the micelle particle 
to be mixtures of the surfactants (1-6). Further, the application 
of the regular solution theory to the mixtures was shown to be use
ful to describe the nonideal behavior of ionic surfactants (_4-j6). 
However, the above treatments are incomplete from the thermodynamic 
viewpoint, because they do not consider the dissociation of surfac
tants and ignore the presence of solvent (_7). In addition, it is 
impossible to suppose that the regular solution theory is applicable 
to both the adsorbed film and the micelle of ionic surfactants 
accompanied by the electrical double layer (8). 

On the other hand, we showed that the composition of surfactant 
in a mixed adsorbed film can be estimated thermodynamically from 
experimental results without introducing such a supposition (9-11). 
Further, the composition of a mixed micelle was calculated assuming 
that the micelle behaves thermodynamically like a macroscopic bulk 
phase whose thermodynamic quantities are given by the excess thermo
dynamic quantities similar to those used for the adsorbed film (8). 
Therefore, we can now compare the composition of surfactant in the 
mixed adsorbed film with that in the mixed micelle at the critical 
micelle concentration (CMC). 
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In t h i s paper, dodecylammonium c h l o r i d e (DAC) and decylammonium 
c h l o r i d e (DeAC) are chosen to r e v e a l the fundamental behavior of 
surfactants i n the mixed adsorbed f i l m and m i c e l l e . The surface 
tension of t h e i r aqueous s o l u t i o n i s measured as a f u n c t i o n of t h e i r 
concentrations i n the neighborhood of the CMC and the comparison 
between the mixed adsorbed f i l m and the mixed m i c e l l e i s made i n 
terms of the composition evaluated. 

Experimental 

Dodecylammonium c h l o r i d e and decylammonium c h l o r i d e were synthesized 
and p u r i f i e d by the method described p r e v i o u s l y (9^,12) . Water was 
d i s t i l l e d t r i p l y from a l k a l i n e permanganate. Surface tension was 
measured by means of the drop volume technique, of which the de
t a i l e d procedure was described i n the previous paper (13). The 
measurements were c a r r i e d out at 298.15 Κ under atmospheric pres
sure; the surface tensio

Results and Discussion 

Useful information regarding the adsorbed f i l m and m i c e l l e i n equi
l i b r i u m with the aqueous s o l u t i o n of surfactant mixture at constant 
temperature and pressure i s provided by adopting as the experimental 
v a r i a b l e s the t o t a l m o l a l i t y m of s u r f a c t a n t s and the mole f r a c t i o n 
X of s u r f a c t a n t 2 i n the t o t a l s u r f a c t a n t defined by 

m = mi + m2 

and 

X = m2/m (2) 

r e s p e c t i v e l y (8-11). Here i s the m o l a l i t y of s u r f a c t a n t i . 
The surface tension γ of the aqueous s o l u t i o n of dodecylammo

nium c h l o r i d e — decylammonium c h l o r i d e mixture was measured as a 
f u n c t i o n of m at a given value of the mole f r a c t i o n X of DeAC at 
298.15 Κ under atmospheric pressure. The r e s u l t s are shown i n F i g 
ure 1. I t i s seen that the γ vs. JH curves are s i m i l a r i n appear
ance. This behavior i s i n harmony with that observed p r e v i o u s l y i n 
a low concentration range (j)) . Moreover, the formation of m i c e l l e 
i s found to cause the curves to break sharply at the CMC which i n 
creases with X. I t should be noted, however, that the γ vs. m curve 
of a mixture has a very shallow minimum i n the immediate v i c i n i t y of 
the CMC. 

The v a r i a t i o n of γ with X can be examined by c o n s u l t i n g Figure 
1. In Figure 2, the γ vs. X curves at constant m are drawn f o r the 
s o l u t i o n s which contain only the monomers of s u r f a c t a n t s . For com
parison, the surface tension y C M C at the CMC are p l o t t e d against X 
i n the f i g u r e . I t i s seen that the curve deviates downward from the 
s t r a i g h t l i n e j o i n i n g the γ values of pure DAC and DeAC. Further, 
we are i n t e r e s t e d i n examining how the t o t a l m o l a l i t y y i e l d i n g a 
given surface tension value v a r i e s with the composition. Figure 3 
shows the m vs. X curve at constant γ obtained from Figure 1; i n 
cluded i n t h i s f i g u r e f o r comparison i s the CMC vs. X curve. Again 
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0 10 20 30 AO 50 60 70 
m / mmol kg-1 

Figure 1. Surface tension vs. t o t a l m o l a l i t y curves at constant 
composition: 1, X = 0; 2, 0.500; 3, 0.700; 4, 0.833; 5, 0.915; 
6, 0.965; 7, 1. 

Figure 2. Surface tension vs. composition curves at constant t o 
t a l m o l a l i t y : 1, m = 6 mmol kg""1; 2, 8 mmol kg" 1; 3, 10 mmol 
kg" 1; 4, 12 mmol kg" 1; 5, 14 mmol kg" 1; 6, 20 mmol kg" 1; 7, 30 
mmol k g - 1 ; 8, y C M C vs. X. 
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the curve i s observed to deviate from the s t r a i g h t l i n e . Comparing 
Figure 3 with Figure 2, we n o t i c e that the CMC vs. X curve i s s i m i 
l a r i n shape to the m vs. X curve while the y C M C vs. X curve i s 
d i f f e r e n t from the γ vs. X curve. Taking i n t o account that both the 
/π vs. X and γ vs. X curves are l i k e w i s e r e l a t e d to the composition 
of surfactant i n the adsorbed f i l m (9-11), t h i s f a c t may suggest 
that the y C M C vs. X and CMC vs. X curves a f f o r d d i f f e r e n t informa
t i o n with regard to the m i c e l l e . 

F i r s t , l e t us consider the surface density of s u r f a c t a n t . The 
t o t a l surface excess number of moles per u n i t area Γ of s u r f a c t a n t s 
i s evaluated by using the r e l a t i o n 

Γ Η = - (m/2RT) Ογ/3ιη)_ ^ (3) Τ,ρ,Χ 

where Τ i s temperature, ρ pressure, and R the gas constant (9). 
Here the s o l u t i o n i s assumed to be i d e a l . By applying Equation 3 to 
the γ vs. τη curves give
l a t e d ; they are p l o t t e d

value increases steeply g 277  approache
sa t u r a t i o n value i n the v i c i n i t y of the CMC. Furthermore, the 

ΓΗ 
vs. 277 curve changes i t s shape r e g u l a r l y . Therefore, i t may be s a i d 
that the DAC and DeAC molecules are m i s c i b l e with each other at the 
surface and form a homogeneous adsorbed f i l m . 

The composition of s u r f a c t a n t i n the mixed adsorbed f i l m i s 
estimated by v i r t u e of the r e l a t i o n 
XH = X - [(1 - X)X/RTTU] (dy/dx) (4) 

T,p,277 
where X H i s the mole f r a c t i o n of DeAC i n the adsorbed f i l m defined 
by the analog of Equation 2 (9̂ , 10) . By applying t h i s equation to 
the γ vs. X curves given i n Figure 2, the values of X H were e s t i 
mated numerically. The values at m = 6, 10, and 14 mmol k g " 1 are 
i l l u s t r a t e d i n the form of the γ vs. X H curve together with the 
corresponding γ vs. X curve i n Figure 5. I t i s important to note 
that the composition i n the adsorbed f i l m i s remarkably d i f f e r e n t 
from that i n the s o l u t i o n and enriched i n the more su r f a c e - a c t i v e 
DAC though the DAC and DeAC molecules d i f f e r i n the number of carbon 
atoms only by two. 

S i m i l a r l y , the r e l a t i o n of X H to X can be considered under the 
c o n d i t i o n that γ i s constant. By use of the equation 

XK = X - [2(1 - X)X/m](dm/dX) (5) 
Γ,ρ,γ 

derived p r e v i o u s l y (10) , the 277 vs. X H curve was obtained from the 227 
vs. X curve. In Figure 6, they are drawn at γ = 60, 50, and 40 mN 
m - 1. I t i s observed again that the X H value i s s i g n i f i c a n t l y 
smaller than the X value. Therefore, we may say that a s l i g h t d i f 
ference i n the surface a c t i v i t y of s u r f a c t a n t exerts a remarkable 
e f f e c t on i t s adsorption behavior at concentrations near the CMC. 
Moreover, such a diagram i s found to be u s e f u l i n studying the mis-
c i b i l i t y of s u r f a c t a n t s i n the f i l m s t a t e . 

On the other hand, the mole f r a c t i o n X M of DeAC i n the mixed 
m i c e l l e , which i s defined by the equation analogous to Equation 2, 
can be estimated at the CMC by making use of the r e l a t i o n 
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Figure 3. T o t a l m o l a l i t y vs. composition curves at constant sur
face tension: 1, γ = 60 mN m"1; 2, 50 mN m"1; 3, 45 mN m"1; 4, 
40 mN m"1; 5, 35 mN m - 1; 6, CMC vs. X. 

m/mmol kg 

Figure 4. T o t a l surface density vs. t o t a l m o l a l i t y curves at 
constant composition: 1, X = 0; 2, 0.500; 3, 0.700; 4, 0.833; 
5, 0.965; 6, 1. 
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70 h 

I ι ι ι 1 1 
0 0.2 OA 0.6 0.8 1 

X 

Figure 5. Surface tension vs. composition curves at constant t o 
t a l m o l a l i t y : X ( ), X H ( ): 1, m = 6 mmol kg" 1; 2, 10 
mmol k g - 1 ; 3, 14 mmol k g - 1 . 

50k 

I ι ι ι ι I 
0 0.2 0.4 0.6 0.8 1 

X 

Figure 6. T o t a l m o l a l i t y vs. composition curves at constant sur
face tension: X ( ), Xe ( ): 1, γ = 60 mN m"1; 2, 50 mN 
m"1; 3, 40 mN m"1. 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



12. M O T O M U R A ET A L . Surface Adsorption and Micelle Formation 169 

X K X - [2(1 - X)X/CMC](3CMC/9X) m (6) 
T,p 

the s o l u t i o n being assumed to be i d e a l (8). Thus we can obtain the 
CMC vs. X M curve from the CMC vs. X curve given i n Figure 3. Both 
the curves are depicted i n Figure 7. I t should be noted that t h i s 
f i g u r e i s qu i t e s i m i l a r to that of the sodium t e t r a d e c y l s u l f a t e — 
sodium dodecyl s u l f a t e system (8^ 14). Comparing Figure 7 with F i g 
ure 6, we notice that there i s a s t r i k i n g resemblance of shape be
tween them. This f a c t suggests that the mixed m i c e l l e bears a s i m i 
l a r i t y i n the m i s c i b i l i t y of surfac t a n t s to the mixed adsorbed f i l m . 

Now the r e l a t i o n s h i p between X H and X M needs to be examined at 
the CMC. The mole f r a c t i o n x H ' C M C of DeAC i n the adsorbed f i l m at 
the CMC can be estimated by ex t r a p o l a t i o n of the X H vs. m p l o t taken 
from Figure 6 to the CMC. However, i t i s i n s t r u c t i v e to derive the 
thermodynamic equation r e l a t i n g x H ' C M C to X M. As can be seen from 
Equations 3 and 4, the t o t a l d i f f e r e n t i a l of γ i s expressed at con
stant Τ and ρ as 

dy = - (2RTYH/m)6m - [RTT (X  - X)/(1 - X)X]dX (7) 

Taking i n t o account that m i s assumed to be equal to CMC at the CMC 
and that Equation 6 y i e l d s 

dCMC = - [CMC(XM - X ) / 2 ( l - X)X]âX (8) 

Equation 7 i s rew r i t t e n at the CMC as 

d yCMC = [ i ? r r
H ' C M C ( X M - X H'CMC ) / ( 1 _ χ ) Χ ] ά χ (9) 

H CMC 
where Γ ' i s the t o t a l surface density of surfac t a n t s at the CMC. 
Accordingly, we can derive the r e l a t i o n 
XH,CMC = χΜ _ [ ( 1 _ x ) x / j R T rH,CMC ] ( 3 y C M C / 9 x ) ( 1 0 ) 

τ ,p 

Equation 10 states that the d i f f e r e n c e between x H ' C M C and X1^ are 
c o r r e l a t e d to the slope of the y C M C vs. X curve. Inspecting Figure 
8 where the y C M C vs. X curve taken from Figure 2 are i l l u s t r a t e d 
together with the y C M C vs. X M curve, therefore, x H * C M C may be sup
posed to have a value f a i r l y c l o s e to X M. 

Evaluating the d e r i v a t i v e of y C M C with respect to X and r H ' C M C 

by e x t r a p o l a t i o n of the curve i n Figure 4 to the CMC and then sub
s t i t u t i n g them i n t o Equation 10, the x H ' C M C value was c a l c u l a t e d as 
a fu n c t i o n of X. For the purpose of comparison, the r e s u l t i s drawn 
i n the form of the CMC vs. xH'CMC p i o t i n Figure 7. The CMC vs. 
X H / C M C and CMC vs. X M curves seem not to d i f f e r too g r e a t l y from 
each other when compared to the CMC vs. X curve. Therefore, we may 
conclude that the behavior of DAC and DeAC molecules i n the mixed 
m i c e l l e i s f a i r l y s i m i l a r to that i n the mixed adsorbed f i l m . This 
conclusion i s co n s i s t e n t with the view, obtained i n the previous 
papers (15,16), that the m i c e l l e resembles the adsorbed f i l m c l o s e l y 
i n the thermodynamic behavior. 

F i n a l l y , i t i s h e l p f u l i n understanding the dependence of γ on 
m i n the concentration range above the CMC to examine the d i f f e r e n c e 
between the y C M C vs. X M and y C M C vs. X curves. From Figure 8, we 
can expect that the surface tension of the m i c e l l a r s o l u t i o n of a 
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F i g u r e 8. S u r f a c e t e n s i o n a t t h e CMC v s . c o m p o s i t i o n c u r v e s : 1, 
Y c S c v s . X, 2, Y

C M C v s . X M . 
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mixture increases s l i g h t l y with i n c r e a s i n g m i f those of pure sur
f a c t a n t s remain constant. Taking account of the f a c t that the γ vs. 
m curves of pure DAC and DeAC shown i n Figure 1 have small negative 
slopes, the observation that the corresponding curve of t h e i r mix
ture has a very shallow minimum followed by a i n d i s t i n c t maximum i s 
i n accord with our expectation. 

The above con s i d e r a t i o n has proved that surface tension mea
surements are u s e f u l i n e l u c i d a t i n g the behavior of surfactants i n 
the mixed adsorbed f i l m and m i c e l l e . The conclusion reached here 
w i l l be confirmed by measuring the v a r i a t i o n of the surface tension 
with temperature and then evaluating thermodynamic q u a n t i t i e s . Fur
ther information w i l l be obtained from s i m i l a r i n v e s t i g a t i o n s made 
f o r combinations of d i f f e r e n t types of su r f a c t a n t s . 
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The Effect of Alkyl Alcohols on the Surface Adsorption 
and Micellization of Fluorocarbon and Hydrocarbon 
Surfactants 

Bu-Yao Zhu, Guo-Xi Zhao, and Jun-Gang Cui 

Laboratory of Colloid Chemistry, Department of Chemistry, Peking University, Beijing, 
People's Republic of China 

Mixed aqueou
C 7F 1 5 COONa (I
(II) were investigated by surface tension 
analysis. The cmcs of mixtures of (I) and 
(II) were mostly lower than those of the two 
pure surfactants, but the reduction of cmc 
in the systems with fluorocarbon surfactant 
is less than that with hydrocarbon surfac
tant, although the cmcs of the fluorocarbon 
surfactant and the hydrocarbon surfactant 
are nearly the same. The saturated surface 
adsorptions of the mixtures are larger than 
those of the pure surfactants, and the over 
average molecular areas of the mixtures are 
smaller accordingly. A l l these facts,com-
bined with the results of molecular inter
action parameter calculations, show that 
alcohol could enhance the adsorption and 
micellization of both anionic surfactants; 
also, the mutual phobicity between fluoro
carbon and hydrocarbon chains is revealed 
in the alkyl alcohol-C 7F 1 5 COONa systems. 

The addition of an alkyl alcohol to the aqueous solution 
of an ionic surfactant greatly influences the surface ac
t ivity of the surfactant. The cr i t i ca l micelle concen
tration (cmc) of the surfactant becomes lower in presence 
of alkyl alcohol, and the surface tension of the aqueous 
solution at cmc reaches a much lower value (1-4). 
However, no systematic investigation of adsorption and 
micellization of the alcohol-fluorocarbon (PC) surfactant 
mixture has been made. Other studies have examined the 
"mutual phobicity" between the hydrocarbon (HC) and FC 
chain in the mixed system of FC and HC surfactants (5-10) 
It is expected that "mutual phobicity** should be observed 
in the alkyl alcohol-FC surfactant system.too. In this 
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paper, s u r f a c e chemical p r o p e r t i e s of mixed aqueous s o l u 
t i o n of a l k y l a l c o h o l (R0H)-C7F,5 COONa (C 7FNa) and ROH-
Cio H 2j 5Ο4.Na (C, 05Na) have been i n v e s t i g a t e d = n-C^Hn , 
n-C$H,3 , n-C 7His , n-C 8H, T ). The e f f e c t of ROH on the 
su r f a c e a d s o r p t i o n and m i c e l l i z a t i o n of C 7FNa and C, 05na 

uiere compared. 

Experimental 
The a l k y l a l c o h o l s are of c h e m i c a l l y pure grade and r e d i s 
t i l l e d , b o i l i n g point range* n - C 5H n0H ( C 5 O H ) , 137.3-
138.0 eCî n-C 6H, 30H (C 60H), 156» 8-157.1° C J n-C 7 H J 5 OH (C 7 OH ) , 
175.8-176.0°C| n-C 8H, 7OH (C 80H), 194.2-194.Q°C. 

C7FNa and C, 05Na are the same as used i n the previous 
uiorks (5). The wate
obtained from d i s t i l l a t i o
t r e a t e d with potassiu  permanganate
the water (30°C) was 71.4 mNm-1 (the l i t e r a t u r e value i s 
71.18 mNm-» (11 ) ) . 

Surface t e n s i o n (30°C) of the s o l u t i o n was determined 
by the drop-volume method (12). The d e n s i t y of the s o l u 
t i o n needed f o r c a l c u l a t i n g the s u r f a c e t e n s i o n was mea
sured by a U-tube pycnometer. 

R e s u l t s and D i s c u s s i o n s 

Surface A c t i v i t y . I t i s obvious from the 7-log C p l o t s 
( F l g . l and 2) that the a d d i t i o n of a l k y l a l c o h o l r e s u l t s 
i n lowering both the s u r f a c e t e n s i o n and. the cmc. In 
p a r t i c u l a r , i t i s worth n o t i n g that the s u r f a c e t e n s i o n of 
the mixed s o l u t i o n at cmc,Terne» i s s i g n i f i c a n t l y lower than 
the s u r f a c e t e n s i o n at the pure s u r f a c t a n t cmc. Cmc and 
7cwc of 111 (molar r a t i o ) R0H-5urfactant mixed systems 
were shown i n Table 1. % m c of R0H-C 7FNa s o l u t i o n reaches 

Table 1. 7cwc and cmc of l i l ROH-Surfactant 
Mixture S o l u t i o n s (with NaCl, 
I o n i c S t r e n g t h : 0.1m; at 30°C) 

ROH-Surf actant 7cmC (mNm-' ) cmc (m) 

C 5 0H-C 7FNa 
C 60H-C 7FNa 
C 70H-C 7FNa 
C 80H-C 7FNa 
Pure C 7FNa 
C 5 O H - C 0 SNa 
C6OH-C,o SNa 
C 70H-C I 0 SNa 
C e0H-C l o SNa 
Pure C,o SNa 

20.8 
16.0 
16.2 
17.4 
24.4 
33.5 
28.0 
23.0 
22.4 
37,4 

1.45 X 
1.35 X 
7.70 X 
3.30 X 
1.48 X 
1.48 X 
1.37 X 
7.76 X 
3.10 X 
1.53 X 

10~3 

10- 2 
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a minimum value of ^16 mNm-' (RDH = C$0H and C 7DH) uihereas 
the Time of C 7FNa s o l u t i o n is<v24 mNm-' , and the lowest 
value of T̂ mc of R0H-C, 0SNa s o l u t i o n i s about 22-23 mNm-' 
(ROH = C 70H and C e0H). A l l these f a c t s show that the sur
face a c t i v i t y of FC s u r f a c t a n t can be g r e a t l y enhanced by 
the a d d i t i o n of a l k y l a l c o h o l s , t h i s c ould be of great 
p r a c t i c a l s i g n i f i c a n c e , because we may obta i n higher sur

face a c t i v i t y u s i n g a smal l e r amount of expensive FC sur
f a c t a n t . 

Surface A d s o r p t i o n . From F i g . l and F i g . 2 we can c a l c u 
l a t e the t o t a l s u r f a c e a d s o r p t i o n (£^) of the ROH-surfac-
tant mixture by a p p l y i n g the Gibbs a d s o r p t i o n equation(7). 
In the case of a mixed aqueous s o l u t i o n with a constant 
i o n i c s t r e n g t h , the equation i s w r i t t e n as 

-d?/RT = Ic7p-(orC

where y i s the s u r f a c e t e n s i o n of s o l u t i o n , Ic7r-<orc,0$ ) 
and Î OH are the s u r f a c e a d s o r p t i o n s of C 7 F J 5 COO"" (or 
C 1 0 H 2 1 5 O 4 ) and ROH, r e s p e c t i v e l y ; mcRF and m R o H are the mo-
l a l c o n c e n t r a t i o n s (m) of C 7F"and BOH i n the s o l u t i o n s , 
r e s p e c t i v e l y . For the 1t1 mixed s o l u t i o n n 

-d?/RT = ( J^F-CorC,^-) + Î R O H ) D L N M * 0 H = I t d In m R 0 M (2) 

The s u r f a c e t e n s i o n - c o n c e n t r a t i o n r e l a t i o n s h i p s of 
the s u r f a c t a n t s o l u t i o n s at constant m̂ oH a r e s n ° w n i n 

F i g . 3 and F i g . 4 . Under t h i s c o n d i t i o n (m R 0 H kept constant) 
equation becomes 

-d?/RT = Ic7F-(orC,oS"; d l n mc7F-(or c,0$~) 

and Ic7F-(or Γο(0$-) may be c a l c u l a t e d . From the i n t e r c e p t 

Table 2. Surface A d s o r p t i o n and Molecular Areas of 
l i l RDH ( l ) - S u r f a c t a n t (2) S o l u t i o n s (with 
NaCl, I o n i c S t r e n g t h : 0.1 m; at 30°C) 

S o l u t i o n C|cr2 7 A t l^rCl0S' X A 
(ΙΟ " » (mNrrr') (l O mol.cm ) ( I J 7 , V C | o S - / r t ) (A1) 

C 7FNa-C s0H 4. 79 30.6 3.96 3. 13 0.79 41.9 
C 7FNa-C 60H 3. 31 31.5 4.38 2. 89 0.66 37.9 
C 7FNa-C 70H 2. 00 33.3 5. 19 2. 70 0.52 32.0 
C 7FNa-C$0H 0. 603 39.0 5.69 2. 33 0.41 29.2 
C 7 FNa 4. 01 35.0 3. 41 48.7 
C l 0SNa-C 5 OH 3. 98 47.0 4.41 3. 62 0.82 37.6 
C l 05Na-C 6 OH 3. 98 42.0 5.08 2. 90 0.57 32.6 
C l 0SNa-C 7OH 1. 20 48.0 5.66 2. 29 0.45 29.4 
C l 0SNa-C 8 OH 0. 631 45.0 6. 10 1. 77 0.29 27.2 
C i 0SNa 6. 60 45. 0 3. 65 45. 0 

point I i n F i g . 3 and 4, It = Γο7ρ~(ογ C I O$-) + FROH » W E C A N T H E N 

o b t a i n F f t û Hfrom T t and Γ ^ Ρ " ( Ο Γ Γ€,<>*- ). 
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5 4
L O 9 c C 7 F N a ( m ) 

F i g u r e 1. Surface t e n s i o n of aqueous s o l u t i o n s of 
C 7FNa and l i l R0H-C 7FNa at 3D°C (with NaCl, i o n i c 
s t r e n g t h = 0.1 m). 

F i g u r e 2. Surface t e n s i o n of aqueous s o l u t i o n s of 
C<oSNa and 1:1 ROH-C 1 0SNa at 30*C (with NaCl, i o n i c 
s t r e n g t h = 0.1 m). 
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l o 9 C C 7 F N a ( m ) 

F i g u r e 3. S u r f a c e t e n s i o n of ROH-C7 FNa s o l u t i o n s at 
30 #C (with NaCl, i o n i c s t r e n g t h = 0.1 m; RGH concentrat i o n kept c o n s t a n t ) . 

F i g u r e 4, Surface t e n s i o n of aqueous s o l u t i o n s of ROH-
CioSNa mixtures at 30*C (with NaCl, i o n i c s t r e n g t h = 
0.1 m; ROH c o n c e n t r a t i o n kept c o n s t a n t ) . 
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The average molecular area (A) at the s u r f a c e may be 
c a l c u l a t e d by the f o l l o w i n g equation: 

A = 1/ΓΙΝ 0 (Ν© = Avogadro number) 

The s u r f a c e a d s o r p t i o n values are given i n Table 2. The 
data show the s t r o n g e f f e c t of a l c o h o l ( e s p e c i a l l y those 
with longer hydrocarbon c h a i n s ) on the s u r f a c e a d s o r p t i o n 
of the s u r f a c e a c t i v e substances. The a d s o r p t i o n values 
given i n the t a b l e are the s a t u r a t i o n a d s o r p t i o n v a l u e s . 
It i s apparent that the a d s o r p t i o n of the ROH-surfactant 
mixture i s much greater than that of pure s u r f a c t a n t , 
seemingly due to the p e n e t r a t i o n of the HC-chain of ROH 
i n t o the C 7 F ~ ( or Ci05 ) a d s o r p t i o n l a y e r which has a loose 
packing of hydrophobic groups because of the r e p u l s i o n 
between the s u r f a c e a c t i v e ions having the same charge 
and thus l e a v i n g enoug
t r a t i o n . T h i s r e s u l t
phobic chains of ROH and the s u r f a c t a n t , l e a d i n g to a 
very low s u r f a c e t e n s i o n of the aqueous s o l u t i o n . 

Ule may c a l c u l a t e the s u r f a c e a d s o r p t i o n of pure ROH 
( Γ Λ Ο Η ) and pure s u r f a c t a n t ( F c V 3 ^ Ic?0s~) corresponding to 
the 1:1 mixed s o l u t i o n s (the c o n c e n t r a t i o n s of s u r f a c t a n t 
and a l c o h o l are e q u a l ) . Table 3 shows the r e s u l t s . ^ C j f 

Table 3. Surface A d s o r p t i o n of the pure S u r f a c t a n t and 
ROH S o l u t i o n s (with NaCl, i o n i c s t r e n g t h = 
0.1 ms at 30°C) 

Γ7° pro rro prO 
c 7p- IROH C ic, 0s- * ROH 

(I0" 3m) (l0- | Omol. cm-2 ) (I0" 3tn) ( 10~ , 0mol. cnr* ) 

4. 79 3.41 2. 131 'C5OH) 3. 98 3.65 1.641 ÎC5OHI 
3. 31 3.41 3. 24( >C 6 0H 1 3. 98 3.65 3.571 teeOHl 
2. 00 3.28 4. 7b 1 XyÛHl 1. 20 2.76 3,831 ; C 7 O H ) 
0. 603 3. 17 4. 83( vC ô 0HJ 0. 631 2. 33 4.861 ,C 80H) 

and Γ£0$~ were obtained from the 7 - l o g C curves of the 
r e s p e c t i v e pure s u r f a c t a n t s o l u t i o n s i n F i g . l and 2, and 
I R O H , s f r o m F i g . 5 . 

I t i s obvious from the data that the t o t a l s u r f a c e 
a d s o r p t i o n of 1:1 mixed s o l u t i o n ( I t ) i s l e s s than the sum 
of the s u r f a c e a d s o r p t i o n s of pure s u r f a c t a n t and ROH so
l u t i o n s . S i m i l a r l y , Γ ς ^ Ο Γ r c < 0 s - ) 

i s l e s s than I!^p-(or 
Γς,οε-) and Vroh l e s s than FROH · too (e.g., f o r 1:1 CjFNa-
C 80H system, r C 7 r = 2. 33x 10"10 m o l · c r z < l £ F - = 3.17χ10' < 6 mol· 
cm*2-; r<?*oH= 3. 36xl0- , omol^cm- 2 < Π:β

βοΗ =5. 03xl0~'°mol· cm'z ; 
and so f o r t h f o r other systems). These r e s u l t s imply that 
although i t i s mainly the c o - a d s o r p t i o n of ROH with i o n i c 
s u r f a c t a n t which enhances the t o t a l s u r f a c e a d s o r p t i o n to 
a t t a i n a higher s u r f a c e a c t i v i t y , there i s a l s o a d s o r p t i o n 
competition to some extent between ROH and i o n i c s u r f a c 
tant at the s u r f a c e . 
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I t i s i n t e r e s t i n g to note that C 7FNa-R0H mixture pa
cks more l o o s e l y than C < 0SNa-ROH mixture i n the s a t u r a t e d 
a d s o r p t i o n l a y e r . Taking C 80H-C 7FNa and C ôOH-C, 0SNa as 
the model system and the average molecular areas of C 8QH, 
C 7F~ and C|0 S" to be 26.2 (from s a t u r a t i o n a d s o r p t i o n va
lue of C&OH), 26 and 31 (both from molecular s t r u c t u r e 
c a l c u l a t i o n s ) Â2, , r e s p e c t i v e l y . Ule can c a l c u l a t e the 
i d e a l average s u r f a c e molecular area ofGeOH-C 7FNa mixture 
as A F= 26.2XceoH • 26Xc 7 F- = 26.2x0.59 ·• 26x0.41 = 26.1 Â* 
and that of C 80H-C,oSNa mixture as A H = 26.2X C e 0H • 31Χς0$· = 
26.2x0.71 • 31x0.29 = 27.6 Â 2 . Comparing with the r e a l 
molecular area values ( i n Table 2) of 29.2 and 27.2, r e s 
p e c t i v e l y , we can see that f o r the CôDH-Ci 05Na system the 
c a l c u l a t e d and the r e a l molecular area values are n e a r l y 
equal (27.6^27.2), but that f o r C 80H-C 7FNa system the 
r e a l molecular area value i s l a r g e r than the c a l c u l a t e d 
one (29.2 > 26.1). T h i
ce of "Mutual p h o b i c i t y
a d s o r p t i o n l a y e r o  CgOH-C

Molecular I n t e r a c t i o n i n the Surface A d s o r p t i o n Layer. 
In order to e l u c i d a t e the e f f e c t of a l k y l a l c o h o l on the 
su r f a c e a d s o r p t i o n of C 7FNa and C l 05Na, i t i s u s e f u l to 
c a l c u l a t e the s u r f a c e molecular i n t e r a c t i o n parameters of 
the binary s u r f a c e a c t i v e mixtures {β$) a c c o r d i n g to the 
equation at constant s u r f a c e t e n s i o n and constant i o n i c 
s t r e n g t h (13,14,10): 

β = l n (C|/CÎXls)/XÎs = l n (C/C!x 2 s)/Xfs (3) 

where C? and C|are the s o l u t i o n c o n c e n t r a t i o n s of pure 
s u r f a c e a c t i v e substances 1 and 2, r e s p e c t i v e l y ; Ct and C2 
are the c o n c e n t r a t i o n s of components 1 and 2 i n the mixed 
s o l u t i o n and X I S and X 2 S,the s u r f a c e mole f r a c t i o n s of 1 
and 2, r e s p e c t i v e l y . 

The y3 s-values of C7F(\ia-R0H and C,oSNa-R0H systems 
are shown i n Table 4, together with the r e l e v a n t mole 

Table 4, /3 5-values and Sur f a c e Mole F r a c t i o n s (x) of 
S u r f a c t a n t s i n 1:1 Surfactant-ROH Systems 

System 7 X 5 ystem 7 X β* (mNm-' ) (mNm*1 ) 
β* 

Cjo SNa- 40 0. 31 -2.8 C 7FNa- 40 0.47 -1.5 
C 80H 50 0. 33 -2.1 C e0H 50 0.56 -0.9 C 80H 

60 0. 34 -1.3 
C e0H 

60 0.69 -0.4 
C|0 SNa- 40 0.44 -2.5 C 7FNa- 40 0.65 -1.6 

C 70H 50 0.48 -1.8 C 70H 50 0.73 -1.3 
60 0.54 -1.1 60 0.80 -1.4 

CJO SNa- 40 0.59 -2.2 C 7FNa- 40 0.79 -2.0 
C 60H 50 0.65 -1 6 C 60H 50 0.87 -1.4 

60 0.72 -1.4 60 0.96 -0.5 
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f r a c t i o n s of the s u r f a c t a n t s . Table 4 shows that a l l the 
#y-values are negative, denoting the obvious s u r f a c t a n t -
ROH molecular i n t e r a c t i o n s . I t i s a l s o shown that the 
negative /3 s-values i n c r e a s e with the s u r f a c e pressure of 
the mixed s o l u t i o n f o r a l l systems. T h i s may be reasona
bly a t t r i b u t e d to the st r o n g e r i n t e r a c t i o n s between the 
two components at the s u r f a c e with a higher s u r f a c e pres
sure (concomitantly with a c l o s e r packing of the s u r f a c e 
a d s o r p t i o n molecules). I t i s i n t e r e s t i n g to compare the 
data of the C 7FNa-R0H system with those of the C,0 5Na-R0H 
system. |jS 5|-values of C 7FNa-R0H mixtures are always 
sm a l l e r than C,05Na-RQH, although C 7FNa i s more s u r f a c e 
a c t i v e than C l 0SNa (e.g., f o r C 7FNa-C ôQH and C, oSNa-C 80H 
systems, /S s-values are -1.47 and -2. 75, r e s p e c t i v e l y , at 
y = 40 mNm-' ). T h i s c l e a r l y demonstrates the "Mutual 
p h o b i c i t y M between FC and HC cha i n s i n the mixed adsorp
t i o n l a y e r . I t i s a l s  worth n o t i n  that th  v a r i a t i o
of β5-values f o r th
C 7FNa-R0H systems i
C,o5Na-R0H systems. At a given s u r f a c e t e n s i o n , say, 
40 mNm-* , /3 S-value of C ! 0 5Na-R0H system v a r i e s i n the 
sequence: -2.00, -2. 19, -2.47, -2.75 as ROH i s C 50H, C$QH, 
C 70H, C 80H (|£s|-value i n c r e a s i n g ) ; but that of C 7FNa-R0H 
systems v a r i e s i n the sequence: -1.98, -1.55, -1.47 as 
ROH i s C 60H, C 70H and C 80H (the £ s -value f o r C 7FNa-C s0H 
system can not be c a l c u l a t e d because the Q'-log C curve 
of 1:1 mixture c o i n c i d e s with that of pure C 7FNa solu t i o n ) . 
T h i s r e s u l t appears to be due to the "Mutual p h o b i c i t y " 
between FC and HC chains i n the mixed s u r f a c e l a y e r . For 
the C J O5Na-R0H system, the hydrophobic i n t e r a c t i o n s bet
ween HC chains of CioSNa and ROH i n c r e a s e with the ch a i n 
length of ROH, and the ) & j - v a l u e f o r C,05Na-CeOH i s the 
g r e a t e s t . In C 7FNa-R0H systems, however, the i n t e r a c t i o n 
between FC and HC chains become weaker as the HC chai n 
l e n g t h of ROH i s i n c r e a s e d , owing to the l a r g e r d i f f e r e n c e 
between the s o l u b i l i t y parameters of FC ch a i n and a l o n 
ger HC chain (16) (we may c o n s i d e r the s u r f a c e l a y e r as a 
FC-HC mixture). For the C 7FNa-CeOH system there would be 
a stronger "Mutual p h o b i c i t y " and a sma l l e r |y3 s|-value. 

Mixed M i c e l l e Formation with A l k y l A l c o h o l . From the 
data i n Table 1, i t i s obvious that the cmc values of both 
C 7FNa and C, 05Na are lowered. Is there any d i f f e r e n c e 
between the e f f e c t of ROH on the m i c e l l i z a t i o n of C 7FNa 
and CtoSNa i n the aqueous s o l u t i o n s ? Taking ROH as a 
s o l u b i l i z a t e we may i n v e s t i g a t e the d i s t r i b u t i o n of i t 
between the m i c e l l e and the aqueous s o l u t i o n . 

Assuming the phase s e p a r a t i o n model of m i c e l l e s , ba
sed on the thermodynamics of phase e q u i l i b r i u m and the 
p r i n c i p l e of d i f f u s e e l e c t r i c double l a y e r , the equation 
f o r m i c e l l e formation i s as f o l l o w s (3,15): 

InCi = K o ( l n C * - l n CJ) + A* (4) 

where C{ i s the cmc of s u r f a c t a n t i ; C{ , the concentration 
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of the co u n t e r i o n of the s u r f a c t a n t ; K0 , the constant con
c e r n i n g the degree of c o u n t e r i o n b i n d i n g to the m i c e l l e ; 
C» the s u r f a c e charge d e n s i t y of the m i c e l l e and Ae, a 
constant of the system. For s i m p l i f i c a t i o n , i t i s assu
med that the s u r f a c e charge d e n s i t y of the m i c e l l e does 

not change a p p r e c i a b l y when the a l c o h o l molecules are so-
l u b i l i z e d i n t o the m i c e l l e . Then the equation f o r the 
m i c e l l e formation may be w r i t t e n as 

l n C M = Ko(lnc5 2 - l n ) • In Xs + f\z (5) 

where C M and C ^ are the cmc and co u n t e r i o n c o n c e n t r a t i o n 
of the mixed s o l u t i o n , r e s p e c t i v e l y ; X S i s the mole f r a c 
t i o n o f s u r f a c t a n t i n the m i c e l l e . In t h i s work, the 
cou n t e r i o n c o n c e n t r a t i o n s of a l l s o l u t i o n s are made cons
tant ( C £ = C ^ = (Na*) = 0.1 m). Then combining equations 
(4) and (5) we have 

l n ( C M / C { ) = In X s = l n (1 - X « J (6) 

where X A i s the mole f r a c t i o n of ROH i n the m i c e l l e ; then 

Χα = 1 - ( C M / C L ) ( ? ) 

The mole f r a c t i o n of ROH i n the mixed s o l u t i o n ((Na*) = 
0.1 m) i s 

Xi = C M/(55.5 • 0.1 + 2C M) (8) 

and the d i s t r i b u t i o n c o e f f i c i e n t (D) of ROH between the 
m i c e l l a r and the aqueous s o l u t i o n phases i s 

D S-Xa /W = ( 1 / C M - 1/Ci)(55.6 • 2C M ) (9) 

In case of C M « 0.1, equation (9) becomes 

D = 55.6 ( l / C * - 1 / C I ) (10) 

and D can be c o n v e n i e n t l y evaluated. 
Table 5 shows the evaluated d i s t r i b u t i o n c o e f f i c i e n t s 

of the homologous a l k y l a l c o h o l s . I t i s shown that the 

Table 5. D i s t r i b u t i o n C o e f f i c i e n t s of ROH between 
M i c e l l e s and Aqueous S o l u t i o n s (at 30 C) 

^ ^ 0 H C 50H C 60H C 70H C 60H 

Surf a c t a ( r t \ 

C 7FNa 

C,0 SNa 

0.77x10 
(0.020)* 
1.83x10 
(0.033)* 

3.67x10* 
(0.088)* 
4.24x10* 
(0.11)* 

3.46xl0 3 

(0.48)* 
3.53xl0 3 

(0.49)* 

1.31xl0 4 

(0.78)* 
1.43x10* 
(0.80)* 

* mole f r a c t i o n of ROH i n the m i c e l l e , X a . 
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d i s t r i b u t i o n c o e f f i c i e n t of an a l c o h o l i n the FC s u r f a c 
tant system i s sma l l e r than that i n the HC s u r f a c t a n t sys
tem; i . e . , t h e a l c o h o l i s l e s s s o l u b i l i z e d i n CyFNa m i c e l 
l e s than i n C| 05Na m i c e l l e s . T h i s i s a l s o evidenced by 
the s m a l l e r mole f r a c t i o n of ROH ( X a ) i n the C 7FNa m i c e l 
l e s . T h i s i s probably another example of the "Mutual pho
b i c i t y " between FC and HC chains i n the mixed C 7FNa-R0H 
system. 

C o n c l u s i o n 

The a d d i t i o n of an a l k y l a l c o h o l , even a small amount 
( p a r t i c u l a r l y an a l c o h o l with a long c h a i n ) , to a FC or a 
HC s u r f a c t a n t leads to a great enhancement of the s u r f a c e 
a c t i v i t y of the s u r f a c t a n t — b o t h cmc and 7cmc are l a r g e l y 
lowered. I t i s of p r a c t i c a l s i g n i f i c a n c e i n o b t a i n i n g a 
FC and HC mixture havin
than the FC s u r f a c t a n
ty of the mixture should be a t t r i b u t e d to the great adsor
p t i o n and hence the c l o s e - p a c k i n g of hydrophobic chains in 
the a d s o r p t i o n l a y e r , which r e s u l t s i n a s u r f a c e of s u f f i 
c i e n t l y low energy, l e a d i n g to the very low values of 7cmc. 

The e f f e c t of a l k y l a l c o h o l on the s u r f a c e adsorption 
and m i c e l l i z a t i o n of FC s u r f a c t a n t i s n o t i c e a b l y d i f f e r e n t 
from HC s u r f a c t a n t . The molecular i n t e r a c t i o n s between 
ROH and C 7FNa i n the s u r f a c e l a y e r are shown to be weaker 
(Smaler ) β$\-value) as compared with R0H-Ci OSNa system. 
The cmc r e d u c t i o n degree of C 7FNa by ROH i s l e s s than that 
of Cto SNa. The d i s t r i b u t i o n c o e f f i c i e n t s of ROH between 
the m i c e l l e and the aqueous s o l u t i o n have a s m a l l e r value 
i n the R0H-C 7FNa system. A l l these f a c t s show the existen
ce of "Mutual p h o b i c i t y " between FC and HC chains at the 
s u r f a c e and i n the m i c e l l e s . 
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Surface Adsorption and Micellization of the Mixed 
Solution of Fluorocarbon and Hydrocarbon Surfactants 

Guo-Xi Zhao and Bu-Yao Zhu 

Laboratory of Colloid Chemistry, Department of Chemistry, Peking University, Beijing, 
People's Republic of China 

Various system
carbon surfactan
ted, By considering the effect of counter
-ion on the interactions between the surface 
active ions, the general equation for cal
culating the interaction parameters in the 
micelle (βm) and at the surface (βσ) have 
been obtained and applied to the mixed sys
tems. It is shown that: (1) the "mutual 
phobicity" between FC- and HC-chains is 
clearly illustrated by the positive βσ
-values for the anionic-anionic and non-
ionic-nonionic surfactant mixtures, and by 
the positive deviation of mixture cmc data 
from ideal solution theory; (2) for the 
cationic-anionic surfactant mixtures there 
are significant synergism and very large 
negative values of βm and βσ, indicating 
the great molecular interactions between 
them; (3) considerable interactions exist 
in the ionic-nonionic FC- and HC-surfac-
tants system; (4) βσ-value obviously increa
ses with the surface pressure of the mixed 
solutions (especially in the systems with 
stronger interactions). 

The fluorocarbon (FC) surfactants possess many salient 
features which can not be found in the common hydrocarbon 
(HC) surfactants. They are extremely surface active. 
Dilute aqueous solution may have surface tension values 
as low as ^ 15 mN«rr . They are chemically stable and 
resistant to heat. The FC-surfactant surface layer 
formed on a solid renders the solid surface not only 
hydrophobic but also leophobic. Recently more attention 
was paid to the investigation of FC-surfactants and mix
tures of FC- and HC-surfatants (1-9) partly because of 

0097-6156/86/0311-0184$06.00/0 
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the p r a c t i c a l importance of s u r f a c t a n t mixture with higher 
s u r f a c e a c t i v i t y but lower p r i c e than the F C - s u r f a c t a n t 
i t s e l f , and p a r t l y because of the t h e o r e t i c a l importance 
of understanding the p e c u l i a r i t i e s of the i n t e r a c t i o n s 
between the CF- and C H - s u r f a c t a n t s . These i n v e s t i g a t i o n s 
have shown that u n l i k e the common HC-surfactant mixtures, 
f r e q u e n t l y the FC- and HC-surfactant mixtures cannot form 
the e n t i r e l y m i s c i b l e m i c e l l e s i n the mixed s o l u t i o n , but 
e s s e n t i a l l y the i n d i v i d u a l m i c e l l e s of the s i n g l e s u r f a c 
t a n t . Some of the systems of FC- and HC-surfactants 
e x h i b i t e x t r a o r d i n a r y high i n t e r f a c i a l and s u r f a c e a c t i v i 
t y , hence such a mixed aqueous s o l u t i o n i s capable of 
spreading on an o i l s u r f a c e ( 9 ) , and can be used as a 
component i n f i r e - e x t i n g u i s h e r f o r m u l a t i o n s . In order to 
understand f u r t h e r the e s s e n t i a l nature of the p e c u l i a r i 
t i e s of the mixed FC- and HC-surfactants system, i n t h i s 
i n v e s t i g a t i o n the s u r f a c
t i o n of some mixed s o l u t i o n
s u r f a c t a n t s and the molecular i n t e r a c t i o n s at the i n t e r
f a c e and i n m i c e l l e s were s t u d i e d . 

Experimental 

P e r f l u o r o o c t a n o i c a c i d ( C 7 F / 5 C O O H , C 7FH), sodium p e r f l u o -
rooctanoate (C 7F, 5 COONa, C 7FNa), sodium d e c y l s u l f a t e 
( C ) 0 H2.1 5U4Na, CjoSNa), sodium d o d e c y l s u l f ate (C\z H^Su^Na, 
CizSNa), octyltrimethylammonium bromide ( C 8 H 1 7 N( CH 3) 3 Br, 
CeNBr), η-heptane, sodium c h l o r i d e and sodium bromide are 
a l l the same as used i n the previous works (4-7), T r i t o n 
X-IOOi Rohm & Haas product ( t - C ô H l 7 - C 6 H 4 0 ( C i H 4 O ) , 0 H, TX-
100). -6203- (C.oFia 0(CzH40)^H)i s u p p l i e d by Shanghai 
I n s t i t u t e of Organic Chemistry. Octylmethyl s u l f o x i d e 
(CgHi 7S0CH 3, C Ô S O C ) and decylmethyl s u l f o x i d e (C ,0 Hii S0CH3, 
C| O50C)t s y n t h e s i z e d i n our l a b o r a t o r y by the t h i o e t h e r -
o x i d a t i o n method (with H a 0 a ) ( l 0 ) , and p u r i f i e d by repeated 
r e c r y s t a l l i z a t i o n from petroleum ether. The water used 
was the d i s t i l l e d d e i o n i z e d water (Klïln04-treated). 
S u r f a c e t e n s i o n and i n t e r f a c i a l t e n s i o n (n-heptane/H^O) 
were determined by the drop-volume method (11), The 
d e n s i t y of s o l u t i o n s f o r c a l c u l a t i n g s u r f a c e and i n t e r f a -
c i a l t e n s i o n were measured with a U-tube pycnometer. 

T h e o r e t i c a l background 

The m i c e l l i z a t i o n of the s u r f a c t a n t i n an aqueous s o l u t i o n 
can be regarded as a phase s e p a r a t i o n process (4,12), At 
e q u i l i b r i u m , the chemical p o t e n t i a l of s u r f a c t a n t compo
nent i , / i j , i s equal to that i n the m i c e l l e (JU[m) 1 

In the s o l u t i o n of a s i n g l e s u r f a c t a n t 
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M\ + RT In a;, = jU{ m ( 2 ) 

In the s o l u t i o n of s u r f a c t a n t mixture 

Mi + RT In a^ » V'm • RT In ( 3 ) 

where a^ i s the a c t i v i t y of component i monomer i n the 
s o l u t i o n ; fim and Xt>» are the a c t i v i t y c o e f f i c i e n t and 
mole f r a c t i o n of i i n the m i c e l l e , r e s p e c t i v e l y . 

In g e n e r a l , the s o l u t i o n c o n c e n t r a t i o n of a s u r f a c 
tant at cmc ( c r i t i c a l m i c e l l e c o n c e n t r a t i o n ) i s d i l u t e 
enough to assume that m o l a l i t y equals a c t i v i t y ; equations 
(2) and (3) become 

Mi * RT l n cmcl = μ°» (4) 

Mi • RT In

i n which cmc! i s the cmc of the pure s u r f a c t a n t i ; cmcj , 
the c o n c e n t r a t i o n of s u r f a c t a n t i monomer at cmc of the 
mixed s o l u t i o n . 

For the i o n i c s u r f a c t a n t s ( 1 - 1 t y p e ) , we should take 
account of the e l e c t r i c a l l y charged s p e c i e s and the pos
s i b i l i t y of doing e l e c t r i c a l work. The m i c e l l e may be 
regarded as a charged pseudo-phase, and the chemical po
t e n t i a l i s r e p l a c e d by the e l e c t r o c h e m i c a l p o t e n t i a l ( 1 2 ) . 
The e f f e c t i v e e l e c t r i c a l work i n m i c e l l e formation i s 

ΝοΚίβ^ = K; RT ( l n ( 2 0 0 0 π σ 2/υΈΤ) - l n C\ ) ( 6 ) 

i n which No i s the Avogardro number, Κ ; i s a constant r e 
l a t i n g to degree of c o u n t e r i o n b i n d i n g to the m i c e l l e of 
s u r f a c t a n t i ; e, the e l e c t r o n i c charge; D, the d i e l e c t r i c 
constant; C«e, the c o u n t e r i o n c o n c e n t r a t i o n ; and σ i s the 
s u r f a c e charge d e n s i t y of the m i c e l l e . Then from Eqns, 
(4) and (5) we have 

l n cmc? « Ao - Kt- l n c\ ( 7 ) 

In ( CmC; /fim X»m ) « A. - K; In Cr ( 8 ) 

i n which A c i s a constant (* ( Mïi, - M Î ' ) / R T • Κ ι l n (2000 
TtcrVbRT ) ) f C£, the c o n c e n t r a t i o n of c o u n t e r i o n i n the 
mixed s o l u t i o n . Combining Eqns. (7) and ( 8 ) , we have 

fimXim » (cmc;/cmcl)(Cr/C l') K i (9) 

For binary mixture systems, a simpl e fim — Xtm r e l a 
t i o n s h i p may be obtained from s o l u t i o n theory; 

In f | w « fimXJtm ( t 0 ) 

and In f ^ m « P w X Î m ( 1 0 ) 
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i n which /3m i s the molecular i n t e r a c t i o n parameter be
tween two s u r f a c t a n t s i n the m i c e l l e . Combining these 
two r e l a t i o n s h i p s with Equation 9.,we obtain 

(11) 

From the v a r i o u s c o n c e n t r a t i o n values and K i , Ko ( i n 
general , based on the t h e o r e t i c a l and experimental 
r e s u l t s (12,14), values f o r v a r i o u s 1-1 i o n i c s u r f a c 
t a n t s are approximately ^-0. 6 ) , equation 110) can be solved 
i t e r a t i v e l y f o r X 1 m and X 2 m i and y6m i s obtained s i m u l 
taneously. 

In the case where excess i n o r g a n i c s a l t i s added or 
the c o u n t e r i o n c o n c e n t r a t i o n i s held constant, i . e . C{ = 
CJ, then equation (10

/3m = l n (cmci/cmc?X, m) / *lm - l n (cmc a/cmcjX**)/xf m 

( 1 2 ) 
T h i s equation i s a p p l i e d to the nonionic s u r f a c t a n t sys
tem as w e l l . 

In the case of s u r f a c e a d s o r p t i o n , at constant sur
f a c e t e n s i o n o f s o l u t i o n s , an equation of the same form as 
equation 12 i s obtained f o r the binary s u r f a c t a n t mix
ture system (15,16): 

Ar = l n (C./CÎX,*) / Χ|β· = In (C 2/C|X a o.) / Χ? σ 

(13) 
i n which p<r i s the molecular i n t e r a c t i o n parameter i n the 
s u r f a c e l a y e r ; C r and Ca are the c o n c e n t r a t i o n of s u r f a c 
tant 1 and 2 i n the mixed s o l u t i o n s , r e s p e c t i v e l y ; C° and 
C£ are the c o n c e n t r a t i o n s of s i n g l e s u r f a c t a n t 1 and 2, 
r e s p e c t i v e l y ; X<<r and Xzq> the s u r f a c e mole f r a c t i o n s of 
s u r f a c t a n t 1 and 2 r e s p e c t i v e l y . Εquation (13)can be 
a p p l i e d only to systems with excess s a l t or constant 
c o u n t e r i o n c o n c e n t r a t i o n . T h i s equation i s a l s o a p p l i c a 
b l e to nonionic s u r f a c t a n t systems. 

In the case where no excess s a l t i s added to the 
binary i o n i c s u r f a c t a n t s system, assuming that the nature 
of the d i f f u s e e l e c t r i c a l doyble l a y e r of the s u r f a c e i s 
s i m i l a r to that of the m i c e l l e , the f o l l o w i n g equation 
can be obtained 

( 1 4 ) 
i n which and are constants r e l e v a n t to the coun
t e r i o n b i n d i n g of the f i x e d " S t e r n l a y e r * ( s i m i l a r to the 
co u n t e r i o n b i n d i n g constant of the m i c e l l e ) . As a f i r s t 
approximation, we may assume » Ki - 0.6, then and 
Xt<r can be c a l c u l a t e d . ' 
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R e s u l t s and D i s c u s s i o n s 

C7FNa-Cio5Na and C 7FNa-C SNa systems. These are the 
mixed a n i o n i c - a n i o n i c s u r f a c t a n t s systems. The s u r f a c e 
t e n s i o n ( i n t e r f a c i a l t e n s i o n ) - c o n c e n t r a t i o n r e l a t i o n 
s h i p s are shown i n F i g . 1 to 3. There are s u r f a c t a n t 
compositions at which uniform or homogeneous mixed m i c e l l e 
do not e x i s t i n these two systems due to the "mutual pho
b i c i t y " between FC- and HC-chains of the s u r f a c t a n t s (4,7) 
T h e r e f o r e the molecular i n t e r a c t i o n parameter ,/3»y,, of the 
two s u r f a c t a n t s i n m i c e l l e s can not be c a l c u l a t e d from the 
s u r f a c e t e n s i o n curves because t h i s cmc has no longer the 
p h y s i c a l meaning of mixture cmc. However, we can o b t a i n 
the β& values from the s u r f a c e t e n s i o n curves by means of 
equation 13. Table 1 and 2 show the r e s u l t s . 

The /3^-values are a l l p o s i t i v e , which i s to say, the 
a c t i v i t y c o e f f i c i e n t
phase are greater tha
p h o b i c i t y " between FC  and HC-chains of the s u r f a c t a n t s . 
However, the p o s i t i v e values o f a r e c o n s i d e r a b l y s m a l l , 
showing a r a t h e r weak mutual-phobic i n t e r a c t i o n . 

For the s u r f a c e a d s o r p t i o n of binary mixed s o l u t i o n 
at a constant i o n i c s t r e n g t h , the Gibbs equation i s (6) 

-d7/RT = Γ, d l n C, • l i d l n C a (15) 

where Γι and Vz are the s u r f a c e a d s o r p t i o n s of s u r f a c e 
a c t i v e i o n 1 and 2, r e s p e c t i v e l y ; C, and Ca the molal con
c e n t r a t i o n s of 1 and 2, r e s p e c t i v e l y . At a constant molal 
r a t i o ( i . e . , C|/Ca = c o n s t a n t ) , we have 

-d>/RT = (Γ, • F a ) d l n C l ( o r 2 ) (16) 

When the c o n c e n t r a t i o n of component 1 i s kept constant, 

F a «(-l/RT)(dr/d l n C 2 ) C | (17) 

The s u r f a c e mole f r a c t i o n s can be d e f i n e d as 

*Î<r = Π / α ( I 8 a ) 

xi<r · (Γ* - Γ, ) / Γ* * Γ* / T t ( i a b ) 
Hence the s u r f a c e a d s o r p t i o n of s u r f a c t a n t 1 and 2, and 
t h e i r s u r f a c e mole f r a c t i o n s can be obtained from the 
s u r f a c e ( i n t e r f a c i a l ) t e n s i o n - c o n c e n t r a t i o n r e l a t i o n s h i p s 
(Fig.1 and f i g . 2 ) by a p p l y i n g the Gibbs a d s o r p t i o n equa
t i o n . 

The c a l c u l a t e d data of Χ^σ are a l s o shown i n t a b l e 1, 
which i s e s s e n t i a l l y the same as Xaa obtained from 
c a l c u l a t i o n (equation 13). The f a c t that Xacr i s n e a r l y 
equal to X^- i n d i c a t e s the reasonableness and u s e f u l n e s s 
of the theory of molecular i n t e r a c t i o n s . 

I t i s worth n o t i n g that at a i r / w a t e r s u r f a c e the 
s u r f a c e mole f r a c t i o n Χ 2 σ ( C 1 0 SNa) i s much l e s s than the 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



14. Z H A O A N D Z H U Fluorocarbon and Hydrocarbon Surfactants 189 

7 6 5 I 3 2 1 
l o 9 C C 7 F N a C o r C | 0 S N ^ m ) 

F i g u r e 1. Surface t e n s i o n of aqueous s o l u t i o n s of 
C 7 F N a - C i o S N a system at 30°C with NaCl, i o n i c s t r e n g t h 
= 0.1 m$ C = Cc 7FMa · except curve 1), 

i°g c r ( o r a : ) (m) 

F i g u r e 2. I n t e r f a c i a l t e n s i o n of n-heptane/aqueous 
s o l u t i o n s of C 7FNa-C l oSNa mixtures at 30 dC (with NaCl, 
i o n i c s t r e n g t h = 0.1 mj C =C C | o S N f t , except curve 1). 
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Table 1. Λ - v a l u e s of C 7FNa-C ( 0 5Na System 
[with NaCl, i o n i c s t r e n g t h = 0.1 m. 30°C) 

C 7FNa:C,oSNa C, Xa. Xa A 7 
(1) (2) (I0~ 3m) Eqn(13) Eqn(18b) (mNm"' ) 

air / w a t e r s u r f a c e (C? * 1.94xli 3m; C£ = 8.81xlCT3m) 
1 ι 1 1.75 0.11 O.o7 +0.79 41.5 
1 i y 3 1.32 0.37 0.39 +0.51 41.5 
1 : 10 0.641 0.71 0.60 +0.28 41.5 

n-heptane/uiater i n t e r f a c e ^ = 5.96xl0T3m; C£= 2.88xl0"3m) 
3 : 1 3.57 0.41 0.43 +0.05 20.3 
1 ι 1 2.08 0.70 0.70 +0.33 20.3 
1 ι 3 0.82 0.87 0.85 +0.06 20.3 

Table 7 βοτ-values 
(with NaCl

of l i l C 7FNa-C|aSNa 5 ystem 

Ci (C 7FNa) 
(l0~ 5m) 

CÎ (C 7FNa) 
(10- Sm) 

C*(C,a 
(10 -5 

SNa) Xj 
m) (C 7FNa) ^ σ (mNm-') 

6.49 
76. 9 
78. 9 

14.7 
85. 1 
317 

8. 03 
28. 1 
82. 1 

0.24 
0.05 
0. 04 

+1.0 60.0 
+2.0 50.0 
+2.0 40.0 

Table 3. ^ - v a l u e s of "6203" ( l)-TX100(2) System (25°C) 
7(mNm-») c;(10- 8m) C (10^m) C {lQ~* m) C (10^m) V AT 

1: 1 system : 
30 24.0 25. 1 15.8 15.8 0.48 + l . o 
40 7.24 8.91 4. 90 4. 90 0.41 + 0.8 
50 2.24 3.09 1.58 1.58 0. 37 + 0.8 
3 system: 
30 24.0 25. 1 6.46 19.4 0.76 + 0.23 
40 7.24 8.91 2. 34 7.03 0,77 + 0.56 
50 2.24 3.09 0.832 2.5 0.77 + 0.83 

Table 4 jS^-values of Ce Ν Br ( 1 )-C 7FNa(2) System 
(with NaBr, i o n i c s t r e n g t h = 0.1 m, 30°C) 

( D : (?) c,* 
(1θΑ»0 Eqn (13) 

Xitr 
Eqn (18a) P« 

7 
(mNm*1 ) 

1 : 100 19.5 0. 14 0.21 -11.5 52.7 
1 ι 10 9.80 0.24 0.29 -13.5 It 
1 : 1 3.72 0. 33 0. 30 -15.0 •t 

10 : 1 2.40 0. 39 0. 39 -13.3 η 
100 t 1 1. 02 0.46 0.44 -12. 9 M 

1 * 1 
2. 30 0. 30 0.27 -12.0 60. 0 

* At 7 = 
A t r = 

52.7 mNm-
60. 0 mNm-

' . CÎ = 
1 . = 

0,100 m, C 
2.88xl0"2m, 

I = 2.82xl0~ 4 m; 
Ca * 9.70xl0- s m 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



14. Z H A O A N D Z H U Fluorocarbon and Hydrocarbon Surfactants 191 

bulk mole f r a c t r i o n , whereas at n-C 7HJÔ /water i n t e r f a c e 
the reverse i s the case? e.g., with the 1:1 s o l u t i o n bulk 
mole f r a c t i o n of C| 05Na i s 0.5, and X a i s 0.1 \ at the 
s u r f a c e , 0.7 at the i n t e r f a c e . There i s p r e f e r e n t i a l 
a d s o r p t i o n of C,oSNa at the i n t e r f a c e although C i 0SNa i s 
l e s s s u r f a c e a c t i v e than C 7FNa. T h i s may be due to the 
"mutual p h o b i c i t y " between FC-chain of C 7FNa and CH-chain 
of n-C 7Hi6 of the o i l phase, thus C,0 SNa adsorbs p r e f e r e n 
t i a l l y at the i n t e r f a c e . 

"62Q3"-TX100 ( n o n i o n i c - n o n i o n i c ) system. From Fig.4 some 
A r and X<r values are evaluated and shown i n Table 3. 
(again the /Sm value can not be c a l c u l a t e d because no mis
c i b l e mixed m i c e l l e i s formed). Two break p o i n t s i n the 
curves of 1: 1 and 1:3 "6203"-TX100 mixed s o l u t i o n s are 
noted. T h i s i m p l i e s there would be two cmcs and hence two 
kinds of m i c e l l e s ma
(4,5), The two cmc value
10~4m ("6203") and 2.75x10^ m (TX100)| the 1:3 s o l u t i o n , 
5.01x10-4m ("6203") and2, 61 χ 1 0"4(TX 10θί. I t i s noted that 
the values of 5.14x10~4m and 5.01x10"^ m are c l o s e to the 
cmc of pure "6203" (4.78x 1 Q-4m) and 2.75x10~ 4m and 2.61x 
10~4m, c l o s e to the cmc of pure TX100 (2.57x10" 4m) an 
obvious evidence of the e x i s t e n c e of two kinds of m i c e l l e 
i n a mixed s o l u t i o n (4,7), 

The β<τ i n Table 3 are a l l s m a l l p o s i t i v e values. I t 
once again c l e a r l y shows the mutual phobic i n t e r a c t i o n 
between FC- and HC-chains of the s u r f a c t a n t s . 

C&NBr-C7FNa ( c a t l o n i c - a n i o n i c ) system. The common c a t * 
i o n i c - a n i o n i c mixture of HC s u r f a c t a n t s i s h i g h l y s u r f a c e 
a c t i v e ( 1 7 ) , showing the s t r o n g i n t e r a c t i o n s between the 
two o p p o s i t e l y charged s u r f a c e a c t i v e i o n s . S i m i l a r r e r 
s u i t s have been observed i n the case of CsNBr-C?FNa sy s 
tem. The 7 - l o g C p l o t i n F i g . 5 i l l u s t r a t e s such an i n t e r 
a c t i o n . Ule can see that the 1:1 CeNBr-C7FNa mixture i s 
much more s u r f a c e a c t i v e than CeNBr or C 7FNa. The cmc 
value of s u r f a c t a n t s mixture i s much more s m a l l e r than 
that of C 8NBr or C 7FNa, and the * 7 c m c of the mixed s o l u t i o n 
i s very low (~15 mNm- 1 ). The mixtures with v a r i o u s molal 
r a t i o s other than 1 t 1 are a l s o very s u r f a c e a c t i v e ( 6 ) . 
Ule may c a l c u l a t e the s u r f a c e a d s o r p t i o n s and s u r f a c e mole 
f r a c t i o n s of C&N and C 7 F ~ from s u r f a c e tension-concen
t r a t i o n r e l a t i o n s h i p s by a p p l y i n g the Gibbs equations 
(equations (16), (1 7) and (18)). The βν and X;<r values are c a l 
c u l a t e d by equation 13 from the s u r f a c e tension-concen
t r a t i o n r e l a t i o n s h i p s . Some r e s u l t s are shown i n Table 4, 

The r e s u l t s show t h a t : ( 1 ) β σ values are negative and 
r a t h e r l a r g e , i n d i c a t i n g the s t r o n g molecular i n t e r a c t i o n s 
due to the s t r o n g coulombic a t t r a c t i o n between the two 
s u r f a c e a c t i v e ions with opposite charges; (2) the sur
face mole f r a c t i o n s (Χισ) c a l c u l a t e d by equation (13)are 
i n accord with those obtained from Gibbs a d s o r p t i o n equa
t i o n , showing the reasonableness of the a p p l i c a t i o n of the 
s o l u t i o n theory to the a d s o r p t i o n l a y e r ; (3) at constant 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



192 PHENOMENA IN MIXED SURFACTANT SYSTEMS 

20 I α ± -t. ± 1-
5 A 3 2 1 

l o g C, orZ (m) 

F i g u r e 3. Surface t e n s i o n of aqueous s o l u t i o n s of 
C 7FNa - C j 2 SNa system at 30°C (with NaCl, i o n i c s t r e n g t h 
= 0.1 mj C = Ccl2.sMa · except curve 1). 

F i g u r e 4. Surface t e n s i o n of auqeous s o l u t i o n s of 
"6203", TX100 and t h e i r mixtures at 25 eC. 
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Table 5 . ^ - v a l u e s of 11 1 CeNBr( l)-CeSNa(2) System 
(with NaBr, i o n i c s t r e n g t h = 0.1 m, 25°C) 

L Ci C l Ci =+C2 7 X y /> 
ί 10~3m ) (mNm-' ) Eqn (13) Eqn (18) Ρσ 

air / w a t e r s u r f a c e 
100 40.1 0.841 52.7 0.47 0.48 -14.5 
28.7 16.3 0,447 60.0 0.48 0.49 -12.7 
4.35 2*75 D.178 68.0 0.48 0.49 - 9.1 
heptane/water i n t e r f a c e 
100 72.9 0.832 25.2 0.45 0,50 -13. 3 
2.82 1.05 0.105 42.0 0.42 - 8.3 
0.631 0.178 0.040 46.0 0.42 - 5.5 

Table 6. /^-values of C 8NBr(l)-Ca5Na(2) System with 
v a r i o u s Mola
s t r e n g t h

molal r a t i o C  7 Xnr 
(1) ι (2) (I0~ 5m) (mNm-*') Eqn(13) Eqn(18) p c 

air/uuater s u r f a c e 
1 : 1 84.1 52.7 0.47 0.48 -14.5 
1 : 10 28.8 0.40 0.45 -13.5 
Η j 100 6.7 0.32 0. 34 -13.5 

heptane/water i n t e r f a c e 
1 t 1 83.2 25.2 0.45 0.50 -13.3 
1 : 10 25.2 0. 37 0.45 -12.6 
1 t 40 12.0 0.32 0. 34 -11.9 

* A t 7 = 52.7, C? = 1.00x10-' m, C| = 4.01x10^ m; 
A t 7 = 25.2, C] = l.OOxlO- 1 m, C£ = 2.2 9 x l 0 ~ 2 m. 

Table 7. Surface P r o p e r t i e s of l t l C 8S0C(1)-C 7FNa(2) 
5ystem(mith NaBr, i o n i c s t r e n g t h = 0.1 m, 25°C) 

Τ (mNm ) cf(l0~ 3m) C|(lO~3m) C,=C 2(l0- 3m) X 2 ( r 0 y 

17 54.9 47.4 5.01 0.51 -6.51 
30 18.6 10.5 1.78 0.54 -5.46 
40 8,24 3.26 0.754 0.57 -4.74 
50 3.40 0.902 0.293 0.61 -4. 14 

* Value obtained by e x t r a p o l a t i o n of the l i n e a r 
p o r t i o n of 7 - l o g C curve below 7cmc · 

Table 8. β# and Surface Mole F r a c t i o n of 1 s 1 CeSOC(l)-
C?FNa(2) System (without added s a l t , 25 eC) 

T CÎ CÎ C, * C 2 &r Xacr XW 
(mNm-' ) ( 10-3m ) Eqn (20) Eqn(20) Eqn(22) 

30 19.5 28.2 4.41 -5.86 0.41 0.38 
45 5. 37 10,0 1.59 -4,88 0.39 0.38 
60 1.14 2.23 0.384 -4.58 0.37 0.38 
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s u r f a c e t e n s i o n , /3σ change l i t t l e i r r e s p e c t i v e of the d i f 
f e r e n t molal r a t i o of the two s u r f a c t a n t s ; (4) βσ values 
( a b s o l u t e ) i n c r e a s e with the s u r f a c e pressure ( i . e . , de
crease as the s u r f a c e t e n s i o n i n c r e a s e s ) . 

T h i s i s a l s o o b v i o u s l y shown i n the case of common 
HC c a t i o n i c - a n i o n i c s u r f a c t a n t s system, CgNBr-CgHiîSÊ^Na 
(C QSNa) (17). The r e s u l t s i n Table 5 and 6 are f u l l y i n 
l i n e with the above mentioned four p o i n t s . 

In these systems with the s a l t (NaBr) c o n c e n t r a t i o n 
of 0.1m, £ m cannot be obtained because the cmcs of CgNBr 
and CgSNa are both greater than 0.1m (they are 0.26 and 
0.14 m, r e s p e c t i v e l y ) . 

Co5DC-C 7FNa ( n o n i o n i c - a n i o n i c ) system. In order to avoid 
the complex s t r u c t u r e and f u n c t i o n of polyoxyethvlene 
group in a common noni o n i c s u r f a c t a n t (e.g. TX10Q), we use 
oct y l m e t h y l s u l f o x i d
study the molecular i n t e r a c t i o n s
the s u r f a c t a n t s s o l u t i o n s (with and without adding s a l t ) 
are shown i n f i g . 6 and 7, The s u r f a c e p r o p e r t i e s of 1i1 
CQSOC-CyFNa system with adding s a l t (from F i g . 6 ) are 
shown i n Table 7. 

The r a t h e r great value of β σ shows the s t r o n g molecu
l a r i n t e r a c t i o n between the two components* p o l a r groups 
s i n c e the two hydrophobic c h a i n s would be mutual-phobic. 
fdm value c a l c u l a t e d by equation (17) a l s o shows t h i s p o i n t t 

-3.2 (Xa. w * 0.53). 
For t h i s system without added s a l t , the equation f o r 

c a l c u l a t i n g /3m and # σ should be as f o l l o w s (from equation 
C11) and equation (14;) 

β*η * lntcmcj/cmc^X^) / X 2 m 

= ln((cn,c 2/cmc° 2-) 1 + K 2/X 2J / X ? m (19) 

fry = l n ^ / C ^ X ^ ) / Χ 2 σ 

= ln ( ( c 2/C 2) 1 + K' 2/X 2«r) / Χ?σ (20) 
From F i g , 7 the c a l c u l a t e d β σ -values of 1i1 CgSQC-C 7FNa 
s o l u t i o n at d i f f e r e n t s u r f a c e t e n s i o n are shown i n f a b l e θ 
together with the X ^ obtained from the a d s o r p t i o n data 
by the Gibbs theorem. For the 1i1 mixed s o l u t i o n , assum
i n g i d e a l (as the s o l u t i o n i s d i l u t e ) , then 

- d 7 / R T = r c 8 5 0 C d l n C C a S 0 C • Ii 7 F-dInC<jp + Kef d i n ( W 
s ( r C a 5 0 C * r C 7 r + T N a+) d i n C 

« P d l n C (21) 

where C i s the molal c o n c e n t r a t i o n of C8S0C or C^FNa i n 
1i1 mixed s o l u t i o n , F ' « Γο β5υΤ + 2ÏÎ7F~ ( a s I C 7 F - e I W ) . 
The s u r f a c e mole f r a c t i o n of C R50C then i s expressed as 
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l O L i _ _L - L JL _ » 

6 5 4 3 2 1 
I o 9 c ( ι) or cz) (m) 

F i g u r e 5. Surface t e n s i o n of aqueous s o l u t i o n s of 
CsNBr-C7FNa system at 30°C (with NaBr, i o n i c s t r e n g t h 
= 0.1 m; C = c c 8 N B r » except curve 2). 

F i g u r e 6, Surface t e n s i o n of aqueous s o l u t i o n s of 
C 8S0C, C 7FNa and 11 1 mixture at 25°C (with NaCl, i o n i c 
s t r e n g t h = 0.1 m). 
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C 7FNa C o n c e n t r a t i o n kept constant 

2. 1.59 χ 10~3 m 

3. 4.41 χ 1 ϋ" 3 m 

vC 7 FNa C D 

C 85DC (2) 
1:1 C 7FNa-C ôS0C 

-+ + - r — 

log C ( l ) o r U ) O) 

F i g u r e 7. Surface t e n s i o n of aqueous s o l u t i o n s of 
C 7FNa, CgSDC and t h e i r 1:1 mixture at 25 eC. 
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X 2 < r - r C e S O C / (r c ? F -* r C e 5 0 C ) ( 2 2 ) 

I t i s shown that X2<r^ X2<X# i n d i c a t i n g equation^20) i s 
o b v i o u s l y more a p p r o p r i a t e to the n o n i o n i c - i o n i c systems 
with and without added s a l t . I f equation 13 i s a p p l i e d 
here, at 7 s 30, 45 and 60 mNm*1, Y2c values would be 0.47 
0.44 and 0.43, r e s p e c t i v e l y , which are q u i t e d i f f e r e n t 
from / R v a l u e s , showing f u r t h e r the a p p r o p r i a t e n e s s of 
equation(20) (or equation (14)) f o r the system without added 
s a l t . 

From equation (19), we can c a l c u l a t e βγ» ( S-3.1) and X m 

( XC?F *0.41) T h e c o n s i d e r a b l y s t r o n g molecular i n t e r a c 
t i o n between C 8S0C and C?FNa may be probably a t t r i b u t e d to 
the s t r o n g p o l a r i t y of >5*0 group which would gain a pro
ton i n the aqueous s o l u t i o n to become s l i g h t l y p o s i t i v e l y 
charged ( i . e . C eS0C •
i n t e r a c t i o n takes plac
coulombic a t t r a c t i o n . T h i s i s evidenced by the f a c t that 
pH of the aqueous s o l u t i o n of CeSOC becomes higher than 
water and the \β\ value f o r CeSOC-Cio Η ϋ Ν ( C H 3 ) 3 Br system 
i s much smaller than that of C 85QC-C 7FNa or CgS0C-C| OSNa 
system 

I t i s seen that i n the 1 » 1 C 8S0C-C 7FNa system, as i n 
the other above-mentioned system, \βσ[ value decreases 
with the i n c r e a s i n g "y-value. 

CioSOC has a s i m i l a r e f f e c t i n the mixed systems(18). 

C o n c l u s i o n 

The nature of s u r f a c e a d s o r p t i o n and m i c e l l e formation of 
va r i o u s mixed FC- and HC-surfactants systems can be con
v e n i e n t l y and w e l l i n v e s t i g a t e d by the no n - i d e a l s o l u t i o n 
theory s e m i - e m p i r i c a l l y a p p l i e d i n the s u r f a c e l a y e r and 
m i c e l l e s . The weak "mutual phobic** i n t e r a c t i o n between 
FC- and HC-chains has been c l e a r l y r e v e a l e d i n the an
i o n i c - a n i o n i c and n o n i o n i c - n o n i o n i c systems as i n d i c a t e d 
by the p o s i t i v e / V - v a l u e s . £ m - value cannot be obtained 
because of the absence of e n t i r e l y m i s c i b l e m i c e l l e due 
to Mmutual phobicity**. 

In the systems with c o n s i d e r a b l e molecular i n t e r a c 
t i o n s between the two s u r f a c t a n t components, such as 
C 8NBr-C 7FNa ( c a t i o n i c - a n i o n i c ) and C 8S0C-C 7FNa ( n o n i o n i c -
a n i o n i c ) systems, the **mutual phobic i n t e r a c t i o n * * can be 
concealed e n t i r e l y and there are l a r g e negative βσ and j&m 
values f o r these systems. 

The r e s u l t s show th a t f o r a mixed s o l u t i o n , β^ v a r i e s 
with the s u r f a c e t e n s i o n of s o l u t i o n . T h i s i s reasonable 
because the denseness of s u r f a c e molecular packing i s not 
the same at d i f f e r e n t 7 I the lower the 7 , the denser the 
packing and the greater the molecular i n t e r a c t i o n . T h i s 
i s most obvious i n 9yete<« of l a r g e negative jB^-values and 
l e s s obvious or even vague i n the case of weak i n t e r a c 
t i o n s (such as i n CyFNa*-C io SNa system). 

For c a l c u l a t i n g β and X-L of the binary system con-
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t a i n i n g i o n i c s u r f a c t a n t without added s a l t , the general 
equations with the c o u n t e r i o n b i n d i n g constant (K|) term 
(equations (1V an (14)1 should be used i n s t e a d of the equa
t i o n s ( Eqns. (12,(1 3)J ever proposed( Eqns. (12),(13) are the 
s p e c i a l cases of Eqns, (11) f(14)). 

I t i s evident that the n o n - i d e a l s o l u t i o n theory of 
su r f a c e a d s o r p t i o n and m i c e l l i z a t i o n i s a convenient and 
u s e f u l t o o l f o r o b t a i n i n g the s u r f a c e and the m i c e l l e 
compositions and f o r s t u d i n g the molecular i n t e r a c t i o n i n 
the b i n a r y s u r f a c t a n t system. 
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15 
Adsorption of a Mixture of Anionic Surfactants 
on Alumina 

Bruce L. Roberts, John F. Scamehorn, and Jeffrey H. Harwell1 

School of Chemical Engineering and Materials Science, University of Oklahoma, Norman, 
OK 73019 

The adsorpt io
sodium dodecylsu l fa t
mixtures thereof was measured on alumina. 
The thermodynamics of mixing upon formation 
of the b i l aye red surface aggregates 
(admicelles) was s tudied as wel l as that 
associa ted with mixed m i c e l l e formation for 
the system. Ideal s o l u t i o n theory was 
obeyed upon formation of mixed m i c e l l e s , 
but p o s i t i v e dev ia t ion from idea l s o l u t i o n 
theory was found at a l l mixture 
compositions upon mixed admicel le 
formation. The mixed m i c e l l e s are i dea l 
because the hydrophobic groups of d i f f e r e n t 
length are i n approximately the same 
environment in the sphe r i ca l hydrophobic 
core of the mixed m i c e l l e as they are i n 
the pure component m i c e l l e s . In the planar 
core of the admice l l e , however, the 
methylene groups nearest the h y d r o p h i l i c 
group on the longer hydrocarbon chain 
surfactant are not exposed to as 
hydrophobic an environment as in the pure 
component admice l le , resulting in a reduced 
tendency for the mixed admice l le to form, 
compared to an idea l solution. 

The adsorpt ion of surfactant mixtures on metal oxide 
surfaces ( e . g . , minerals) from aqueous s o l u t i o n s i s an 
important process i n such a p p l i c a t i o n s as enhanced o i l 
recovery and detergency. Since sur fac tants used i n r e a l -
world a p p l i c a t i o n s are almost always mixtures , 
i n t e r a c t i o n s between d i f f e r e n t adsorbed surfactant 
1To whom correspondence should be addressed. 
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s p e c i e s , as w e l l as s u r f a c t ant-sur-face i n t e r a c t i o n s , must 
be s t u d i e d t o p r o v i d e a comprehensive u n d e r s t a n d i n g of 
t h e s e systems. 

The a d s o r p t i o n of single-component a n i o n i c 
s u r f a c t a n t s on metal o x i d e s u r f a c e s has been s t u d i e d 
e x t e n s i v e l y (1-1Q). The s u r f a c e of the adsorbent can be 
viewed as b e i n g composed of p a t c h e s , each p a t c h h a v i n g a 
c h a r a c t e r i s t i c energy of a d s o r p t i o n (or f o r m a l l y , a 
c h a r a c t e r i s t i c s t a n d a r d s t a t e c h e m i c a l p o t e n t i a l change 
upon a d s o r p t i o n of s u r f a c t a n t on t h a t p a t c h ) . At low 
s u r f a c t a n t c o n c e n t r a t i o n s , t h e s u r f a c t a n t s a r e a d s o r b i n g 
as i n d i v i d u a l , u n a s s o c i a t e d m o l e c u l e s on each p a t c h on 
t h e s u r f a c e . At a c e r t a i n s p e c i f i c c o n c e n t r a t i o n , t h e 
s u r f a c t a n t s form a s u r f a c e aggregate on t h e most 
e n e r g e t i c p a t c h on t h e s u r f a c e . The a d s o r p t i o n on t h i s 
p a t c h i n c r e a s e s s h a r p l y when t h i s o c c u r s . As t h e 
s u r f a c t a n t c o n c e n t r a t i o
s u c c e s s i v e l y l e s s e n e r g e t i
aggregate formed on them. On a s u b s t r a t e l i k e a l u m i n a , 
the d i s t r i b u t i o n of p a t c h e n e r g i e s i s n e a r l y c o n t i n u o u s , 
so t h a t t h e a d s o r p t i o n i s o t h e r m i s e s s e n t i a l l y 
c o n t i n u o u s . 

S u r f a c e aggregates formed by i o n i c s u r f a c t a n t 
a d s o r p t i o n on o p p o s i t e l y charge s u r f a c e s have been shown 
t o be b i l a y e r e d s t r u c t u r e s <JL> and a r e c a l l e d 
a d m i c e l l e s ( 2 ) i n t h i s paper, though t h e y a r e sometimes 
r e f e r r e d t o as hemimicel1 es. The c o n c e n t r a t i o n a t which 
a d m i c e l l e s f i r s t form on t h e most e n e r g e t i c s u r f a c e p a t c h 
i s c a l l e d t h e C r i t i c a l A d m i c e l l a r C o n c e n t r a t i o n (CAO i n 
analogy t o t h e C r i t i c a l M i c e l l e C o n c e n t r a t i o n (CMC), 
where m i c e l l e s a r e f i r s t formed. Again, i n much of t h e 
l i t e r a t u r e , t h e CAC i s referred t o as t h e H e m i m i c e l l a r 
C o n c e n t r a t i o n (HMO. 

At c o n c e n t r a t i o n s below t h e CAC, t h e r e i s no 
s i g n i f i c a n t i n t e r a c t i o n between adsorbed s u r f a c t a n t 
m o l e c u l e s . T h e r e f o r e , t h e a d s o r p t i o n i n t h i s r e g i o n 
obeys Henry's law and i s p r o p o r t i o n a l t o c o n c e n t r a t i o n . 
T h i s r e g i o n of t h e a d s o r p t i o n i s o t h e r m i s known as t h e 
Henry's law r e g i o n . At the CAC, the a d s o r p t i o n vs. 
c o n c e n t r a t i o n i s o t h e r m e x h i b i t s a sharp i n c r e a s e i n s l o p e 
as s u c c e s s i v e p a t c h e s on the s u r f a c e become f i l l e d w i t h 
a d m i c e l l e s . A d s o r p t i o n may c o n t i n u e t o i n c r e a s e w i t h 
i n c r e a s i n g s u r f a c t a n t c o n c e n t r a t i o n u n t i l complete 
b i l a y e r coverage o c c u r s over t h e e n t i r e s u r f a c e . 
However, o f t e n t h e CMC i s reached b e f o r e t h i s o c c u r s . 
The a c t i v i t y or chemical p o t e n t i a l of t h e s u r f a c t a n t 
v a r i e s l i t t l e a t c o n c e n t r a t i o n s above t h e CMC. 
T h e r e f o r e , f o r s i n g l e component s u r f a c t a n t s , the 
a d s o r p t i o n changes s l o w l y w i t h s u r f a c t a n t c o n c e n t r a t i o n 
above the CMC. The r e s u l t i n g c h a r a c t e r i s t i c i s o t h e r m 
shape f o r a single-component s u r f a c t a n t a d s o r p t i o n i s 
i l l u s t r a t e d i n F i g u r e 1 f o r t h e two pure s u r f a c t a n t s 
shown. 

The thermodynamics of f o r m a t i o n of a d m i c e l l e s 
composed of two or more s u r f a c t a n t s i s t h e f o c u s of t h i s 
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s t u d y . Other mixed aggregates -formed by s u r f a c t a n t s have 
been s t u d i e d , such as mixed m i c e l l e s (11-13)« mixed 
monolayers (13,14)„ mixed m i c r o e m u l s i o n s (15-17), mixed 
l i q u i d c r y s t a l s (.17) , and mixed c o a c e r v a t e above t h e 
c l o u d p o i n t (18)? t o name a few. However, mixed 
a d m i c e l l e s have r e c e i v e d l i t t l e a t t e n t i o n , d e s p i t e t h e i r 
commercial and t h e o r e t i c a l i n t e r e s t . 

Scamehorn e t . a l . (19) r e p o r t e d t h e a d s o r p t i o n 
i s o t h e r m s f o r a b i n a r y m i x t u r e of a n i o n i c s u r f a c t a n t s . A 
fo r m a l a d s o r p t i o n model developed f o r s i n g l e s u r f a c t a n t 
systems (1_) was extended t o t h i s b i n a r y system and shown 
t o a c c u r a t e l y d e s c r i b e t h e mixed a d s o r p t i o n i s o t h e r m s 
(19.). That t h e o r e t i c a l l y based model was v e r y complex 
and i s p r o b a b l y not f e a s i b l e t o extend beyond two 
s u r f a c t a n t components. 

Scamehorn e t . a l . (20) a l s o p r e s e n t e d a s i m p l e , 
s e m i - e m p i r i c a l metho
the concept of reduce
the mixed a d s o r p t i o n i s o t h e r m and a d m i c e l l a r c o m p o s i t i o n 
from the pure component i s o t h e r m s . In t h i s work, we 
p r e s e n t a more ge n e r a l t h e o r y , based o n l y on i d e a l 
s o l u t i o n t h e o r y , and p r e s e n t d e t a i l e d mixed system d a t a 
f o r a b i n a r y mixed s u r f a c t a n t system (two members of a 
homologous s e r i e s ) and use i t t o t e s t t h i s model. The 
thermodynamics of a d m i c e l l e f o r m a t i o n i s a l s o compared t o 
t h a t of m i c e l l e f o r m a t i o n f o r t h i s same system. 

E x p e r i m e n t a l 

M a t e r i a l s . The sodium n - d e c y l s u l f a t e (CioSO*) from Kodak 
and t h e sodium n - d o d e c y l s u l f a t e ( C i 2 S 0 * ) from F i s h e r were 
p u r i f i e d by r e c r y s t a l 1 i z a t i o n from water and from 
methanol, f o l l o w e d by d r y i n g under a vacuum. The alumina 
used was Aluminum Oxide C (Degussa I n c . ) , a p r i m a r i l y 
gamma alumina, w i t h a s u r f a c e a r e a of 100 m2/g. The NaCl 
was F i s h e r reagent grade and t h e water was d i s t i l l e d and 
d e i o n i z e d . 

Methods. A d s o r p t i o n i s o t h e r m s were run a t c o n s t a n t f e e d 
molar r a t i o of C l oS0^/C X 3 CS0^. The f e e d s o l u t i o n s had a 
pH of 4.25 and a NaCl c o n c e n t r a t i o n of 0.15 M. Ten ml of 
f e e d s o l u t i o n was added t o 0.5 g alumina i n a screw top 
c e n t r i f u g e tube and c e n t r i f u g e d a t 700 RPM f o r 45 minutes 
at room temperature. The tube was then p l a c e d i n a water 
bath a t 30°C f o r f o u r days, t h e l i q u i d decanted from t h e 
m i n e r a l and a n a l y z e d . The s u r f a c t a n t c o n c e n t r a t i o n s were 
a n a l y z e d u s i n g h i g h performance l i q u i d chromatography 
w i t h a c o n d u c t i v i t y d e t e c t o r . The s o l u t i o n pH a f t e r 
e q u i l i b r a t i o n was determined u s i n g pH e l e c t r o d e s . The 
e q u i l i b r i u m pH i n c r e a s e d t o 6.8 a t e q u i l i b r i u m because 
the PZC of alumina i s a p p r o x i m a t e l y 9. 

Theory 

For t h e t y p e of s u r f a c t a n t s s t u d i e d here, a t 
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c o n c e n t r a t i o n s s i g n i f i c a n t l y h i g h e r than t h e CAC, almost 
a l l adsorbed s u r f a c t a n t on t h e s u r f a c e i s i n t h e form of 
a d m i c e l l e s ; i . e . , t h e patches w i t h Henry's Law a d s o r p t i o n 
c o n t r i b u t e an i n s i g n i f i c a n t amount of adsorbed s u r f a c t a n t 
t o t h e t o t a l . C o n s i d e r a pure s u r f a c t a n t a d s o r p t i o n 
i s o t h e r m at a s u r f a c t a n t c o n c e n t r a t i o n above t h e CAC. At 
a s p e c i f i c t o t a l s u r f a c t a n t a d s o r p t i o n l e v e l , c e r t a i n 
s p e c i f i c patches on t h e s u r f a c e c o n t a i n a d m i c e l l e s , w i t h 
t h e r e s t of t h e s u r f a c e p a t c h e s c o n t a i n i n g o n l y s p a r s e 
coverage of s u r f a c t a n t . For t h e o t h e r pure s u r f a c t a n t 
component and f o r any s u r f a c t a n t m i x t u r e a t t h a t same 
a d s o r p t i o n l e v e l , i t i s assumed t h a t t h e same patch e s 
(and o n l y t h e s e patches) c o n t a i n a d m i c e l l e s as f o r t h e 
f i r s t pure s u r f a c t a n t . Taking t h i s p h y s i c a l view of t h e 
s u r f a c e , i t i s con v e n i e n t t o model t h e t o t a l s u r f a c t a n t 
c o n c e n t r a t i o n r e q u i r e d t o cause a d m i c e l l e s t o form on 
tho s e s u r f a c e p a t c h e  c o r r e s p o n d i n  s p e c i f i l 
a d s o r p t i o n l e v e l . S i n c
f u n c t i o n of t o t a l s u r f a c t a n  s p e c i f i
s u r f a c t a n t c o m p o s i t i o n , p r e d i c t i n g c o n c e n t r a t i o n as a 
f u n c t i o n of a d s o r p t i o n y i e l d s t h e same r e s u l t as t h e more 
t r a d i t i o n a l p r e d i c t i o n of a d s o r p t i o n as a f u n c t i o n of 
c o n c e n t r a t i o n . I f t h e c o m p o s i t i o n of t h e a d s o r b a t e were 
known, t h e a d s o r p t i o n of each i n d i v i d u a l s u r f a c t a n t 
component c o u l d a l s o be p r e d i c t e d i n s u r f a c t a n t m i x t u r e s . 
E q u a t i o n s t o p r e d i c t t h e s e q u a n t i t i e s f o r m i x t u r e 
a d s o r p t i o n , based on i d e a l m i x i n g i n t h e a d m i c e l l e , w i l l 
be p r e s e n t e d here. 

C o n s i d e r t h e pure s u r f a c t a n t a d s o r p t i o n i s o t h e r m s 
shown i n F i g u r e 1. At c o n c e n t r a t i o n s between t h e CAC and 
the CMC, t h e r e i s a unique c o n c e n t r a t i o n l e v e l 
c o r r e s p o n d i n g t o each a d s o r p t i o n l e v e l f o r each pure 
component. S i n c e t h i s c o n c e n t r a t i o n c o r r e s p o n d s t o 
f o r m a t i o n of a d m i c e l l e s on s p e c i f i c p a t c h s on t h e 
s u r f a c e , f o r component i , we c a l l t h e c o n c e n t r a t i o n 
CAC**; t h e v a r i a b l e CAC (no s u p e r s c r i p t ) w i l l be r e s e r v e d 
t o r e f e r t o t h e c o n c e n t r a t i o n which c o r r e s p o n d s t o 
a d m i c e l l e f o r m a t i o n on t h e most e n e r g e t i c p a t c h on t h e 
s u r f a c e . We w i l l o n l y c o n s i d e r b i n a r y m i x t u r e s of 
s u r f a c t a n t s , so t h e s u b s c r i p t i can r e f e r t o e i t h e r 
component A or B. For a s u r f a c t a n t m i x t u r e , t h e t o t a l 
s u r f a c t a n t c o n c e n t r a t i o n r e q u i r e d t o reach a s p e c i f i e d 
a d s o r p t i o n l e v e l i s d e f i n e d as CAC M*. 

The mixed a d m i c e l l e i s v e r y analogous t o mixed 
m i c e l l e s , t h e thermodynamics of f o r m a t i o n of which has 
been w i d e l y s t u d i e d . I f t h e s u r f a c t a n t m i x i n g i n t h e 
m i c e l l e can be d e s c r i b e d by i d e a l s o l u t i o n t h e o r y , t h e 
C r i t i c a l M i c e l l e C o n c e n t r a t i o n (CMC) or minimum 
c o n c e n t r a t i o n a t which m i c e l l e s f i r s t form can be 
d e s c r i b e d by (21.): 

CMC M = CMC«CMC e/(y«CMC e + y eCMC«) (1) 
where CMC M i s t h e m i x t u r e CMC, and CMC« or CMC» a r e t h e 
CMC v a l u e s f o r pure component Â or B, and y* or y» a r e 
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t h e s u r f a c t a n t - o n l y based mole - f r a c t i o n s o-f component A 
or Β i n t h e monomer i n s o l u t i o n . The c o m p o s i t i o n o-f t h e 
m i c e l l e s i n e q u i l i b r i u m w i t h t h e monomer, a c c o r d i n g t o 
i d e a l s o l u t i o n t h e o r y , can be d e s c r i b e d by (11): 

κ Λ = y«CMC M/CMC« (2) 

K B = V B C M C M / C M C B (3) 

V A + y» = 1 (4) 

Χ α + X B = 1 (5) 

where κ Λ or x B a r e t h e sur-f a c t a n t - o n l y based mole 
f r a c t i o n s of component A or Β i n t h e mixed m i c e l l e . 
E q u a t i o n s 1-5 p r o v i d e a p r i o r i p r e d i c t i o n of mixed CMC 
v a l u e s and c o m p o s i t i o

At a s p e c i f i
s u r f a c t a n t monomers as bei n g i n e q u i l i b r i u m w i t h 
a d m i c e l l e s on s p e c i f i c s u r f a c e patches, j u s t as t h e 
monomer i s i n e q u i l i b r i u m w i t h t h e m i c e l l e s a t a 
monomeric c o n c e n t r a t i o n of t h e CMC. T h e r e f o r e , CAC* i s 
analogous f o r a d m i c e l l e s t o t h e CMC f o r m i c e l l e 
f o r m a t i o n . I f mixi n g between s u r f a c t a n t components i s 
i d e a l i n t h e a d m i c e l l e , a t a s p e c i f i c a d s o r p t i o n l e v e l , 
i n analogy t o E q u a t i o n s l-3s 

CAC M» = CAC«*CAC e*/(y*CAC»* + y eCAC«*) <6> 

Z A = y«CAC M*/CAC«* (7) 

z© = y»CAC M*/CAC»* (8) 

ζ Λ + ζ β = 1 (9) 

where ζ Λ or ζ» a r e the s u r f a c t a n t - o n l y based mole 
f r a c t i o n s of component A or Β i n t h e mixed a d m i c e l l e . 
Once CAC** and CAC»* a r e d e f i n e d f o r any a d s o r p t i o n l e v e l 
from t h e pure s u r f a c t a n t a d s o r p t i o n i s o t h e r m s , E q u a t i o n s 
6-9 can be used t o p r e d i c t t h e t o t a l a d s o r p t i o n and 
a d m i c e l l e c o m p o s i t i o n f o r any m i x t u r e c o m p o s i t i o n and 
c o n c e n t r a t i o n i n s o l u t i o n (at c o n c e n t r a t i o n s between t h e 
CAC and t h e CMC f o r t h a t m i x t u r e ) . From t h i s , t h e 
i n d i v i d u a l s u r f a c t a n t component a d s o r p t i o n l e v e l s can 
a l s o be c a l c u l a t e d , a l l on an a p r i o r i b a s i s . 

A p r e v i o u s l y proposed t h e o r y t o d e s c r i b e mixed 
a d s o r p t i o n i n t h e s e systems (20) depended not o n l y on 
i d e a l s o l u t i o n t h e o r y , but a l s o on t h e c o r r e s p o n d i n g 
s t a t e s t h e o r y t o a p p l y t o s u r f a c t a n t m i x t u r e s . In t h a t 
model, i t was assumed t h a t t h e a d s o r p t i o n i s o t h e r m s f o r 
the pure components c o i n c i d e d when p l o t t e d a g a i n s t a 
reduced c o n c e n t r a t i o n . T h i s o c c u r s when t h e r a t i o 
CAC B*/CAC«* i s t h e same a t any a d s o r p t i o n l e v e l . When 
t r u e , t h i s s i m p l i f i e s t h e p r e d i c t i o n of mixed a d s o r p t i o n 
i s o t h e r m s somewhat, but t h a t model i s r e a l l y a s p e c i a l 
case of t h e model pr e s e n t e d here. 
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R e s u l t s and D i s c u s s i o n 

Mixed M i c e l l e s , The CMC v a l u e s -for t h e two pure 
s u r f a c t a n t s and w e l l d e f i n e d m i x t u r e s t h e r e o f a r e shown 
i n F i g u r e 2. The experiments were run a t a h i g h added 
s a l t l e v e l (swamping e l e c t r o l y t e ) so t h e c o u n t e r i o n 
c o n t r i b u t e d by t h e d i s s o l v e d s u r f a c t a n t i s n e g l i g i b l e . 
P r e d i c t e d m i x t u r e CMC v a l u e s f o r i d e a l m i x i n g from 
E q u a t i o n 1 a r e a l s o shown. I d e a l s o l u t i o n t h e o r y 
d e s c r i b e s mixed m i c e l l e f o r m a t i o n v e r y w e l l , as i s 
u s u a l l y t h e case f o r s i m i l a r l y s t r u c t u r e d s u r f a c t a n t 
m i x t u r e s (12,19,21-24). 

Mixed A d m i c e l l e s . The t o t a l s u r f a c t a n t a d s o r p t i o n of t h e 
two pure s u r f a c t a n t s and m i x t u r e s t h e r e o f on alumina a r e 
shown i n F i g u r e 3. The m i x t u r e s a r e a t c o n s t a n t 
s u r f a c t a n t r a t i o i n
n e c e s s a r i l y i n t h
c o n c e n t r a t i o n on t h e a b s c i s s a i s the e q u i l i b r i u m 
c o n c e n t r a t i o n . The i n d i v i d u a l s u r f a c t a n t a d s o r p t i o n 
i s o t h e r m s f o r t h e pure s u r f a c t a n t s and i n t h e m i x t u r e s 
a r e shown i n F i g u r e s 4 and 5. The experiments were run 
at t h e same swamping e l e c t r o l y t e c o n c e n t r a t i o n as were 
th e CMC d a t a . 

The p r e d i c t e d a d s o r p t i o n i s o t h e r m s from i d e a l 
s o l u t i o n t h e o r y ( E q u a t i o n s 6-9) a r e a l s o shown i n F i g u r e s 
3-5. S i n c e i t i s d i f f i c u l t t o see degree of f i t on a 
l o g - l o g p l o t , t h e a b i l i t y t o d e s c r i b e t h e d a t a i s b e t t e r 
i l l u s t r a t e d i n F i g u r e s 6-9, where t h e CAC M* i s p l o t t e d 
f o r s e v e r a l a d s o r p t i o n l e v e l s as a f u n c t i o n of monomer 
co m p o s i t i o n a l o n g w i t h p r e d i c t i o n s from E q u a t i o n 6. 

From F i g u r e s 3 and 6-9, t h e p r e d i c t e d t o t a l 
a d s o r p t i o n s f o r s u r f a c t a n t m i x t u r e s a r e h i g h e r than 
observed v a l u e s . T h e r e f o r e , t h e mixed a d m i c e l l e s showed 
p o s i t i v e d e v i a t i o n from i d e a l i t y a t a l l c o m p o s i t i o n s . 
T h i s remarkable b e h a v i o r has not been observed b e f o r e 
because d a t a of t h e ac c u r a c y and range r e p o r t e d here has 
not ( t o our knowledge) p r e v i o u s l y been r e p o r t e d . 
O b s e r v a t i o n of t h e expected i d e a l b e h a v i o r f o r t h e CMC 
d a t a i n d i c a t e t h a t t h i s i s p r o b a b l y not due t o a 
p e c u l i a r i t y of t h e s u r f a c t a n t s used. 

The e x p l a n a t i o n f o r t h i s e f f e c t l i e s i n t h e s t e r i c 
c o n s t r a i n t s of t h e two-dimensional a d m i c e l l e . In the 
a d m i c e l l e , t h e t h i c k n e s s of t h e hydrophobic p o r t i o n of 
th e a d m i c e l l e i s p r o b a b l y d i c t a t e d by t h e l e n g t h of t h e 
l o n g e s t a l k y l c h a i n p r e s e n t ( i . e . , t h e dodecyl c h a i n ) . 
In t h e mixed a d m i c e l l e , t h e d e c y l c h a i n i s almost 
c o m p l e t e l y surrounded by o t h e r a l k y l c h a i n s and so i s 
exposed t o a p p r o x i m a t e l y t h e same environment as i n a 
pure CioSO^ a d m i c e l l e . However, t h e two a d d i t i o n a l 
methylene groups on t h e dodecyl c h a i n a r e not i n as 
hydrophobic an environment as i n t h e pure C* 2S0* 
a d m i c e l l e , s i n c e n e i g h b o r i n g d e c y l c h a i n s cannot i n t e r a c t 
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MOLE FRACTION OF C 1 Q S 0 4 IN MONOMER 

F i g u r e 2. M i x t u r e CMC v a l u e s -for CioSCU/CnaSCU System-
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F i g u r e 3. E f f e c t of s u r f a c t a n t c o n c e n t r a t i o n on t o t a l 
a d s o r p t i o n of CioSCU/daSO* mixtures on alumina. 
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F i g u r e 4. Ef-fect o-f CtoSCU c o n c e n t r a t i o n on CtoSCU 
a d s o r p t i o n on alumina i n a mi x t u r e w i t h CisaSG*. 
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F i g u r e 5. E-f-fect o-f CiaSO* c o n c e n t r a t i o n on CiszSCU 
a d s o r p t i o n on alumina i n a mi x t u r e w i t h C 1 0 S O 4 . 
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MOLE FRACTION OF C^QS04 IN MONOMER 

F i g u r e 6. CAC M* -for CioSCU/C l :»SCU system at a t o t a l 
a d s o r p t i o n l e v e l of 20 micromole/g. 
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F i g u r e 7. CACM* -for CloSCU/CiaSCU system at a t o t a l 
a d s o r p t i o n l e v e l o-f 60 mi cromole/g. 
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F i g u r e 8. CACM* f o r CioSCU/CiaSG* system at a t o t a l 
a d s o r p t i o n l e v e l of 80 micromole/g-
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w i t h t h e s e methylenes as can n e i g h b o r i n g dodecyl c h a i n s . 
The two methylene groups i n t h e dodecyl c h a i n i n t h e 
d i f f e r e n t environment a r e t h o s e n e a r e s t t h e h y d r o p h i l i c 
group. From F i g u r e s 4 and 5, i d e a l s o l u t i o n t h e o r y 
p r e d i c t s t h e d o S C U a d s o r p t i o n i n the mixed m i c e l l e v e r y 
a c c u r a t e l y , but p r e d i c t s h i g h e r a d s o r p t i o n l e v e l s than 
those observed f o r C X 2SCU, c o n s i s t e n t w i t h t h i s 
e x p l a n a t i o n . T h e r e f o r e , t h e l e s s f a v o r a b l e environment 
i n t h e mixed a d m i c e l l e f o r t h e dodecyl c h a i n r e s u l t s i n a 
hi g h e r f r e e energy of mixed a d m i c e l l e f o r m a t i o n and 
p o s i t i v e d e v i a t i o n from i d e a l s o l u t i o n t h e o r y ( i . e . , t h e 
mixed a d m i c e l l e forms w i t h more d i f f i c u l t y than p r e d i c t e d 
by i d e a l s o l u t i o n t h e o r y ) . 

These r e s u l t s a r e c o n s i s t e n t w i t h those of Rosen and 
Zhao (25), who found t h a t i n a monolayer, b i n a r y m i x t u r e s 
of s u r f a c t a n t s i n t e r a c t most s t r o n g l y when t h e i r a l k y l 
c h a i n s c o n t a i n t h e sam

T h i s e f f e c t doe
where t h e s p h e r i c a l geometry of the hydrophobic c o r e 
p e r m i t s i n t i m a t e c o n t a c t between hydrocarbon c h a i n s of 
d i f f e r e n t l e n g t h s , so t h a t t h e environment f o r 
hydrophobic groups i s s i m i l a r i n t h e pure m i c e l l e s as i n 
the mixed m i c e l l e s . As a r e s u l t , i d e a l s o l u t i o n t h e o r y 
i s obeyed. 

Large n e g a t i v e d e v i a t i o n s from i d e a l i t y a r e w e l l 
known when mixed m i c e l l e s a r e formed between i o n i c and 
n o n i o n i c s u r f a c t a n t s (11-13,21,24). N e g a t i v e d e v i a t i o n s 
from i d e a l i t y have been r e p o r t e d f o r mixed i o n i c / n o n i o n i c 
a d m i c e l l e f o r m a t i o n ( 26), al t h o u g h t h e degree of 
n o n i d e a l i t y was not q u a n t i f i e d . S i n c e t h i s work has 
p o i n t e d out t h e s i m i l a r i t i e s and d i f f e r e n c e s between 
mixed m i c e l l e s and a d m i c e l l e s , t h e s t u d y of t h e s e systems 
s h o u l d e l u c i d a t e t h i s r e l a t i o n s h i p even f u r t h e r and w i l l 
be t h e s u b j e c t of f u t u r e p u b l i c a t i o n s . 
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16 
Adsorption, Electrokinetic, and Flotation Properties 
of Minerals above the Critical Micelle Concentration 

Bohuslav Dobiás 

Department of Surface Chemistry and Flotation, Institute of Physical and Macromolecular 
Chemistry, University of Regensburg, 8400 Regensburg, Federal Republic of Germany 

The problem of mineral flotability above the 
CMC with respect to the appearance of adsorp
t i o n maxima has not yet been sys temat i ca l l y 
s t u d i e d . The aim of t h i s paper was to cor re 
la te the adsorpt ion maxima and the flotabili
ty of minerals with the kind of p o t e n t i a l de
termining ions . 

T h e f l o t a t i o n o f m i n e r a l s i s b a s e d on d i f f e r e n t a t t a c h 
m e n t f o r c e s o f h y d r o p h o b i z e d a n d h y d r o p h i l i c m i n e r a l 
p a r t i c l e s t o a g a s b u b b l e . H y d r o p h o b i z e d m i n e r a l p a r t i c 
l e s a d h e r t o g a s b u b b l e s a n d a r e c a r r i e d t o t h e s u r f a c e 
o f t h e m i n e r a l d i s p e r s i o n w h e r e t h e y f o r m a f r o t h l a y e r . 
A m i n e r a l i s h y d r o p h o b i z e d by t h e a d s o r p t i o n o f a s u i t 
a b l e s u r f a c t a n t on t h e s u r f a c e o f t h e m i n e r a l c o m p o n e n t 
t o be f l o t a t e d . T h e h y d r o p h o b i c i t y o f a m i n e r a l p a r t i c l e 
d e p e n d s on t h e d e g r e e o f o c c u p a t i o n o f i t s s u r f a c e by 
s u r f a c t a n t m o l e c u l e s a n d t h e i r p o l a r - a p o l a r o r i e n t a t i o n 
i n t h e a d s o r p t i o n l a y e r . In a n u m b e r o f p a p e r s t h e r e 
l a t i o n s h i p was a n a l y z e d b e t w e e n t h e a d s o r p t i o n d e n s i t y 
o f t h e s u r f a c t a n t a t t h e m i n e r a 1 - w a t e r i n t e r f a c e a n d 
t h e n o t a b i l i t y . H o w e v e r , m o s t i n t e r p r e t a t i o n s o f a d 
s o r p t i o n a n d f l o t a t i o n m e a s u r e m e n t s c o n c e r n s u r f a c t a n t 
c o n c e n t r a t i o n s u n d e r t h e i r C M C . 

A f e w p a p e r s h a v e b e e n p u b l i s h e d r e c e n t l y on t h e 
p r o b l e m o f s u r f a c t a n t a d s o r p t i o n m a x i m a on s o l i d s i n 
t h e r e g i o n o f t h e CMC ( 1 - 5 ) . S c a m e h o r n e t a l . ( 1 , 2 ) 
a n d T r o g u s e t a l . ( 3 ) e x p T T i n e d t h e o r i g i n o f t h e s e m a 
x i m a by v a r i o u s r a T i o s o f t h e s u r f a c t a n t s o l u t i o n t o 
t h e s o l i d , i n c o n n e c t i o n w i t h i s o m e r i c i m p u r i t y o f t h e 
s u r f a c t a n t . A n a n t h a p a d m a n a b h a n a n d S o m a s u n d a r a n ( 4 ) e x 
a m i n e d c r i t i c a l l y t h e p r e s e n c e o f s u c h m a x i m a f r o m t h e 
v i e w p o i n t o f v a r i o u s p r o p o s e d a d s o r p t i o n m e c h a n i s m s . 
T h e y h a v e s h o w n t h a t a m e c h a n i s m i n c l u d i n g m i c e l l a r e x 
c l u s i o n , m i x e d m i c e l l e f o r m a t i o n a n d p r o p e r t i e s o f s o 
l i d s , s u c h a s t h e p o r e s i z e , c a n n o t e x p l a i n s a t i s f a c -
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t o r i l y t h e r e p o r t e d r e s u l t s f o r t h e a d s o r p t i o n m a x i m a 
a n d h y s t e r e s i s . A c c o r d i n g t o t h e s e a u t h o r s , t h e m a i n 
r e a s o n f o r t h e m a x i m a i s r e d i s s o l u t i o n o f s u r f a c t a n t -
m u l t i v a l e n t i o n p r e c i p i t a t e s a b o v e t h e CMC, a n d t h e 
b u l k p r e c i p i t a t i o n u p o n d i l u t i o n . T h e s o l u b i l i z a t i o n o f 
t h e r e a c t i o n p r o d u c t s b e t w e e n s u r f a c t a n t s a n d m u l t i v a 
l e n t i n o r g a n i c c a t i o n s , o r o f w e a k l y d i s s o c i a t e d s u r 
f a c t a n t m o l e c u l e s a t c > CMC was p r o p o s e d a l s o b y 
D o b i â s (5), a s a p o s s i b l e e x p l a n a t i o n o f m a x i m a o n a d 
s o r p t i o n - i s o t h e r m s . T h e m a i n r e a s o n f o r t h e o c c u r r e n c e 
o f t h e s e m a x i m a i s , a c c o r d i n g t o D o b i â s a n d S t r n a d (6J , 
t h e f o r m a t i o n o f a new p h a s e , m i c e l l e . T h i s new p h a s e 
c o m p e t e s w i t h t h e m o n o m e r f o r a d s o r p t i o n s i t e s o n t h e 
m i n e r a l s u r f a c e d u r i n g t h e e x t r a c t i o n o f t h e l e t t e r 
f r o m t h e b u l k p h a s e . I n o t h e r w o r d s , t h e p r e s e n c e o f 
m i c e l l e s p r e v e n t s t h e f o r m a t i o n o f a n a d s o r p t i o n l a y e r 
a n t h e m i n e r a l i n t e r f a c e
i s t h e r m o d y n a m i c a l l y
m i c e l l e t h a n i n a n a s s o c i a t e d t w o - d i m e n s i o n a l l a y e r o n 
t h e m i n e r a l i n t e r f a c e . 

T h e p r o b l e m o f m i n e r a l f l o t a b i l i t y a b o v e t h e CMC 
w i t h r e s p e c t t o t h e a p p e a r a n c e o f a d s o r p t i o n m a x i m a 
h a s n o t y e t b e e n s y s t e m a t i c a l l y s t u d i e d . T h e a i m o f 
t h i s p a p e r i s t o c o r r e l a t e t h e a d s o r p t i o n m a x i m a a n d 
t h e f l o t a b i l i t y o f m i n e r a l s w i t h t h e k i n d o f p o t e n t i a l 
d e t e r m i n i n g i o n s ( P D I ) . 
E x p e r i m e n t a l 
T h e a d s o r p t i o n d e n s i t y o f s u r f a c t a n t s w as d e t e r m i n e d b y 
c a l c u l a t i n g t h e d i f f e r e n c e i n t h e s u r f a c t a n t c o n c e n t r a 
t i o n b e f o r e a n d a f t e r t h e a d s o r p t i o n o f a m i n e r a l , a s 
d e s c r i b e d e a r l i e r (5). 

T h e m e a s u r e m e n T s w i t h N a - d o d e c y l b e n z e n e s u l f o n a t e 
w e r e p e r f o r m e d a t pH 5.6 + 0.2 w h e r e a s t h o s e w i t h c e -
t y l p y r i d i n i u m c h l o r i d e a t pH 6.0 + 0.2. T h e pH v a l u e s 
w e r e n o t a d j u s t e d . 

T h e m i n e r a l s u s e d i n t h e e x p e r i m e n t s w e r e o f n a t u 
r a l o r i g i n , i n a c r y s t a l l i n e f o r m , a n d w e r e > 99 % p u r e 
S p e c i f i c s u r f a c e o f t h e m i n e r a l s a n d t h e i r s o u r c e w e r e 
c h e s a m e a s g i v e n i n (5). 

S o l u t i o n s o l i d r a t i o s (1/g) w e r e g r e a t e r t h a n 0.5. 
T h e m i n e r a l f l o t a b i l i t y was c a l c u l a t e d f r o m k i n e 

t i c d a t a i n a m o d i f i e d H a l l i m o n d t u b e (7_). A l l m e a s u r e 
m e n t s w e r e p e r f o r m e d a t 25.0 + 0.2 ° C . 
R e s u l t s a n d D i s c u s s i o n 
T h e a d s o r p t i o n i s o t h e r m s o f v a r i o u s s u r f a c t a n t s w e r e 
m e a s u r e d o n m i n e r a l s w i t h a d i f f e r e n t c h a r a c t e r o f 
P D I s . T h e c o u r s e o f t h e i s o t h e r m s o n m i n e r a l s , w i t h 
H a n d OH" o n o n e h a n d a n d t h o s e w i t h l a t i c e i o n s a s 
P D I s o n t h e o t h e r h a n d , i s s i m i l a r , w i t h a m a x i m u m i n 
a r e g i o n c l o s e t o t h e CMC. Some c h a r a c t e r i s t i c a d s o r p -
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t i o n i s o t h e r m s a r e s h o w n i n f i g u r e 1 a n d 2. T h e p l a t e a u 
o n t h e s e i s o t h e r m s c h a r a c t e r i z e s f i l l i n g t h e f i r s t a d 
s o r p t i o n l a y e r t h a t s h o u l d s h o w t h e m a x i m u m h y d r o p h o -
b i c i t y a n d t h e r e f o r e t h e o p t i m a l f l o t a b i l i t y . T h e v a l u e 
o f t h e z e t a p o t e n t i a l r e a c h e s i n m a n y c a s e s i t s m a x i m u m 
a t t h e CMC, t o o (5). 

T h e a d s o r p t i o n i s o t h e r m s w e r e d i s c u s s e d e x t e n s i v e 
l y i n t h e p r e v i o u s p a p e r (5). T h e s u r f a c e a r e a t h a t t h e 
a d s o r b e d s u r f a c t a n t m o l e c u l e s o c c u p y a t t h e r a n g e o f p l a 
t e a u ( Θ = 1) i s d i f f e r e n t b e c a u s e i t d e p e n d s o n t h e 
c h e m i c a l c o m p o s i t i o n o f t h e m i n e r a l a n d i t s c l e v a g e 
p l a n e . 

T h e a d s o r p t i o n d e n s i t i e s ( r ) o n m i n e r a l s ( C < CMC) 
o f t h e s a l t t y p e a r e i n s o m e c a s e s h i g h e r b e c a u s e o f 
p r e c i p i t a t i o n o f t h e i o n i c s u r f a c t a n t w i t h m u l t i v a l e n t 
c a t i o n s i n t h e b u l k p h a s e . M e a s u r e m e n t s w e r e c a r r i e d 
o u t t o d e t e r m i n e t h
f a c t a n t b y d i v a l e n t
d e c r e a s e i n i t s e q u i l i b i r u m c o n c e n t r a t i o n . T h e y s h o w e d 
a s h i f t o f t h e a d s o r p t i o n m a x i m u m t o w a r d s l o w e r v a l u e s 
o f r , e v e n a f t e r a c o r r e c t i o n o f t h e a d s o r p t i o n d e n 
s i t y d u e t o t h e p r e c i p i t a t i o n . On t h e o t h e r h a n d , a d i 
r e c t c o - a d s o r p t i o n o f t h e p r e c i p i t a t e d s u r f a c t a n t o n a 
m i n e r a l s u r f a c e c a n n o t b e e x c l u d e d . 

T h e d e c r e a s e o f t h e a d s o r p t i o n d e n s i t y o v e r t h e 
CMC a s a c o n s e q u e n c e o f t h e s o l u b i l i z a t i o n o f t h e p r e 
c i p i t a t e d s u r f a c t a n t l e a d s t o a n i n c r e a s e o f i t s e q u i 
l i b r i u m c o n c e n t r a t i o n (̂ 5). A c c o r d i n g t o t h e s t r u c t u r e 
o f t h e a d s o r p t i o n l a y e r o f a s u r f a c t a n t , t h e f l o t a b i 
l i t y s h o u l d c o r r e l a t e w i t h t h e s u r f a c e c o v e r a g e o f s u r 
f a c t a n t m o l e c u l e s . On t h e b a s i s o f t h i s a s s u m p t i o n , t h e 
o p t i m u m f l o t a b i l i t y o f t h e m i n e r a l s h o u l d b e r e a c h e d 
i n t h e r e g i o n o f t h e f i r s t p l a t e a u o n t h e a d s o r p t i o n 
i s o t h e r m , ( F i g . 1,2) w h e r e a s a m i n i m u m s h o u l d b e e x p e c 
t e d i n t h e r e g i o n o f t h e m a x i m u m r v a l u e . T h e e x a m p l e s 
w i t h q u a r t z ( H a n d OH" a s P D I s ) a n d b a r i t e a n d f l u o r i -
t e ( l a t t i c e i o n s a s P D I s ) i n F i g s . 3 - 5 s h o w a g o o d 
a g r e e m e n t w i t h t h i s h y p o t h e s i s o n t h e s t r u c t u r e o f t h e 
a d s o r p t i o n l a y e r . F o r t h e s a k e o f c l a r i t y i n t h e s e f i 
g u r e s , o n l y t h e a r r o w s s h o w t h e c o n c e n t r a t i o n o f t h e 
s u r f a c t a n t a t w h i c h a p l a t e a u i s f o r m e d o n t h e a p p r o 
p r i a t e i s o t h e r m ( Θ = 1, f r o m F i g s . 1,2) a n d t h e CMC. 
A c o r r e l a t i o n o f t h e v a l u e s f o r ( θ = 1) s h o w s 
t h a t a m a x i m u m f l o t a b i l i t y i s r e a c h e d i n t h e r e g i o n o f 
t h e s e p l a t e a u s w i t h a r e l a t i v e l y g o o d a c c u r a c y f o r t h e 
s h o r t e s t f l o t a t i o n t i m e . 

A d e c r e a s e i n f l o t a b i l i t y i s c h a r a c t e r i z e d b y a n 
i n c r e a s e i n p o l a r i t y o f t h e a d s o r p t i o n l a y e r o f b o t h 
s u r f a c t a n t s d u e t o t h e f o r m a t i o n o f a s e c o n d a d s o r p 
t i o n l a y e r w i t h p o l a r g r o u p s o f t h e s u r f a c t a n t o r i e n 
t a t e d t o w a r d t h e b u l k p h a s e , up t o t h e CMC. T h e a n a 
l y s i s o f t h e f l o t a t i o n m e a s u r e m e n t s was c a r r i e d o u t o n 
t h e b a s i s o f k i n e t i c d a t a f o r t h e s h o r t e s t c o n s t a n t 
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F i g u r e 1. A d s o r p t i o n i s o t h e r m s o f N a - d o d e c y 1 b e n z e n e -
s u l f o n a t e o n M g F 9 ( 1 ) , C a F 9 ( 2 ) , S r F 9 ( 3 ) , B a F 9 ( 4 - r / 1 5 ) 
a n d b a r i t e ( 5 ) ά ά ά ά 

r . 1 0 " - n u m b e r o f m o l e c u l e s a d s o r b e d p e r c m 2 
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Figure 2. Adsorption isotherms of c e t y l -
pyridiniura c h l o r i d e on Τ 1 Ο 2 (1 - Γ 2 ) and S1O2 
(2 - Γ ι ) 
Γι,Γ2 -number of molecules adsorbed per cm^ 
(Γ · 10-13). 

Figure 3. F l o t a t i o n recovery R ( i n %) of f l u o r i t e as 
dependent on the concentration c ( i n mol/L) of Na-do-
decylbenzenesulfonate. 
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Figure 4. F l o t a t i o n recovery R ( i n %) of quartz as 
dependent on the concentration c ( i n mol/L) of c e t y l -
pyridinium c h l o r i d e . 

R [%] 

Figure 5. F l o t a t i o n recovery R ( i n %) of b a r i t e as 
dependent on the concentration c ( i n mol/L) of Na-do 
decylbenzenesulfonate. 
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t i m e . I n t h i s c a s e t h e f l o t a b i l i t y i s m a x i m a l a t o n l y 
o n e c o n c e n t r a t i o n o f t h e s u r f a c t a n t ( 8 ) . F o r a c o n s t a n t 
f l o t a t i o n t i m e o f 10 m i n , t h e m a x i m u m f l o t a b i l i t y c a n 
n o t b e d e t e r m i n e d r e l i a b l y . 

S c a m e h o r n e t a l ( 1 , 2 ) h a v e s t u d i e d t h e i n f l u e n c e 
o f a d s o r p t i o n o f i s o m e r i c a l l y p u r e s u r f a c t a n t s a n d t h e i r 
m i x t u r e s o n t h e o c c u r r e n c e o f a d s o r p t i o n m a x i m a . We 
h a v e i n v e s t i g a t e d , t h e r e f o r e , t h e f l o t a b i l i t y o f b a r i t e 
i n s o l u t i o n s o f p u r e N a - a l k y l s u l f a t e s ( C ^ , C 1 2 > a n d 
C 1 4 , ) a n d t h e i r m i x t u r e s a b o v e t h e CMC. T n e d e c r e a s e 
i n f l o t a b i l i t y b e g i n s a t a c o n c e n t r a t i o n c o r r e s p o n d i n g 
t o t h e a d s o r p t i o n d e n s i t y Θ = 1, a n d r e a c h e s a m i n i m u m 
a t t h e s u r f a c t a n t c o n c e n t r a t i o n * CMC ( F i g . 6 ) . S i m i l a r 
l y a s i n F i g s . 3 a n d 4, o n l y a r r o w s f o r e = 1 a n d CMC, 
r e s p . , w e r e u s e d . T h e m i n i m u m f l o t a b i l i t y o f b a r i t e i n 
t h e m i x t u r e s o f p u r e s u r f a c t a n t s C 1 Q + C 1 2 a n d C*q + 
C . . i s a l s o r e a c h e d i
CMC ( F i g . 7 , 8 ) . No a d s o r p t i o
f o r t h e f l o t a t i o n e x p e r i m e n t s s h o w n s i n c e we g a t h e r e d 
f r o m t h e d a t a p u b l i s h e d b y S c a m e h o r n e t a l ( 2 ) , who 
s t u d i e d t h e c h a n g e o f t h e a d s o r p t i o n d e n s i t y a s a f u n c 
t i o n o f t h e c o m p o s i t i o n o f b i n a r y i s o m e r m i x t u r e s o f 
N a - a l k y l b e n z e n e s u l f o n a t e s o n a l u m i n a a n d k a o l i n i t e . 
T h e l o c a t i o n o f f l o t a t i o n m a x i m a d e p e n d s o n t h e r a t i o 
o f t h e i s o m e r s u s e d . 
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Figure 7. F l o t a t i o n recovery R ( i n %) of b a r i t e as 
dependent on the concentration c ( i n mol/L) of C 1 0 -
C\2 a l k y l s u l f a t e - N a mixtures. 
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Figure 8. F l o t a t i o n recovery R ( i n %) of b a r i t e as 
dependent on the concentration c ( i n mol/L) of C^ 0~ 
C i 4-alkylsulfate-Na mixtures. 
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C o n c l u s i o n s 

1. A t c o n c e n t r a t i o n > C M C , m i n e r a l f l o t a b i l i t y r a p i d l y 
d e c r e a s e s r e g a r d l e s s o f t h e c h a r a c t e r o f P D I s . T h i s d e 
c r e a s e i n f l o t a b i l i t y i s i n a g o o d a g r e e m e n t w i t h t h e 
o c c u r r e n c e o f a d s o r p t i o n m a x i m a a n d g i v e s e v i d e n c e o f 
t h e c h a n g e i n t h e c h a r a c t e r a n d s t r u c t u r e o f t h e a d 
s o r p t i o n l a y e r . 
2 . T h e a p p e a r e a n c e o f m a x i m a o n t h e a d s o r p t i o n i s o t h e r m s 
a n d d e c r e a s e i n f l o t a b i l i t y c a n b e e x p l a i n e d b y t h e h y 
p o t h e s i s t h a t i n t h e p r e s e n c e o f m i c e l l e s n o a d s o r p t i o n 
l a y e r o f t h e s u r f a c t a n t c a n b e f o r m e d , t h e c h a r a c t e r 
o f w h i c h c o r r e s p o n d s t o t h e e q u i l i b r i u m s t a t e o n l y w i t h 
m o n o m e r s ( s u f f i c i e n t l y h y d r o p h o b i c a d s o r p t i o n l a y e r ) . 
D u e t o a h e t e r o g e n e i t y o f f o r c e s a c t i n g a t t h e s u r f a c 
t a n t i o n m i n e r a l i n t e r f a c e i t c a n b e a s s u m e d t h a t a t 
c o n c e n t r a t i o n s S CM
m u c h m o r e f i r m l y i
a t w o - d i m e n s i o n a l a d s o r p t i o n l a y e r . 
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17 
Competitive Adsorption of an Anionic and a Nonionic 
Surfactant on Polystyrene Latex 

B. Kronberg, M . Lindström1, and P. Stenius 

Institute for Surface Chemistry, Box 5607, S-114 86 Stockholm, Sweden 

The simultaneous adsorption of two surfactants  sodium 
dodecyl sulfate (SDS
glycol) monoether
been determined. The competitive adsorption of surfac
tant mixtures at different compositions is conveniently 
compared at the same total surface pressure. The basic 
assumption is that the pressures are equal at the onset 
of micellization in the mixed surfactant solutions. The 
results show that the surface composition differs greatly 
from the solution composition, viz. NP-EO10 adsorbs in 
excess both in the mixed micelles and on the latex 
surface. Using regular solution theory of liquid mix
tures it is shown that the dominating driving force in 
adsorption stems from the energetically unfavorable 
interaction between the water and the hydrocarbon part 
of the surfactant, i.e. it is akin to the driving force 
of micellization. Moreover, it is shown that this 
driving force also is the dominating factor determining 
the surface composition of surfactant mixtures. The com
petitive adsorption or surface composition can therefore 
be calculated from the cmc's of the single surfactants. 

Mixed surfactant systems are frequently used in practice. For example, 
latexes are often prepared in the presence of an anionic surfactant. 
Later, a nonionic surfactant may be added in order to enhance the 
colloidal stability of the system. 

In recent papers (1-2), we have shown how the thermodynamics of 
adsorption of nonionic surfactants on latex surfaces can be described 
in terms of a few simple parameters that may be used to predict the 
relative strength of adsorption of surfactants with different hydro-
philic/hydrophobic balance on surfaces of different polarity. 

We have shown that the main driving force of adsorption of sur
factants in monolayers on latex surfaces is the (cooperative) inter
1Current address: Kenobel AB, Box 11536, S-100 61 Stockholm, Sweden. 

0097-6156/ 86/ 0311 -0225$06.00/ 0 
© 1986 American Chemical Society 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



226 P H E N O M E N A IN M I X E D S U R F A C T A N T SYSTEMS 

a c t i o n between the hydrophobic groups of the surfactant molecules on 
the surface. The d i r e c t i n t e r a c t i o n between the surface and the hydro
phobic group of the surfactant does play a r o l e i n determining the 
r e l a t i v e strengths of adsorption on d i f f e r e n t surfaces; however, at 
l e a s t i n the case of latex surfaces, t h i s d i r e c t replacement of 
solvent/surface i n t e r a c t i o n s by surfactant/surface i n t e r a c t i o n s c o r 
responds to only 20% or l e s s of the t o t a l f r e e energy of adsorption. 
The remainder of the adsorption f r e e energy i s due to the replacement 
of unfavorable contacts between water and the hydrophobic group of 
the surfactants with hydrophobic group-hydrophobic group contacts and 
water-water contacts. 

These r e s u l t s i n d i c a t e that i t should be p o s s i b l e to make rough 
p r e d i c t i o n s of competitive adsorption of d i f f e r e n t surfactants on 
latex surfaces without any d e t a i l e d knowledge about the p r o p e r t i e s of 
the surface. The major d i f f e r e n c e i n adsorption strength should be 
due to d i f f e r e n c e s i n the hydrophilic/hydrophobic balance of the sur
f a c t a n t s , i . e . to d i f f e r e n c e

In t h i s paper we appl
adsorption of s i n g l e surfactants and the competitive adsorption of 
two surfactants on a latex surface. The surfactant system chosen i n 
t h i s model study i s sodium dodecyl s u l f a t e (SDS) and nonylphenol deca 
(oxyethylene g l y c o l ) monoether ( Ν Ρ - Ε Ο 1 0 ) · These two surfactants have 
very d i f f e r e n t cmc fs, i . e . the balance between t h e i r hydrophobic and 
h y d r o p h i l i c p r o p e r t i e s are very d i f f e r e n t while both are s t i l l h i g h l y 
soluble i n water. 

Experimental 

M a t e r i a l s . The polystyrene l a t e x , with a mean diameter of 0.42 urn, 
was synthesized by e m u l s i f i e r - f r e e emulsion polymerization. Potassium 
p e r s u l f a t e was used as i n i t i a t o r and the surface charge that s t a b i 
l i z e s the l a t e x p a r t i c l e s thus o r i g i n a t e s from s u l f a t e r a d i c a l s . The 
synthesis was c a r r i e d out at the Department of Polymer Technology at 
Âbo Akademi, F i n l a n d . 

Since the l a t e x i s s l i g h t l y polydisperse the s p e c i f i c surface 
area of the l a t e x cannot be c a l c u l a t e d with s u f f i c i e n t accuracy. We 
w i l l therefore present the adsorption r e s u l t s per u n i t mass of the 
l a t e x . Note, that we are i n t h i s work only concerned with the s u r f a c 
tant composition on the surface and not the absolute value of the 
amount of adsorbed surfactant per u n i t area. 

Conductometrie t i t r a t i o n of the surface groups gave a surface 
charge density of strong a c i d (-SÔ "") of 0.56 C/g and of weak a c i d 
(-C00*") of 0.23 C/g. Preceding the conduc tome t r i e t i t r a t i o n the l a t e x 
was cleaned by serum replacement with doubly d i s t i l l e d water and 
5 · 10"4M HC1 as described i n r e f . (3). 

The nonionic s u r f a c t a n t , nonylphenol deca(oxyethylene g l y c o l ) 
monoether, NP-EOio» supplied by Berol Kemi AB, Stenungsund, Sweden, 
was of t e c h n i c a l grade and used without f u r t h e r p u r i f i c a t i o n . The 
main impurity i s f r e e polyethylene oxide. A n a l y s i s of the sample gave 
a polyethylene oxide content of * 3% (4). Note, that polyethylene 
oxide adsorbs on polystyrene latexes (5), but a monolayer i s reached 
at s o l u t i o n concentrations that are * 10 times the concentration r e 
quired to obtain a monolayer coverage with ΝΡ-EO^Q· f r e e poly
ethylene oxide, therefore, i s expected to have n e g l i g i b l e influence 
on the adsorption measurements. 
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The anionic s u r f a c t a n t , sodium do d e c y l s u l f a t e , SDS, was obtained 
from Merck, Darmstadt, Federal Republic of Germany. I t has a stated 
p u r i t y of 99.99% and was used without f u r t h e r p u r i f i c a t i o n . Surface 
tension measurements gave no minimum i n the surface tension at the 
c r i t i c a l m i c e l l e concentration, i n d i c a t i n g that the sample d i d not 
contain h i g h l y surface a c t i v e i m p u r i t i e s . 

The water was doubly d i s t i l l e d and had a c o n d u c t i v i t y l e s s than 
1 yS/cm. 

Methods. The adsorption was determined by adding a surfactant mixture 
of known composition to the e m u l s i f i e r - f r e e l a t e x . The s o l i d / s o l u t i o n 
r a t i o was held constant at 0.17 w/w. In t h i s way a s e r i e s of adsorp
t i o n measurements was performed with i n c r e a s i n g t o t a l surfactant con
c e n t r a t i o n . Note that, while the r a t i o of the two surfactants i n such 
a s e r i e s i s constant i n the whole system, i t i s not n e c e s s a r i l y 
constant on the surface or i n the s o l u t i o n because of the p r e f e r e n t i a l 
adsorption of one of th

A f t e r e q u i l i b r i u m , a
c o l l e c t e d f o r surfactant a n a l y s i s by f i l t e r i n g the l a t e x through a 
0.22 ym M i l l i p o r e f i l t e r . 

A n a l y s i s of NP-EO^o was made by UV-spectroscopy at 275 nm where 
the phenyl r i n g gives a strong absorption. The accuracy i n the deter
mination of the adsorption of NP-EO-JQ i s about + 0.5 mg/g. The t o t a l 
surfactant concentration was determined by measuring the r e f r a c t i v e 
index increment on a Jena d i f f e r e n t i a l refractometer. These measure
ments give the t o t a l surfactant adsorption with an accuracy of about 
t 3 mg/g. The SDS concentration was obtained from the d i f f e r e n c e 
( t o t a l surfactant - amount of Ν Ρ - Ε Ο ^ ο ) » a n c * hence i s d e f i n i t e l y not 
known to an accuracy b e t t e r than 1 3 mg/g. 

The c r i t i c a l m i c e l l e concentrations (cmc) of the mixed surfactant 
systems were determined by measuring the surface tension as a function 
of t o t a l surfactant concentration on a du Nouy r i n g balance at 25°C. 

Thermodynamic Background 

Adsorption on the Latex Surface. The f o l l o w i n g thermodynamic t r e a t 
ment i s based on arguments s i m i l a r to those given by Rubingh i n h i s 
treatment of m i c e l l i z a t i o n of mixed surfactants (6). The adsorbed 
layer i s considered to be a mixture of the two surfactants i n the same 
way as Rubingh has treated mixed m i c e l l e s , but an a d d i t i o n a l term i s 
included i n the f r e e energy of the surface phases to account f o r the 
i n t e r f a c i a l f r e e energy. As i n Rubingh 1s treatment we do not e x p l i c 
i t l y take i n t o account the f a c t that one of the surfactants i s i o n i c , 
i . e . the e f f e c t of counterions i s i m p l i c i t l y included i n the a c t i v i t y 
c o e f f i c i e n t of the i o n i c s urfactant. As w i l l be evident from the ex
perimental r e s u l t s t h i s can be j u s t i f i e d i n terms of the strong 
s h i e l d i n g of i o n i c i n t e r a c t i o n s i n the mixed adsorbed l a y e r . This has 
a l s o been found to be the case f o r mixed m i c e l l e s (6). 

Thus, the treatment includes some very crude s i m p l i f i c a t i o n s . 
Our aim, however, i s to f i n d a model that i s as simple as p o s s i b l e 
and yet makes i t p o s s i b l e to estimate adsorption from surfactant 
mixtures wi t h i n experimental error i n the type of systems i n v e s t i g a t e d 
by us, i . e . adsorption at coverages approaching monolayers on essen
t i a l l y hydrophobic surfaces, the surfactants adsorbing with t h e i r 
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hydrocarbon moiety d i r e c t e d towards the surface. The adsorption on 
h y d r o p h i l i c surfaces, i n v o l v i n g i n t e r a c t i o n s between the polar end 
group and the surface, has been treated e x t e n s i v e l y by e.g. Scamehorn 
et a l (8). 

The chemical p o t e n t i a l , μ^, of component i i n the bulk s o l u t i o n 
i s given by 

μ. = μ? + kT l n a. (1) 
1 1 1 

with i = 1, 2 or w f o r the two surfactants and water, r e s p e c t i v e l y . 
μ9 i s the chemical p o t e n t i a l i n the standard state and a^ i s the 
a c t i v i t y . 

The chemical p o t e n t i a l of component i i n the surface phase i n 
e q u i l i b r i u m with the bulk s o l u t i o n i s given by 

μ. = μ ? δ + kT l n a! - Α.γ (2) ι *ι ι ι' 

where A^ i s the area pe
surface, or i n t e r f a c i a l , tension. 

Adsorption of a Single Surfactant. We denote a quantity v a l i d f o r 
surfactant i at i t s c r i t i c a l m i c e l l e concentration (cmc) i n a s o l u 
t i o n of only surfactant i i n water by the superscript c ( i ) . Thus, the 
chemical p o t e n t i a l of the surfactant at the cmc i n the e q u i l i b r i u m 
s o l u t i o n or i n the surface phase at the onset of m i c e l l i z a t i o n i n the 
s o l u t i o n i s given by 

μ ? ( ί ) = μ? + kT In a c ( i ) (3) 
1 1 1 

y * ( i ) = μ ? 8
 + kT In a * > c ( i ) - A . Y

c ( i ) (4) 

c ( i ) 
where γ denotes the surface, or i n t e r f a c i a l , tension at the cmc 
of surfactant i i n the s o l u t i o n . 

Choosing the pure component standard s t a t e , we obtain the 
fol l o w i n g expression f o r the i n t e r f a c i a l tension by combination of 
Equations 1-4. 

Α^γ A . Y
c ( i ) a S a S ' c ( i ) 

kï Ττ— + l n Ϊ7 " l n -ΎΪΪΓ ( 5 ) 

ι a. ι 
For the adsorption of water on the la t e x surface, Equations 1 

and 2 give 

Α γ Α γ° a s 

W W W ^ 1 W /C\ 
ΈΓ

 = ΤΖτ- + l n Γ" ( 6 ) 

W 
where 

A
 0 OS Ο / - , Ν 

Α γ = μ - μ (7) w'w Kw Kw 
and γ° i s the i n t e r f a c i a l tension between the pure water and the 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



17. K R O N B E R G ET A L . Competitive Adsorption on Polystyrene Latex 229 

s o l i d . F i n a l l y , assuming = A w - A and e l i m i n a t i n g γ between Equa
tion s 5 and 6 we f i n d the fo l l o w i n g expression f o r the surface compo
s i t i o n : 

Sj s , c ( i ) 
ln4W + e < - ^ c ( i ) > <*> 

a a. w ι 
where we have put a = 1 f o r these d i l u t e surfactant s o l u t i o n s . 

r w 

Adsorption of Two Surfactants. We now denote a quantity v a l i d at the 
onset of m i c e l l i z a t i o n i n the e q u i l i b r i u m mixed surfactant s o l u t i o n 
by the sup e r s c r i p t c. Thus, the chemical p o t e n t i a l of surfactant i i n 
the mixed s o l u t i o n or i n the mixed surface phase at the onset of 
m i c e l l i z a t i o n i s given by 

μ? = μ? + kT In a?

= y ? S + kT In a ? ' c - Α.γ° (10) 

1 1 1 l ' 

c . . . 
where γ denotes the i n t e r f a c i a l tension at the cmc of the e q u i l i b r i u m 
s o l u t i o n . 

We now assume that the area per molecule i n the mixed layer at 
the cmc and i n the layers of s i n g l e surfactants at t h e i r cmc i s equal, 
i . e . A-| = &2 = ^· Combination of Equations 3 and 4 with Equations 9 
and 10 then gives the fo l l o w i n g expression f o r the i n t e r f a c i a l ten
s i o n : 

a s , c a
s > c ( i ) 

A c A c ( i ) - i Ί i /Λ4\ 
w y = e y + ΐ η _ - 1 η - ΐ Γ Ϊ Γ (11) 

a. a. 
ι ι 

Using Equation 11 f o r both surfactants and e l i m i n a t i n g γ we 
obtain 

s,c c, c(1) a
s> c< 1) 

-. a1 A , c(2) c(1)v ι a 1 / a 1 A . _1 , 1 0 * 
l n - T ^ = kT ( ^ " Ύ } + l n

 C / c(2) + l n "sTc(2T 0 2 ) 

a 2 a 2 / a 2 a 2 

I t can be shown that since the aqueous s o l u t i o n i s very d i l u t e the 
r a t i o between the s o l u t i o n a c t i v i t i e s (a^/a.^' 1') of the surfactants 
can be replaced by the corresponding concentration r a t i o c ' t / c . 0 ^ 1 ' . 
In the surface phase we introduce the a c t i v i t y c o e f f i c i e n t s or* the 
sur f a c t a n t s , i . e . 

a* - x * f S ; a* = x^f * (13) 

By analogy with the treatment of mixed m i c e l l e s , we now assume that 
the f r e e energy of mixing of the surface phase can be c a l c u l a t e d 
using the standard regular s o l u t i o n expression f o r the a c t i v i t y co
e f f i c i e n t s i n a binary mixture: 
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l n f» = (1 - x ^ ) 2 X 1 2 (14) 

l n i\ = ( x ^ ) 2 X 1 2 (15) 

where i s the i n t e r a c t i o n parameter f o r the i n t e r a c t i o n between 
the two sur f a c t a n t s . By using these equations we introduce the 
assumptions that there i s no water i n the adsorbed l a y e r at the cmc, 
i . e . a j » 0 ^ 1 ^ 1, that the molar volumes of the two surfactants are 
equal and that the e f f e c t s of the counterions of the i o n i c surfactant 
are included i n the i n t e r a c t i o n parameter. These assumptions are 
very crude, but we note that they have been used with some success i n 
the d e s c r i p t i o n of the formation of mixed m i c e l l e s (6). 

The composition of the surfactant mixture i n the e q u i l i b r i u m 
s o l u t i o n i s described by the quantity 

1 (16
C1 + C2 

i . e . , α i s the f r a c t i o n of the t o t a l surfactant concentration i n the 
e q u i l i b r i u m s o l u t i o n that i s due to surfactant 1. Combination of 
Equations 12-16 gives 

c(1) c(2) 
where c^ and c^ are the cmc 1s of two si n g l e s u r f a c t a n t s , 
r e s p e c t i v e l y . 

F i n a l l y , assuming γ v ' = γ and i d e a l mixing of the two sur
factants i n the surface phase, i . e . = 0» Equation 17 reduces to 
the f o l l o w i n g expression f o r the composition i n the surface: 

s o <*2 ( 2 ) 

X l ' C =
a c c ( 2 ) + ( 1_ a ) cc ( D 0 8 ) 

Thus, a rough estimate of the surface composition, at s o l u t i o n 
concentrations around the cmc of the surfactant mixture, should be 
pos s i b l e provided that the cmc*s of the s i n g l e surfactants are known. 

Free Energy of Adsorption, a) System with only one surfa c t a n t . 
Experimentally, i t i s found that the adsorption of the s i n g l e sur
factants i s well described by an equation of the form 

s χ. 
Kx. = — (19) 

1 1 s 1 - χ. ι 
Assuming that the a c t i v i t i e s i n the bulk and i n the surface phases 
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can be replaced by the mole f r a c t i o n s ( i . e . i d e a l behaviour) and that 
a s , c ( i ) = ] 9 Equation 8 becomes: 

s 
t i -ι -ι c ( i ) A , ο c ( i ) x - T r 

l n - In x. = - In χ. + kT ~ ^ = In Κ (20) 
1-x. ι 

In i d e n t i f y i n g -RT l n Κ with the standard molar f r e e energy of adsorp
t i o n we f i n d that t h i s energy can be s p l i t up into two terms, i . e . 

Δμ°, = - RT l n Κ = RT l n x ? ( i ) - Ν ΑΑ(γ° - γ ° ( ί ) ) (21) ads ι A w 

where N. i s the Avogadro number. 
R T l n x Ç ^ i s the f r e e energy of m i c e l l i z a t i o n and i s indepen

dent of the i n t e r a c t i o n with th  surface  i t i  determined b  th
hydrophobic i n t e r a c t i o n
sion between end groups

" ^A^w " Y c ^ ) ) represents the molar free energy of r e p l a c i n g 
d i r e c t surface/water contacts by surface/surfactant contacts. The 
surfactants adsorb with t h e i r hydrocarbon t a i l d i r e c t e d towards a 
hydrophobic surface and hence we expect t h i s term to be independent 
of the surfactant type and to cause a decrease i n the free energy of 
adsorption. 

b) Adsorption of two s u r f a c t a n t s . We may now discuss Equation 17 i n 
the same way as above f o r one s u r f a c t a n t . I t reveals that there are 
three f a c t o r s determining the d i s t r i b u t i o n of the surfactants between 
the s o l u t i o n and the surface phase. The f i r s t f a c t o r i s represented 
by the l a s t term i n Equation 17. I t involves the change i n the i n t e r 
a c t i o n with the surface when one surfactant i s replaced by the other. 
It can be r e w r i t t e n as 

A_ ( Yc (D_ γ ο ( 2 ) ) = Α _ ( γ ο _ γ ο ( 2 ) ) _ Α _ ( γ ο _ ^ ( D j ( 2 2 ) 

This represents the d i f f e r e n c e i n the second adsorption free energy 
term i n Equation 21, i . e . the two terms on the r i g h t hand side each 
represent the change i n f r e e energy when a water-surface molecular 
contact i s replaced with a s u r f a c t a n t - s u r f a c e molecular contact. I t 
i s very reasonable to assume that, at c l o s e packing, both surfactants 
adsorb with only t h e i r hydrocarbon moieties (or part of these 
moieties) i n d i r e c t contact with the surface. Hence, the two s u r f a c 
tants i n t e r a c t with the l a t e x surface with the same strength and the 
l a s t term i n Equation 17 i s equal to zero. 

The second f a c t o r , represented by the second term from the r i g h t 
i n Equation 17 involves the cmc*s of the two s i n g l e s u r f a c t a n t s . 
It depends on the s o l u t i o n p r o p e r t i e s , or the r e l a t i v e balance 
between the hydrophobic and h y d r o p h i l i c p r o p e r t i e s of the surfactants 
at t h i s temperature. This term r e f l e c t s the r e l a t i v e gain i n the 
f r e e energy when the hydrocarbon part of the surfactants i s t r a n s 
f e r r e d from the aqueous s o l u t i o n to a hydrocarbon environment ( e i t h e r 
the m i c e l l e i n t e r i o r or the surface l a y e r ) . The reason f o r t h i s f r e e 
energy gain i s that the surfactant molecules are oriented at the 
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surface i n such a way that the hydrocarbon moieties are d i r e c t e d t o 
wards the l a t e x surface and the h y d r o p h i l i c part d i r e c t e d towards the 
aqueous s o l u t i o n . This r e s u l t s i n the well-known free energy gain due 
to the cooperative e f f e c t of r e p l a c i n g hydrocarbon-water contacts 
with hydrocarbon-hydrocarbon and water-water contacts. 

The t h i r d f a c t o r determining the d i s t r i b u t i o n of surfactant 
between the s o l u t i o n and the surface phase i s represented by the 
t h i r d term from the r i g h t i n Equation 17. It involves the i n t e r a c t i o n 
between the two surfactant species, i . e . Χ 1 2 · A n a l y s i s of the cmc of 
mixed surfactant systems (6-7) reveals that there i s normally a net 
a t t r a c t i o n when anionic and nonionic surfactants are mixed. This 
corresponds to a negative X-J2* ^ e suggested explanation i s that the 
nonionic surfactant s h i e l d s the l a t e r a l r e p u l s i o n between the anionic 
surfactant molecules at the surface, thus causing decrease i n r e p u l 
s i o n . According to Equation 17 t h i s term causes deviations from i d e a l 
i t y which are symmetric about the point x ^ s » c = x | , C = ®·$· 

C r i t i c a l M i c e l l e Concentration
between our treatment of mixed adsorption and e a r l i e r treatments of 
mixed m i c e l l i z a t i o n , we w i l l b r i e f l y review the thermodynamics of 
mixed m i c e l l e s . The thermodynamics of formation of i d e a l mixed mi
c e l l e s by two surfactants has been treated by Lange and Beck (9) and 
C l i n g (10). Rubingh (6) extended the treatment to account f o r i n t e r 
actions between the s u r f a c t a n t s , e s s e n t i a l l y by w r i t i n g the cmc i n 
the mixed surfactant s o l u t i o n as, 

c C = f» c * ( 1 )
 + x* q c f 2 ) (23) 

where x m and f m are the mole f r a c t i o n and a c t i v i t y c o e f f i c i e n t of 
surfactant i i n the mixed m i c e l l e . Only m i c e l l e s at the cmc are con
sidered here. Thus, f o r the sake of s i m p l i c i t y , we have omitted 
the s u p e r s c r i p t c on x m and f m . 

As f o r the close packed surface layer i t i s assumed that the 
mi c e l l e s do not contain any water, i . e . x m + x« = 1. Assuming i d e a l 
mixing of the two surfactant types i n the mixed m i c e l l e , i . e . f -
f2 = 1 , Equation 23 shows that the cmc i s the arithmetic mean 
two s i n g l e surfactant cmc 1s with the surfactant composition i n the 
m i c e l l e as the v a r i a b l e . 
— — — — — Q , , 

The r e l a t i o n between c and the t o t a l surfactant composition, a, 

or" the 

1 a 1-a 
,.c fm c(1) m c(2) 

1 °1 Γ2 C2 

(24) 

Introducing the regular s o l u t i o n expression f o r the a c t i v i t y c o e f f i 
c i e n t s (Equations 14 and 15 with su p e r s c r i p t s replaced by m) into 
Equation 24 Rubingh found the f o l l o w i n g u s e f u l r e l a t i o n s : 
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c 
( X 1 } l n ( c ( l ) J 

C1 X1 

( 1 - x ? ) 2 l n ( - c C ( 1 _ a ) 

= 1 (25) 

V V 2
( 2 )(1-x7) 

and 

c 
X i 2 l n ( „ / n J ( 2 6 ) 

1 2 (1-x™) 2 c = ( 1 ) x » 

Equation 25 can be solved i t e r a t i v e l y f o r the m i c e l l e composition, 
x™, and hence χ ^ can be c a l c u l a t e d from Equation 26. 

Since 

a c C = x m f ? c ^ ( 1 ) (27a) 1 1 1 

and 

(1-a)c c = <1-x»)f» c * ( 2 ) (27b) 

we f i n d the f o l l o w i n g r e l a t i o n between the surfactant composition i n 
the m i c e l l e s , x™, and i n the s o l u t i o n , a, by using Equations 27, 14 
and 15 where sup e r s c r i p t s i s replaced by m: 

m c(1) 

I n ( - P i > = l n ( 7 ^ + X i 2 ( 1 " 2 x T > + l n ( ! ^ 2 T > ( 2 8 ) 

1-x, c 2 

Equation 28 d i f f e r s formally from Equation 17 only i n that the term 
i n v o l v i n g the i n t e r a c t i o n with the surface i s missing i n Equation 28. 
Thus, there are two f a c t o r s determining the d i s t r i b u t i o n of the sur
fa c t a n t s between the s o l u t i o n and the m i c e l l e s . The f i r s t involves the 
cmc*s of the two s i n g l e surfactants and the second f a c t o r involves the 
i n t e r a c t i o n between the two surfactants i n the m i c e l l e . In the i d e a l 
case, i . e . where χ ^ - 0> the surfactant composition i n the m i c e l l e 
i s r e l a t e d to the s o l u t i o n composition, at the onset of m i c e l l e forma
t i o n , through 

- 2 ( 2 ) 

X l = « ; < 2 > + ( 1 - a ) c f > ( 2 9 ) 

which i s i d e n t i c a l to Equation 18 f o r the surfactant composition on 
the surface. This i d e n t i t y appears because i n Equation 18 i t i s 
assumed that both surfactants adsorb with t h e i r hydrocarbon part 
d i r e c t e d towards the surface. 
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Results and Discussion 

C r i t i c a l M i c e l l e Concentration. Figure 1 shows the cmc as a f u n c t i o n 
of the surfactant composition, a, defined as, 

N P - E Q 1 Q 

° N P - E 0 1 0
+ °SDS 

(30) 

according to Equation 16. As expected, the cmc decreases dramatically 
when small amounts of NP-EO^Q are added to the anionic s u r f a c t a n t , 
SDS. This i s expected because of the s h i e l d i n g of e l e c t r o s t a t i c r e 
p u l s i o n between the SDS molecules i n the m i c e l l e (7). The s o l i d curve 
i n Figure 1 i s c a l c u l a t e d from Equation 24, i . e . under the assumption 
that the two surfactants mix i d e a l l y i n the m i c e l l e ( χ ^ = °) . 

Assuming i d e a l mixing
can be c a l c u l a t e d from Equatio
mentally determined cmc of the surfactant mixture, c , using Equation 
23, 

c C ( 2 ) c - c 
X1 c(1) c(2) U 1 ; 

C1 " C 2 

The r e s u l t s are presented i n Figure 2 where the surfactant composi
t i o n i n the m i c e l l e s i s p l o t t e d as a f u n c t i o n of the t o t a l surfactant 
composition at the c r i t i c a l m i c e l l e concentration of the mixture. The 
f i g u r e reveals a strong enrichment of NP-EO^ i n the m i c e l l e s . 

In order to check how the i n t r o d u c t i o n of the s u r f a c t a n t - s u r f a c 
tant i n t e r a c t i o n a f f e c t s the c a l c u l a t e d cmc and the surfactant com
p o s i t i o n i n the m i c e l l e s , we used Equations 25 and 26 to obtain an 
average value of , which was found to be -1.6. The dashed l i n e s 
i n Figures 1 and 2 show that introducing a non-zero value of χ^« does 
not a f f e c t the c a l c u l a t e d cmc or the surfactant composition i n the 
m i c e l l e s very much. This i s because the dominating term i n Equation 
28 involves the d i f f e r e n c e i n the cmc of the two s u r f a c t a n t s . Thus, 
to obtain an assessment of the importance of s u r f a c t a n t - s u r f a c t a n t 
i n t e r a c t i o n i n the mixed m i c e l l e s , one should choose surfactants with 
t h e i r cmc1 s close to each other. 

Adsorption on Polystyrene Latex. Figure 3 shows the adsorption i s o 
therms of the two s i n g l e s u r f a c t a n t s , NP-EO^ and SDS, on the poly
styrene l a t e x surface. Both isotherms reach a l i m i t i n g value when the 
cmc i s approached. The l i n e s drawn i n the f i g u r e are c a l c u l a t e d from 
the f i t t i n g Equation 19. The adsorption free energies, as obtained 
from Equation 21, are shown i n Table I. The table a l s o shows the two 
c o n t r i b u t i o n s to Δμ , according to Equation 21, where the f i r s t con
t r i b u t i o n i s obtained from the cmc 1s and the second from the d i f f e r 
ence between the two terms i n Equation 21. 

The table reveals that the adsorption fre e energy i s dominated 
by the cmc term. Thus, the dominating d r i v i n g force of adsorption i s 
of the same o r i g i n as f o r the m i c e l l i z a t i o n , i . e . i t depends on the 
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c · 
Figure 1. The c r i t i c a l m i c e l l e concentration, c , as a fu n c t i o n of 
the surfactant composition, a. The curves are c a l c u l a t e d from Equa
ti o n s 24, 14, and 15 with χ = 0 ( i d e a l case, s o l i d l i n e ) and χ = -1.6 
(dashed l i n e ) . 

0.5 1.0 
Mole fraction NP-EO 

in solution, α 

Figure 2. The c a l c u l a t e d surfactant composition i n the m i c e l l e s , x4 

as a fu n c t i o n of the surfactant composition i n the bulk s o l u t i o n , a. 
The curves are c a l c u l a t e d from Equation 28 with χ = 0 ( i d e a l case, 
s o l i d l i n e ) and χ = - 1.6 (dashed l i n e ) . The experimental points are 
c a l c u l a t e d from Equation 31. 
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Table I. The Two Contributions to the Adsorption Free Energy 
of a Single Surfactant, According to Equation 21 

A 0 
^ a d s R T l n ( x ^ ( i ) ) - C N A A ( Y : - Y C ^ > 

(kJ/mole) (kJ/mole) (kJ/mole) 
NP-EO -38.2 
SDS - 2 8 . 0 

-33.8 -4.4 NP-EO -38.2 
SDS - 2 8 . 0 -22.6 -5.4 

s o l u t i o n p r o p e r t i e s of the s u r f a c t a n t . This i s the reason we can use 
the c r i t i c a l m i c e l l e concentrations to p r e d i c t the competitive ad
sorp t i o n between two surfactants (see below). We a l s o note that the 
Ν Α Α ( γ ° - y c ( i ) ) term i s almost i d e n t i c a l f o r the two s u r f a c t a n t s . This 
i s expected since both surfactants adsorb with t h e i r hydrocarbon part 
d i r e c t e d towards the polystyrene surface  Thus  f o r both s u r f a c t a n t s
t h i s term represents th
water contacts are replace

Figure 4 shows an example of the adsorbed amount of NP-EO-JQ A N ( * 
SDS from a surfactant mixture as a f u n c t i o n of the t o t a l surfactant 
concentration. The f i g u r e shows that the adsorbed amount reaches a 
l i m i t i n g value, which i s c l o s e to the cmc of the s o l u t i o n mixture. In 
t h i s example the i n i t i a l NP-EO^Q/SDS r a t i o i s 3 0 / 7 0 (w/w), i . e . the 
SDS i s present i n excess. The f i g u r e r e v e a l s , however, that NP-E0<|Q 
i s present i n excess on the surface, i . e . a strong competitive adsorp
t i o n i s taking place. 

It i s important to r e a l i z e that the graph presented i n Figure 4 
i s not s t r i c t l y an adsorption isotherm. The reason being that the 
surfactant composition changes along the concentration a x i s , due to 
the p r e f e r e n t i a l adsorption of NP-EO}Q. Therefore, at low t o t a l sur
factant concentrations, the s o l u t i o n i s depleted of NP-EO-JQ a n a * hence 
a * 0. The development of the surfactant composition i n the s o l u t i o n 
as a f u n c t i o n of the t o t a l concentration i s shown i n Figure 5. In t h i s 
f i g u r e the cmc curve, from Figure 1, has been i n s e r t e d . The c r o s s i n g 
point of the two curves gives the composition and concentration at 
which m i c e l l e s appear i n the system. We are thus able to obtain the 
surfactant composition on the surface (Figure 4) at the onset of 
m i c e l l i z a t i o n and, at the same time, the surfactant composition i n 
the bulk s o l u t i o n from Figure 5. Thus, we use the t o t a l surfactant 
concentration at the onset of m i c e l l i z a t i o n as a reference. In t h i s 
way we compare the competitive adsorption, at d i f f e r e n t surface com
p o s i t i o n s , but at the same surface pressure. 

Table I I presents the experimental data, obtained from using bulk 
s o l u t i o n s of d i f f e r e n t Ν Ρ - Ε Ο ^ / S D S r a t i o s . Figure 6 shows the s u r f a c 
tant composition on the polystyrene latex surface as a f u n c t i o n of the 
surfactant composition i n the bulk s o l u t i o n at concentrations c o r r e 
sponding to the onset of m i c e l l i z a t i o n . I f the surfactant composition 
on the surface were the same as that i n the bulk s o l u t i o n , the e x p e r i 
mental points would f a l l on the dashed l i n e i n the f i g u r e . Thus, the 
f i g u r e reveals a strong p r e f e r e n t i a l adsorption of NP-EO^Q on the 
surface. For example, a s o l u t i o n with a NP-EO-JQ/SDS r a t i o equal to 
10/90 i s i n e q u i l i b r i u m with a surface where the r a t i o i s ~ 9 0 / 1 0 . 
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Surfactant concentration, c / (mmol/l) 

Figure 3. Adsorption of NP-EO-JQ ( a) a n d SDS (b) on polystyrene l a t e x . 
The l i n e s are isotherms c a l c u l a t e d by f i t t i n g of Equation 19. 

0 B 1 2 3 

Total surfactant concentration, c / (mg/ml) 

Figure 4. Adsorption of a 30/7 0 mixture of NP-EO^Q a n d SDS on poly
styrene l a t e x . The l i n e s are drawn to make the best f i t considering 
the inaccuracy i n the determination of the t o t a l surfactant concentra
t i o n . The arrow i n d i c a t e s the cmc of the surfactant mixture. 
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Figure 5. Dependence of the surfactant composition i n the bulk s o l u 
t i o n on the t o t a l surfactant concentration, a) cmc curve and b) i n 
the presence of l a t e x . The cr o s s i n g of the curves gives the s o l u t i o n 
composition and concentration at close packing of the surfactants on 
the PS surface. 

Ο LJ 
& * 0.5F 

υ 
t 

2 «» 
φ 
ô 

0.5 1.0 
Mole fraction NP-E0 1 0in the 
equilibrium solution, α 

s c 
Figure 6. The surfactant composition on the PS surface, χ ' NP-EO^Q J 
as a fu n c t i o n of the surfactant composition i n the bulk s o l u t i o n , a. 
The points are obtained at the cmc of the s o l u t i o n , i . e . with c l o s e 
packing of the surfactants on the surface. The s o l i d curve i s c a l c u 
l a t e d from Equation 18. 
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Table I I . Adsorption Data f o r the Adsorption of NP-EO 1 0 and SDS 
on PS la t e x 

Mole-% NP-E0 1 0 

of t o t a l 
surfactant content 

Adsorbed amount, Q, 
at the onset of X 
m i c e l l i z a t i o n NP-EO 10 

C 
(mg/ml) 

s o l u t i o n 
α 
NP-EO 10 

% P - E 0 1 0 
QSDS 

0 0 61.4 0 1.78 0 
4.6 11.3 21 .8 0.34 1.0 0.007 
10.0 14.9 12.9 0.54 0.8 0.009 
16.1 17.6 13.6 0.56 0.4 0.022 
30.3 25.2 13.6 0.65 0.3 0.046 
49.0 29.7 2.8 0.92 0.1 0.16 
71.9 26.8 2.8 0.91 0.08 0.20 
100 32.

In p a r t i c u l a r , we would l i k e to point out two conclusions of 
p r a c t i c a l importance. F i r s t l y , a surface a n a l y s i s of the serum (bulk 
s o l u t i o n ) cannot give d i r e c t information on e i t h e r the surfactant 
composition on the la t e x surface or i n the t o t a l system. This i s an 
important conclusion since such analyses are frequently c a r r i e d out 
i n i n d u s t r i a l l a b o r a t o r i e s . Secondly, Figure 6 shows that i f NP-EO<jo 
i s added to a system s t a b i l i z e d with SDS, the l a t t e r w i l l desorb. In 
p r a c t i c e , t h i s causes foaming problems. Such problems can be pre
d i c t e d , as i s shown below. 

The s o l i d l i n e i n Figure 6 i s c a l c u l a t e d from Equation 18, i . e . 
under the assumption that χ 1 2 = 0 and yc(1)= yc(2) i n Equation 17. 
The agreement with the experimental r e s u l t s i n d i c a t e s that these two 
assumptions are reasonably v a l i d . Thus, i t i s p o s s i b l e to p r e d i c t the 
competitive adsorption of two surfactants knowing only the cmc 1s of 
the s i n g l e s u r f a c t a n t s . For the adsorption of the s i n g l e surfactants 
we noted that the cooperative e f f e c t of r e p l a c i n g hydrocarbon-water 
contacts with hydrocarbon-hydrocarbon and water-water contacts con
s t i t u t e s a major part of the free energy of adsorption. Since the cmc 
i s a r e f l e c t i o n of t h i s e f f e c t , i t i s therefore not s u r p r i s i n g that 
one can p r e d i c t the competitive adsorption on hydrophobic surfaces 
knowing only the cmc 1 s of the s i n g l e s u r f a c t a n t s . This e f f e c t a l s o 
p r e d i c t s that the more hydrophobic surfactant should be p r e f e r e n t i a l l y 
adsorbed on the l a t e x surface as i s found i n Figure 6. 

We have also c a l c u l a t e d the competitive adsorption with the i n 
troduction of a non-zero value of the su r f a c t a n t - s u r f a c t a n t i n t e r a c 
t i o n parameter, i . e . = 1·6. As i n the c a l c u l a t e d composition i n 
the mixed m i c e l l e s we f i n d that the c a l c u l a t e d surfactant composition 
on the la t e x surface i s rather i n s e n s i t i v e to the value of Χ 1 2 · 
reason i s , as i n the c a l c u l a t i o n of the cmc of the surfactant mixture, 
that the large c o n t r i b u t i o n from the d i f f e r e n c e i n the cmc*s of the 
si n g l e surfactants outweighs t h i s i n t e r a c t i o n c o n t r i b u t i o n . 

Thus, there i s a simple way to p r e d i c t the surfactant composi
t i o n on a hydrophobic surface f o r a mixed surfactant system. The 
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only information needed i s the c r i t i c a l m i c e l l e concentrations of the 
si n g l e s u r f a c t a n t s . The two most important assumptions i n such a pre
d i c t i o n are ( i ) a water-free surfactant monolayer on the lat e x surface 
i s formed at the onset of m i c e l l e formation and ( i i ) the mixed s u r f a c 
tant monolayer forms an i d e a l mixture. The p r e d i c t i o n i s not very 
s e n s i t i v e to the v a l i d i t y of the l a t t e r assumption. 

The reason f o r the success of such a simple model i s that the 
dominating force i n determining the surfactant composition on the 
surface o r i g i n a t e s from the fr e e energy gain of r e p l a c i n g hydrocarbon-
water contacts with hydrocarbon-hydrocarbon and water-water contacts 
when a surfactant molecule i s adsorbed i n t o the surfactant monolayer. 
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Self-Emulsification of Vegetable Oil-Nonionic Surfactant 
Mixtures 
A Proposed Mechanism of Action 
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Binary mixtures o
and vegetable oils have been screened for their ability 
to emulsify under conditions of gentle agitation. Such 
mixtures may have potential use as pharmaceutical drug 
delivery systems. The system Tagat TO, an ethoxylated 
glycerol tri-oleate and Miglyol 812, a medium chain 
triglyceride, has been studied in detail for its 
ability to form stable, submicron-droplet oil-in-water 
emulsions. Ternary phase studies have revealed a 
specific region of lamellar liquid crystal dispersed in 
the isotropic phase of solubilised water. The 
occurrence of this dispersion phase correlates with 
good self-emulsifying performance from the binary 
mixture. The observed self-emulsification is 
considered to be a result of aqueous penetration into 
the liquid crystal aided by mechanical dispersion of 
the resulting emulsion. 

Soft gelatin capsules containing oily solutions of drugs, such as 
sedatives, vitamins and steroidal hormones, are used as oral dosage 
forms for medicinal products. Such drug delivery systems can have 
therapeutic advantages over tablets or powder-filled hard gelatin 
capsules; in particular the slow drug dissolution step often 
encountered with lipophilic drugs can be avoided (l f2). This can 
lead to better control of drug absorption from the gastro-intestinal 
tract and hence improvement in the effectiveness of the medicinal 
product (3-5). If the lipophilic drug is presented in an oi l - in-
water emulsion further enhancement of bioavailability can be achieved 
(6J. However water-containing vehicles cannot be filled into soft 
gelatin capsules due to the hydrophilic nature of the gelatin shell 
which absorbs water thus dehydrating and eventually disrupting the 
emulsion structure (I). Consequently we are studying surfactant-oil 
solutions which exhibit the phenomenon of self-emul sif ication as a 
method of achieving emulsions in the gastro-intestinal tract which 
are derived from soft gelatin encapsulated formulations. 

0097-6156/86/0311-0242$06.00/0 
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Self-emulsification i s the formation of an emulsion from o i l and 
water by weak mechanical shear forces. In vivo such l e v e l s of 
agitation would be provided by the digestive motility of the stomach 
and intestine (8). Reiss has calculated that the free energy of o i l -
water mixing w i l l be negative i f the interfacial tension i s less than 
10"3 Nm"1, and at about 10"^ Nm"1 emulsion droplets of diameter 
approximately 0.3 μη w i l l form (11). Such systems are described as 
being spontaneously-emulsifying (9 y 10). Systems which have 
interfacial tensions of the order of 10"^ Nm"1 w i l l emulsify readily 
although not spontaneously and are c l a s s i f i e d as self-emulsifying. 
For both self- and spontaneous emulsification the presence of added 
surface active materials i s normally required (12.). The rationale 
behind this study necessitated the use of materials with potentially 
acceptable toxicity characteristics when ingested orally. The choice 
of surfactant was therefore r e s t r i c t e d to the ethoxylated nonionic 
type which are li k e l y to have acceptable toxicity profiles (H) and 
o i l s were derived from vegetabl

Experimental 

Materials. A l l materials were used as received from the suppliers. 
Nonylphenol ethoxylates (Synperonics) were obtained from Cargo Fleet 
Chemical Company Ltd, England. Alcohol ethoxylates (Marlipals) were 
obtained from Huls (UK) Ltd. Fatty acid ethoxylates (Leeks) were 
obtained from Leek Chemicals Ltd, England. Tween 85 was obtained 
from Atlas Chemical Industries (UK) Ltd. Tagat TO was supplied by 
Th. Goldschmidt AG, Germany. Vegetable o i l s were Miglyol 812 
supplied by Dynamit Nobel (UK) Ltd and Arachis o i l supplied by Evans 
Medical Ltd, England. A l l water was single d i s t i l l e d using a l l glass 
apparatus. 

Methods. I n i t i a l l y a range of d i f f e r e n t nonionic s u r f a c t a n t - o i l 
mixtures containing 30$ w/w surfactant were screened for t h e i r 
a b i l i t y to self-emulsify in water at 25 and 37°C. Gentle agitation 
was provided by a glass s t i r r e r as described by Pouton (UL). The 
e f f i c i e n c y of s e l f - e m u l s i f i c a t i o n was assessed subjectively on a 
scale of 1 to 5 (bad to excellent) by visual observation. 

Emulsion preparation under controlled Q Q ^ j t i o n s , Those systems 
which appeared to emulsify e f f i c i e n t l y were studied further by 
particle size analysis of the emulsions formed by self-emulsification 
under agitation conditions considered to be a reasonable simulation 
of the in. vivo situation (8). Mixtures containing between 5 and 70$ 
w/w surfactant were examined over the temperature range 25 to 50°C. 
A concentration of 0.04$ v/v of binary l i p o p h i l i c mixture was 
achieved by the following method. 10 μΐ of self-emulsifiable mixture 
was delivered from an Agla micrometer syringe into 25 ml of d i s t i l l e d 
water i n a 30 ml Pyrex glass tube f i t t e d with a ground glass stopper. 
A l l materials were pre-equilibrated to the appropriate temperature. 
The tubes were immersed i n a thermostatted shaking waterbath (+ 
0.1°C) and rocked horizontally through 2.5 cm at a rate of 40 
oscillations per minute for 10 minutes unless otherwise stated. The 
concentration of the resulting emulsions was such that droplet size 
determinations could be performed without dilution. 
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Analysis of Mean Emulsion Droplet Diameter (MEDD). Two techniques 
were used to measure the MEDD of the self-emulsified systems. Low 
angle laser light diffraction (Malvern model 3600E with small volume 
stirred cell) was used for emulsions with droplet distributions above 
1 μη. The majority of determinations were carried out over the range 
1-120 /im. Samples were analysed immediately a f t e r preparation. 
Quasi-elastic l i g h t scattering (QELS, Malvern model 4600 photon 
correlation spectrometer) was used for investigations of submicron 
dispersions and measurements were made 24 hours after preparation. 
The MEDD of such submicron emulsion systems has been shown to be 
unaltered by storage for 7 days (14). For both techniques three 
separate emulsion samples were examined. Each sample was determined 
i n t r i p l i c a t e by las e r d i f f r a c t i o n and i n q u i n t r i p l i c a t e by QELS. 
MEDD values are expressed as mean values of a l l data + standard 
error. 

Equilibrium Phase Behaviour
approximately 10 g sample
sequentially by the weighed addition of water. The i n i t i a l binary 
mixture contained 5-7 0$ w/w surfactant at 5$ intervals. Phase 
boundaries were determined to + 0.5$ water. The ternary mixtures in 
Pyrex glass tubes f i t t e d with PTFE l i n e d caps were equilibrated to 
the required temperature (20-65 ± 0.1°C) for 2 hours and then 
thoroughly mixed for 5 minutes using a Fisons orbital whirlimixer. 
The tubes were then returned to the waterbath and l e f t undisturbed 
for 48 hours before identification of the phase type using a crossed 
polarised viewer and an optical microscope. 

Results and Discussion 

Qualitative data obtained by visual assessment of self-emulsification 
at 25 or 37°C (Table I) show that the unsaturated ester-type 
surfactants exhibit better s e l f - e m u l s i f y i n g behaviour than the 
equivalent saturated ether types with both o i l s . These data also 
show the phenomenon i s not d i r e c t l y related to the hydrophile-
l i p o p h i l e balance (HLB) of the s u r f a c t a n t . The e s t e r type 
surfactants probably show better behaviour due to mobility of the 
liquid-like oleate chains in these surfactant molecules. However , 
of the materials screened , the Tagat T0-Miglyol 812 and Tween 85-
Miglyol 812 mixtures showed the best behaviour and the former was 
chosen as a model commercial system for more detailed study. The 
o i l , Miglyol 812 i s a fractionated t r i g l y c e r i d e containing mainly 
c a p r y l i c (Cg, 50-65$) and capric ( C 1 0 , 45-30$) saturated carboxylic 
acid residues. 
Tagat TO i s an ethoxylated (25 moles per molecule) t r i g l y c e r i d e of 
commercial oleic acid (65$ oleic with the remainder mainly myristic 
Cllt, palmitic C-^, stearic C-^o and li n o l e i c Cig:2 d o u b l e bonds). The 
surfactant has a negligible bulk water solubility (23); however , the 
ethylene oxide condensation reaction used to manufacture the 
surfactant r e s u l t s i n a d i s t r i b u t i o n of polyoxyethylene residues. 
This means some of the constituents of the mixture w i l l be 
sufficiently hydrophilic to be water soluble. 
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Table I. Qualitative Screening of Surfactant-Oil Mixtures for Self-
Emulsifying Behaviour at 25 and 37°C. (S) Denotes Suspended 

Material in Binary Mixture. 

Self-emulsifying Behaviour 
Surfactant HLB Miglvol 812 Arachis Oil 

25°C T7°C 25°C 37°C 
Ethers 
Nonylphenol (5) Ethoxylate 10.5 1 1 - -Nonylphenol (6) Ethoxylate 10.9 2 1 - -Nonylphenol (8) Ethoxylate 12.3 2 2 - -Nonylphenol (9) Ethoxylate 12.8 3 2 - -Nonylphenol (10) Ethoxylate 13.3 3 2 - -Stearyl (5) Ethoxylate 9.7 1 1 2 1 
Stearyl (10) Ethoxylate 12.9 Ks) KS) 1 1 
Dodecyl (9) Ethoxylate 14.2 1 1 1 1 

Esters 
Polyoxyethylene (6.8) mono-oleate 10.1 1 1 1 1 
Polyoxyethylene (13.6) di-oleate 10.2 2 1 1 1 
Polyoxyethylene (9.1) mono-oleate 11.3 3(S) 2(S) 2 2 
Polyoxyethylene (13.6) mono-oleate 13.3 2(S) 2(S) 1 1 
Polyoxyethylene(25)sorbitan tri-oleate 11.0 5 5 4 4 
Polvoxvethvlene( 25) glycerol tri-oleate 11.3 5 5 3 L· 

MEDD Analysis. The p a r t i c l e size-surfactant concentration profiles 
obtained by laser diffraction analysis of the self-emulsified Tagat 
T 0 - M i g l y o l 812 mixtures are shown i n Fi g u r e 1. At a s e l f -
emulsification temperature of 30°C the profile shows three regions. 
Between 5 and 15Î surfactant there i s l i t t l e change in measured MEDD 
with increasing surfactant concentration. Values obtained for MEDD 
in this region were however misleading due to the gross instability 
of these lower surfactant concentration emulsions. The creaming rate 
of droplets greater than approximately 100 yum was so rapid that 
although p a r t i c l e size determination was carried out immediately 
after formation, these large droplets were excluded from detection 
and consequent MEDD evaluation. Microscopical examination of these 
crude emulsions showed that o i l droplets i n excess of 500 pm were 
present. A reduction i n the measured MEDD on repeated analysis also 
confirmed the i n s t a b i l i t y of these samples. Increasing the 
surfactant concentration from 15 to 30$ resulted i n emulsions of 
improved stability (region 2). Replicate analysis of these samples 
gave reproducible results but excessive creaming s t i l l occurred on 
overnight storage. The reduction i n the MEDD in this second region 
probably resulted from increased i n t e r f a c i a l s t a b i l i s a t i o n by the 
water s o l u b l e surface a c t i v e components as the s u r f a c t a n t 
concentration was raised. 
Above 30$ surfactant the MEDD apparently reached a minimum value of 
1-2 pm. This t h i r d region was a function of the lower detection 
l i m i t of the apparatus. Table II shows that the proportion of 
emulsion droplets below 3 and 1 jum increased as the surfactant 
concentration increased. The data emphasize the marked reduction in 
emulsion droplet size which occurred above 30$ w/w surfactant. 
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Figure 1. Effect of Binary Mixture Surfactant Concentration and 
Self-Emulsification Temperature on Emulsion Droplet Size for the 
Miglyol 812-Tagat TO System as Determined by Laser Diffraction. 
Bars Represent Standard Errors. 
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Table II. Proportion of Emulsion Droplets below 3 and 1 jum as a 
Function of Increasing Surfactant Concentration of the Binary Mixture 
Tagat TO - Miglyol 812 as Measured by Laser D i f f r a c t i o n at a Sel f -

Emulsification Temperature of 30°C. 

Percentage Surfactant in 
Binary Mixture (w/w) 

Percentage by Weight of Emulsion 
DroDlets below size 

3 Aim 1 urn 
5 6 0.1 
10 6 0.4 
15 5 0.3 
20 12 3 
25 48 8 
30 95 39 
35 99 50 
40 99 61 

At the s e l f - e m u l s i f i c a t i o
similar profile was obtained and again three distinct regions were 
i d e n t i f i e d , however MEDD were l a r g e r at a l l s u r f a c t a n t 
concentrations. This i s attributable to a reduction i n the degree of 
hydrogen bonding of the oxyethylene groups with water (16). This i n 
turn reduces the e f f e c t i v e HLB of the surfactant and re s u l t s i n 
weaker interface s t a b i l i s a t i o n , and hence larger emulsion droplets 
form (17). Reducing the self-emul s i f ication temperature to 25°C had 
the opposite effect on the effective HLB of the surfactant resulting 
in improved emulsion stability and hence smaller MEDD. However, the 
instability of larger droplets s t i l l affected the measured MEDD at 
the lower surfactant concentrations. 

The results obtained from QELS examination of emulsions formed 
from binary mixtures containing 35$ or more Tagat TO are shown i n 
figures 2 and 3. Figure 2 indicates that the MEDD-surfactant 
concentration p r o f i l e s are of a s i m i l a r character for a l l s e l f -
emulsif i c a t i o n temperatures studied (25-50°C) exhibiting a minimum 
MEDD at about 50-55$ Tagat TO. Self-emul s i f ication at 30°C yielded 
emulsions with the lowest MEDDs ; the minimum MEDD being 
approximately 100 nm at 52.5$ surfactant in the binary mixture. At 
th i s temperature a l l binary mixtures containing 35-52.5$ Tagat TO 
exhibited good, rapid s e l f - e m u l s i f i c a t i o n . The time required to 
attain droplet size equilibrium at 30°C was less than 10 seconds at 
35$ surfactant increasing to about 120 seconds at 52.5$ surfactant. 
Above t h i s c o n c e n t r a t i o n s e l f - e m u l s i f i c a t i o n c h a r a c t e r i s t i c s 
deteriorated. Equilibrium times increased markedly , reaching about 
20 minutes at 70$ surfactant. This was accompanied by an increase in 
MEDD and a doubling of the polydispersity. Figure 2 also shows that 
better r e p r o d u c i b i l i t y of the formed emulsion i n terms of MEDD 
occurred pri o r to and i n the region of the minimum. At 30°C, MEDD 
values obtained with 40-55$ surfactant had a r e l a t i v e standard 
deviation of about + 2$; at 60$ Tagat TO t h i s figure increases to 
about + 4$. Reproducible control of p a r t i c l e size i s an important 
feature in the potential of self-emulsifying mixtures for oral drug 
delivery. 
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Figure 2. Effect of Binary Mixture Surfactant Concentration and 
Self-Emulsification Temperature on Emulsion Droplet Size for the 
Miglyol 812-Tagat TO System as Determined by QELS. 
Bars Represent Standard Errors. 
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Figure 3. Effect of Self-Emulsification Temperature on Emulsion 
Droplet Size for the Miglyol 812-Tagat TO System as Determined by 
QELS. Bars Represent Standard Errors. 
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Figure 3 i l l u s t r a t e s the e f f e c t of temperature over the range 
25-50°C on the MEDD of the rapidly self-emulsifying systems (<2 
minutes). These mixtures exhibited good self-emulsifying behaviour 
i n terms of y i e l d i n g submicron p a r t i c l e s . A l l s u r f a c t a n t 
concentrations showed a decrease i n MEDD between 25 and 30°C 
followed by a smaller increase and then l i t t l e observable change. 
Qu a l i t a t i v e l y the effec t of temperature was indépendant of the 
surfactant concentration, but quantitatively the MEDD decreased with 
increase i n surfactant concentration between 35 and 50$ over the 
whole temperature range considered. These studies show that i n terms 
of minimum particle size and therefore potential a b i l i t y to penetrate 
between the m i c r o - v i l l i of the g a s t r o - i n t e s t i n a l mucosa thus 
presenting drug to the absorption s i t e , the Tagat TO - Miglyol 812 
system i s optimised at 30°C. For use i n vivo i t would obviously be 
preferable to have an optimum temperature of 37°C and t h i s could 
perhaps be achieved by using a slightly more hydrophilic surfactant 
(16). However this doe
since particles in the 20

Phase Behaviour. The differences in the self-emulsifying behaviour 
of Tagat TO - Miglyol 812 binary mixtures can, in part, be explained 
from considerations of their phase behaviour. Figures 4a-4d show the 
representative equilibrium phase diagrams obtained when binary 
mixtures containing 10,25,30 and 40$ surfactant were sequentially 
diluted with water. The phase notation used i s based on that of 
Mitchell e£ a l 01). 

For lower surfactant concentrations containing between 10-25$ in 
the binary Tagat TO - Miglyol 812 mixture , Figures 4a and 4b show 
that a similar sequence of phases are formed on addition of water. 

The L 2 phase always present at the r i g h t hand axis i s an o i l 
continuous phase of s o l u b i l i s e d water. On crossing the phase 
boundary a two phase region, + L 2, i s observed. Further dilution 
forms gel (G) or l i q u i d c r y s t a l l i n e (LC) phases, depending on the 
surfactant concentration and temperature. At higher water contents , 
two phase regions (1^ + L 2) again form. These disperse systems 
extend across the phase diagrams to the water-rich side of the axis. 
If this equilibrium phase behaviour i s applied to the dynamic process 
which occurs during s e l f - e m u l s i f i c a t i o n , i n i t i a l l y aqueous 
penetration into the o i l y phase w i l l r e s u l t i n hydration of the 
oxyethylene part of the surfactant molecules. When the saturation 
l i m i t of s o l u b i l i s e d water i s met, two phase systems form i n a l l 
cases. It i s li k e l y that rapid dilution of these dispersions results 
in the crude emulsions observed in the corresponding studies of MEDD. 

During the studies of phase behaviour two types of l i q u i d 
c r y s t a l l i n e phases were i d e n t i f i e d . LC material was viscous and 
exhibited intense "white" birefingence. LC A material was apparently 
homogeneous but of low v i s c o s i t y and exhibited "multi-coloured" 
birefringence. The l i q u i d c r y s t a l l i n e phases observed i n the 
equilibrium studies of surfactant concentrations up to 25$ are 
unlikely to take part i n the self-emulsification process due to the 
presence of two-phase regions between L 2 and l i q u i d c r y s t a l l i n e 
phases; however , LC A material may account for the improved stability 
of emulsions formed by 25$ surfactant systems (Table II). Figure 4c 
indicates that by increasing the surfactant concentration to 30$ the 
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Figure 4. Equilibrium Phase Behaviour of Tagat T0-Miglyol 812 
Mixtures on Dilution with Water. Α. 10% Tagat ΤΟ. Β. 25$ Tagat TO 
C. 30$ Tagat TO. D. 40$ Tagat TO. 
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equilibrium phase behaviour changed and direct contact between LC A 

and L 2 phases occured below 30°C. From the s elf-emulsifying studies 
t h i s correlates with the formation of good q u a l i t y products below 
30°C and impaired emulsifying performance at higher temperatures. 
The direct contact of these two phases would therefore appear to be 
most important in the self-emulsifying process. Further increases in 
surfactant concentration (Figure 4d) resulted i n phase behaviour 
dominated by the LC A phase i n contact with the L 2 phase. These 
systems produced high quality emulsions containing submicron 
droplets. 

The LC. m a t e r i a l formed by d i l u t i o n of binary mixtures 
containing 35 to 50$ surfactant was apparently a single phase 
exhibiting multi-coloured birefingence, the i n t e n s i t y of which 
increased with surfactant concentration. Above 55$ surfactant i n the 
binary mixture , p a r t i a l separation i n t o L 2 and l i q u i d c r y s t a l l i n e 
(LC A type) phases occurred during the 48 hour period necessary to 
establish equilibrium, th
increasing surfactant u
accompanied by an apparent change in the birefingence of the material 
as observed by colour loss to 'white', and an increase i n density and 
hence a reduction i n the molecular spacing of the c r y s t a l l a t t i c e . 
These observations indicate that the W L C A phase" was i n fact a 
dispersion of liquid crystals i n isotropic L 2 phase. Over the range 
35 to 50$ surfactant si m i l a r i t i e s i n refractive indices and densities 
of the L 2 and LC A materials made separation d i f f i c u l t . However high 
speed centrifugation at controlled temperature has enabled p a r t i a l 
s e p a r a t i o n of these d i s p e r s i o n phases. Comparison of the 
microscopical textures of LC A material with those of Rosevear (20) 
suggests the LC A liquid crystal material was lamellar, however the 
small amount present was not detectable by X-ray diffraction. 

The concept of i n t e r f a c i a l mesophases promoting spontaneous 
em ul s i f ication (21.22) can be applied to the Tagat TO - Miglyol 812 
system, where stable l i q u i d c r y s t a l l i n e dispersion phases are 
adequate to premote the process of s e l f - e m u l s i f i c a t i o n . The 
stability of the resulting emulsion systems can also be accounted for 
by l i q u i d c r y s t a l l i n e interface s t a b i l i s a t i o n (23 f24). Phase 
separation of LC A material as observed above 55$ surfactant, in 
conjuction with the increased v i s c o s i t i e s of such systems , w i l l 
inhibit the dynamics of the self-emulsif ication process and hence the 
quality of s e l f - e m u l s i f i e d systems declines when the surfactant 
concentration i s increased above 55$. 

Mechanism of Self Emulsification. For the binary mixtures containing 
between 35 and 55> Tagat TO in Miglyol 812 which form miscible L 2 + 
LC (LCA) phases the following mechanism of self-emulsif ication can be 
proposed. Addition of the binary mixture to water r e s u l t s i n 
interface formation between the o i l and aqueous-continuous phases. 
As i l l u s t r a t e d i n Figure 5a, s o l u b i l i s a t i o n of water with the o i l y 
phase results from aqueous penetration through the interface. This 
w i l l occur u n t i l the s o l u b i l i s a t i o n l i m i t i s reached close to the 
interface. Further aqueous penetration (Figure 5b) w i l l r e s u l t i n 
the formation of the dispersed l a m e l l a r l i q u i d c r y s t a l phase (LC A) 
represented by the p a r a l l e l l i n e s . This material has a loosely 
associated l a m e l l a r l a t t i c e structure. As the aqueous penetration 
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Figure 5. Schematic Representation of the Proposed S e l f -
Em ulsi f i c a t i o n Mechanism. A. Water Penetration. B. Formation of 
Liquid Crystal. C. Disruption and Emulsification. 
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proceeds , eventually virtually a l l material close to the interface 
w i l l be l i q u i d c r y s t a l l i n e , the actual amount depending on the 
surfactant concentration in the binary mixture. Once formed , rapid 
penetration of water into the aqueous cores (Figure 5c) aided by the 

gentle agitation of the self-emulsification process causes interface 
disruption and droplet formation. 
The high stability of these self-emulsified systems to coalesence i s 
considered to be due to a l i q u i d c r y s t a l l i n e interface surrounding 
the o i l droplets. 

CQQQIUSJTQRS 

The self-emulsifying behaviour of a binary nonionic surfactant 
vegetable o i l mixture has been shown to be dependant on both 
temperature and surfactant concentration. The quality of the 
resulting emulsions as assesse
manipulation of these parameter
of c o n t r o l l e d d r o p l e t s i z e and hence s u r f a c e area. Such 
considerations are important when the partition of lipo p h i l i c drugs 
into aqueous phases and drug release rates are considered. 

The commercial mixture of Tagat TO - Miglyol 812 exhibits 
optimum sel f - e m u l s i f y i n g behaviour at 30°C. Modification of the 
surfactant to produce a more hydrophilic molecule of s i m i l a r 
structure i s currently under inves t i g a t i o n i n an e f f o r t to achieve 
optimum behaviour at 3 7 ° C The occurrence of good s e l f -
e m u l s i f i c a t i o n has been related to the di r e c t contact between 
lamellar l i q u i d c r y s t a l l i n e dispersion phase and i s o t r o p i c o i l 
continuous phase. However the density and thus molecular packing of 
t h i s c r y s t a l l i n e m a t e r i a l a l s o a f f e c t s the self-emulsifying 
behaviour. 

It i s considered that penetration of water into t h i s l i q u i d 
crystalline dispersion i n association with gentle agitation results 
in the observed self-emulsification. 
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The Mesophase Formation 
During a Dissolution of Cholesterol Monohydrate 
in Glycochenodeoxycholate-Glycoursodeoxycholate-Lecithin Solutions 
and Calcium Carbonate Solubility in Their Solutions 

M . Ueno, H. Asano, and T. Okai 

Department of Applied Chemistry, Faculty of Science, University of Tokyo, Tokyo, Japan 

Solubility of calciu
solutions of glycochenodeoxycholate
and lecithin in the presence of cholesterol monohydrate 
disk in the ranges of pH from 7.5 to 9.0 . 

When mesophase, that is, liquid crystal, consisting of 
three components of bile salt, lecithin and cholesterol was 
produced, deposition of calcium salts of bile acids was 
observed on the cholesterol disk surface. The relation 
between mesophase formation and calcification will be 
elucidated in this paper. 

Glycochenodeoxycholate and glycoursodeoxycholate are 
known to reduce the cholesterol saturation in bile and to 
induce the dissolution of cholesterol gallstones in 
humans.1,2,3) 

In most cases, Glycoursodeoxycholate has been used as the 
treatment of choice because it is effective at a lower dose 
and is free from side effects such as diarrhea. Figure 1 
shows the structure for glycochenodeoxycholate and glyco
ursodeoxycholate, abrreviated as GCDC and GUDC, respectively. 

In general, GUDC is known to produce a mesophase during 
dissolution of cholesterol(CHL) in the presence of 
lecithin(EL) in vitro, and then increases the dissolution 
rate of CHL by the mesophase formation.4,5) However, the 
effect is less than that of GCDC in vivo. 

Igimi et al3) have predicted that the precipitation of 
GUDC could occur during treatment with GUDC. Bateson et 
al6) have reported that 122 patients with cholesterol gall 
stones which can not take the picture even by Roentgen were 
treated with chenodeoxycholic acid(CDCA) and 56 patients 
were treated with ursodeoxycholic acid(UDCA) for six months 
or more. Six of the 56 patients treated with UDCA developed 
calcification, but none of the patients treated with CDCA 
showed any evidence of calcification on the surface of the 
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g a l l s t o n e s . T h i s suggests that the dosage o f UDCA i s 
responsi b l e f o r the c a l c i f i c a t i o n on the surface o f the 
ga l l s t o n e s i n a g a l l b l a d d e r and prevents f u r t h e r d i s 
s o l u t i o n o f the stones.7) 

This phenomenon would probably be as s o c i a t e d with the 
mesophase formation/ and so we w i l l e l u c i d a t e the mechanism 
of the r e l a t i o n between mesophase formation and c a l c i f i 
c a t i o n . T h i s can be done by measuring the s o l u b i l i t y o f 
calcium carbonate added t o v a r y i n g aqueous mixtures o f 
NaGCDC-NaGUDC-Lecithin i n the range o f pH from 7.5 t o 9.0 i n 
v i t r o , and by observing the surface o f the c h o l e s t e r o l 
monohydrate fragments and d i s k s dipped i n the systems. 

EXPERIMENTALS 
MATERIALS: Sodium Glycochencdeoxycholate(NaGCDC) and 

Sodium Glycoursodeoxycholate(NaGUDC) were su p p l i e d from 
Tokyo Tanabe Seiyaku
p u r i t y above 99.99
L e c i t h i n was obtained from Asahi Kasei Kogyo. Calcium 
carbonate was prepared from h i g h l y pure calcium c h l o r i d e 
(Kanto Kagaku) and h i g h l y pure sodium carbonate(Kanto 
Kagaku). C h o l e s t e r o l monohydrate (CHIM) was prepared by 
r e c r y s t a l l i z a t i o n o f c h o l e s t e r o l anhydrate i n 100ml o f 95% 
a l c o h o l s o l u t i o n with 5% water. F i v e grams o f c h o l e s t e r o l 
anhydrate was d i s s o l v e d i n t o 100ml a l c o h o l i n c l u d i n g f i v e 
grams o f water kept a t temperature o f 60 C. A f t e r the 
s o l u t i o n being permitted t o stand f o r 48 hours a t room 
temperature i n dark place, CHLM c r y s t a l produced i n i t was 
f i l t r a t e d and was d r i e d f o r 24 hours i n water-bath kept 37°C 
and stored i n d e s i c c a t o r f i l l e d with N2 gas i n c l u d i n g 
water vapour. 

PROCEDURES 
32 mM egg l e c i t h i n was d i s s o l v e d i n mixed s o l u t i o n s with 

t o t a l NaGCDC and NaGUDC concentrations o f 100 mM having s i x 
d i f f e r e n t r a t i o s ; NaGCDC/NaGUDC are 100/0, 80/20, 60/40, 
40/60, 20/80, and 0/100, r e s p e c t i v e l y . The pH o f each 
s o l u t i o n were adjusted with T r i s b u f f e r and then 6.4 mM 
c h o l e s t e r o l monohydrate (CHLM) and excess calcium carbonate 
were added t o the s o l u t i o n s . A f t e r N2 gas had been sealed 
i n the g l a s s b o t t l e s c o n t a i n i ng the samples, these b o t t l e s 
were incubated i n an a g i t a t e d water-bath a t 37 °C. A f t e r 24 
hours and 48 hours, the samples were f i l t e r e d u sing a 
m i l l i p o r e f i l t e r (diameter 1.0 urn and 0.22 urn) and the 
amount o f calcium and the amount o f calcium i o n d i s s o l v e d i n 
the s o l u t i o n s was measured by an atomic and flame absorption 
spectrometer(HITACHI-170-50 A type) a t 422.8 nm. In 
a d d i t i o n , under the same c o n d i t i o n s , the samples co n t a i n i n g 
the CHLM d i s k (diameter 1.3 cm) were incubated f o r 6 months 
at 37°C i n the a g i t a t e d water-bath, a f t e r 6 months, the 
amount o f calcium i o n d i s s o l v e d i n each s o l u t i o n was 
measured and the presence o r absence o f l i q u i d c r y s t a l s was 
checked u s i n g p o l a r i z e d microscopy, Olympus B-3 type. X-ray 
photographs were taken, by using Softex 3 type, t o confirm 
the d e p o s i t i o n o f calcium s a l t on the d i s k surfaces. 
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RESULTS AND DISCUSSION! 
Nfciller e t a l 8 ) have reported t h a t i n b i l e s a l t 

s o l u t i o n s i n the presence of EL, i f the EL concentration i s 
l e s s than h a l f of that o f the b i l e s a l t s , the mixed m i c e l l e 
shape becomes s p h e r i c a l , but, otherwise, the shape i s a d i s k 
as shown i n Figure 2. A l l s o l u t i o n s used here inc l u d e 32 mM 
l e c i t h i n and 100 mM t o t a l b i l e s a l t s , t h e r e f o r e the m i c e l l e 
shape i n a l l systems here must be s p h e r i c a l . Edward e t a l 
9) have reported t h a t b i l e ions bind t o calcium ions and 
r e s u l t i n two types o f s a l t s ; one i s an a c i d s a l t as 
c a t i o n i c monomer and the other i s n e u t r a l b i l e s a l t dimer as 
shown i n Figuer 3. The same authors have shown th a t f r e e 
monomers can be f i x e d on the surface of the mixed b i l e s a l t 
m i c e l l e s , while n e u t r a l dimers are s o l u b i l i z e d i n t o the 
mixed m i c e l l e s . 

Figure 4 shows the calcium s o l u b i l i t y i n the mixed 
systems o f NaGCDC-NaGUD
and EL. The s o l u b i l i t
suggests t h a t b i l e s a l t monomers form dimers as pH i s 
increased and f i n a l l y p r e c i p i t a t e as n e u t r a l calcium s a l t s . 
The systems with d i f f e r e n t mixture r a t i o s showed almost the 
same values a t a constant pH except the s i n g l e system o f 
NaGCDC. 

Figure 5 shows the calcium s a l t s o l u b i l i t y i n the mixed 
systems o f NaGCDC-NaGUDC-EL as a f u n c t i o n of pH. The 
s o l u b i l i t y e x h i b i t e d a convex curve with a maximum a t pH 
8.0. T h i s suggests that the d i s s o l u t i o n o f calcium s a l t 
d i f f e r s from the system without EL as shown i n Figure 4. 
In general, c h o l i n e groups i n l e c i t h i n molecules have a 

p o s i t i v e charge i n the low pH range. Therefore the p o s i t i v e 
charge o f EL incorporated i n the b i l e s a l t m i c e l l e s prevents 
the f i x a t i o n o f the p o s i t i v e l y charged calucium-bile s a l t 
monomer on the m i c e l l e surface but allows i n c o r p o r a t i o n o f 
the dimer i n t o the mixed m i c e l l e s . As pH increaces, EL i n 
the mixed m i c e l l e s becomes n e g a t i v e l y charged so that i t i s 
easy t o deposite the moncmers on the m i c e l l e surface, 
however calcium s o l u b i l i t y decreases with i n c r e a s i n g pH, 
because the monomers form dimers i n the range o f higher 
pH. 

Figure 6 shows the calcium s a l t s o l u b i l i t y i n the mixed 
systems o f NaGCDC-NaGUDC-EL-CHUNl as a f u n c t i o n o f pH. The 
s o l u b i l i t y e x h i b i t s a maximum a t pH 7.5 and decreases 
g r a d u a l l y with i n c r e a s i n g pH. Although t h i s system has 
higher s o l u b i l i t y than tha t o f the system without EL i n 
Figure 4, i t does show a s i m i l a r i t y . As CHL molecules are 
incorporated among the b i l e s a l t and EL molecules i n the 
m i c e l l e s by s o l u b i l i z a t i o n , the e l e c t r i c a l r e p u l s i v e f o r c e 
toward the p o s i t i v e l y charged monomer decreases. Therefore 
the s o l u b i l i t i e s o f monomers and dimers may increase more 
than those o f the systems without EL and CHL i n Figure 4. 

Figure 7 shows the calcium s a l t s o l u b i l i t y i n the mixed 
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C o n f o r m a t i o n o f NaGUDC 

C o n f o r m a t i o n o f NaGCDC 
H 

OH 

Figure 1 Conformation of NaGUDC and NaGCDC 

ApobrSite 

6.2 nm 

Λ Bile soft 
^ Hydroxy Group 

Head Group 
^ Lecithin 

Figure 2 The mixed m i c e l l e s c o n s i s t i n g o f B i l e s a l t s and 
L e c i t h i n . Disk; Excess L e c i t h i n . Sphere; Excess 
B i l e s a l t s . 
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F o r m a t i o n o f F R E E ( n o n - m i c e l l a r ) A C I D SALT 

a 

Conjugated 
B i l e A c i d 
Monomer 

0-Ca 

Calcium-Bile A c i d 
ACID SALT 
CaBS 

F o r m a t i o n o f FREE NEUTRAL SALT 

Conjugated Calcium-Bile A c i d 
B i l e A c i d NEUTRAL SALT 
Dimer Ca(BS) 

Figure 3 The formation o f f r e e a c i d s a l t and f r e e n e u t r a l 
s a l t , (a) Calcium-Bile s a l t monomer, (b) Calcium-
B i l e s a l t s dimer. 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



U E N O E T A L . The Mesophase Formation 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



262 P H E N O M E N A IN M I X E D S U R F A C T A N T SYSTEMS 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



U E N O ET A L . The Mesophase Formation 

1 .Oh 

NaGCDC-NaGUDC-E.L-CHL ( 2 4 h r . i n c u b a t e ) 

NQGCDC :NaGUDC 
ο 5 0 

• 1 

• 2 3 
• 1 Λ 
• 0 5 

0.5h 

7.5 8 . 0 8.5 9 . 0 
PH 

Figure 6 Calcium s a l t s o l u b i l i t y i n the mixed system o f 
NaGCDC-NaGUDC-EL-CHLM as a f u n c t i o n o f pH. 
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systems o f NaGCDC-NaGUDC-EL dip p i n g CHOI d i s k as a f u n c t i o n 
o f pH a f t e r 6 months incubation. T h i s e x h i b i t e d a tendency 
s i m i l a r t o the system with EL and CHLM i n Fig u r e 6. This 
r e s u l t suggests tha t c a l c i f i c a t i o n on the CHLM d i s k i s more 
l i a b l e t o occur i n the range o f higher pH than i n the range 
of lower pH. 

Table 1 shows the numbering o f the samples f o r the 
combinations o f NaGCDC and NaGUDC. 

The r e s u l t s of the c a l c i f i c a t i o n on the d i s k s are 
summarized i n Table 2. The c a l c i f i c a t i o n could not be 
observed on samples No.4 t o 7 a t pH 7.5 and d i s k s from No.4 
t o No. 7 were confirmed t o d i s s o l v e completely. 

Carey and Igimi 5) have reported t h a t the d i s s o l u t i o n 
of CHUVI by GUDC i s more g r e a t l y enhanced i n the presence o f 
EL than GCDC. 

C a l c i f i c a t i o n was observed on the surface o f d i s k s No.12 
t o 14 a t pH 8.0. A
the surface o f d i s k

In a l l systems r i c h i n NaGUDC, g e l a t i o n took place on 
the d i s k surface and c a l c i f i c a t i o n occured. Corrigan, Carey 
1 0 ) and Igimi 1 1 ) have reported t h a t GUDC produces a 
mesophase during the d i s s o l u t i o n o f CHLM i n the presence o f 
EL i n v i t r o and a l s o increases the d i s s o l u t i o n o f CHL by 
mesophase formation corresponding t o nematic o r l a m e l l a r 
type. 

Table 3 shows that l i q u i d c r y s t a l s are formed i n the 
mixed systems o f NaGCDC-NaGUDC-EL-CHIM a f t e r 6 months. 

These r e s u l t s are concluded as follows ; 
(1) In the lower pH range, l i q u i d c r y s t a l s were observed 

i n the aqueous s o l u t i o n s with concentrations higher 
than 60 mM GUDC. 

(2) At higher concentrations of GUDC, the surfaces o f 
di s k s a re l i a b l e t o g e l a t e and l i q u i d c r y s t a l s were 
observed on the surfaces o f a l l d i s k s . 

(3) The higher the pH, the more l i k e l y l i q u i d c r y s t a l s are 
to form. 

(4) C a l c i f i c a t i o n took place on the d i s k surfaces i n the 
mixed s o l u t i o n s t h a t produced l i q u i d c r y s t a l . 

(5) I t i s noted t h a t d i s s o l u t i o n o f CHLM by mesophase 
formation means c a l c i f i c a t i o n on CHLM d i s k surface. 

These r e s u l t s suggest tha t c a l c i f i c a t i o n may be prevented 
by using the combination o f GCDC and GUDC t o avoi d g e l a t i o n 
on the d i s k surfaces. 
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Table 2 The s o l u b i l i t y o f ChLM Disks and P r e c i p i t a t i o n 
of Calcium s a l t s . 

No. 1 2 3 4 5 6 7 

P.C. X X X S S S S 
No. 8 9 10 11 12 13 14 

P.C. X X X X Χ Ο Ο 
No. 15 16 17 18 19 20 21 

P.C. X X X X Ο Ο Ο 
No. 22 23 24 25 26 27 28 

P.C. X X X Ο Ο Ο Ο 

Ο · The p r e c i p i t a t i o n o f calcium was observed. 
X : The p r e c i p i t a t i o n o f calcium was not observed. 
S : The CHM.DISK was s o l u b l e . 

1-7 : pH7.5, 8-14 : pH8.0, 15-21 : pH8.5, 22-28 : pH9.0, 

1.8.15.22, : BLANK (BUFFER-CHM.DISK) 
2.9.16.23, : NaGCDC 100mM, NaGUDC OmM, E.L, CHM.DISK, 
3.10.17.24, : NaGCDC 80mM, NaGUDC 20mM, E.L, CHM.DISK, 
4.11.18.25, : NaGCDC 60mM, NaGUDC 40mM, E.L, CHM.DISK, 
5.12.19.26, : NaGCDC 40mM, NaGUDC 60mM, E.L, CHM.DISK, 
6.13.20.27, : NaGCDC 20mM, NaGUDC 80mM, E.L, CHM.DISK, 
7.14.21.28, : NaGCDC OmM, NaGUDC 100mM, E.L, CHM.DISK, 
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Table 3 L i q u i d C r y s t a l Formation i n Mixed systems of 
NaGCDC-NaGUDC-EL-CHIM a f t e r 6 months incubation. 

No. 1 2 3 4 5 6 7 

L.C.F. X 
No. 8 9 10 11 12 13 14 

L.C.F. X X X Ο Ο Ο Ο 
No. 15 16 17 18 19 20 21 

L.C.F. X X X Ο Ο Ο Ο 
No. 22 23 24 25 26 27 28 

L.C.F. X Ο Ο Ο Ο Ο Ο 

Ο ' The l i q u i d c r y s t a l was observed. 

X : The l i q u i d c r y s t a l was not observed. 

1-7 : pH7.5, 8-14 : pH8.0, 15-21 : pH8.5, 22-28 : pH9.0, 

1.8.15.22, : BLANK (BUFFER-CHM.DISK) 
2.9.16.23, : NaGCDC 100mM, NaGUDC OmM, E.L, CHM.DISK, 
3.10.17.24, : NaGCDC 80mM, NaGUDC 20mM, E.L, CHM.DISK, 
4.11.18.25, : NaGCDC 60mM, NaGUDC 40mM, E.L, CHM.DISK, 
5.12.19.26, : NaGCDC 40mM, NaGUDC 60mM, E.L, CHM.DISK, 
6.13.20.27, : NaGCDC 20mM, NaGUDC 80mM, E.L, CHM.DISK, 
7.14.21.28, : NaGCDC OmM, NaGUDC 100mM, E.L, CHM.DISK, 
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20 
The Growth of Molecular Assemblies in Mild Surfactant 
Solutions 
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Japan 

2Institute for Protein Research, Osaka University, Suita 565, Japan 

The size of molecula
thetic dialkyl amphiphiles as determined by 
a quasi-elastic light scattering is varied 
in the presence of nonionic MEGA-n sur
factants (N-D-gluco-N-methylalkanamide Cn = 
7-9). 
At high MEGA-n concentration, the size is 
as small as a MEGA-n micelle itself sug
gesting that dialkyl amphiphile is solubil-
ized in the nonionic micelle. At low con
centration a dialkyl amphiphile vesicle 
keeps its size relatively constant and 
takes up MEGA-n molecules. 
In between, the molecular assembly size 
increases with MEGA-n concentration. It is 
only this concentration region where the 
size shows even more increase on dialytic 
removal of MEGA-n surfactant. These phe
nomena are closely related with the "deter
gent-removal method" often employed in 
phospholipid-mild surfactant systems. 

Phospholipids are a major component of living cell mem
branes. Physical and chemical properties of bilayer 
structure composed of phospholipids have been well 
studied, (ij.2) One of the intriguing properties of 
Phospholipids is that they form a closed structure -
hereafter referred to as vesicles. Vesicles have at
tracted much attention since they are considered to mimic 
bi ocelIs. 

Preparation methods of vesicles have been known and 
employed for various purposes: the ultrasonic irradiation 
method, and the injection method, for example. In addi
tion to them. there has appeared a novel method, which 
consists of solubilizing phospholipids in surfactant 
solution. and subsequently removing the surfactant by 
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dialysis or gel chromatography at a temperature higher 
than the transition point, Τ of the phospholipid, thus 
called the "detergent-removal method"· where the 
surfactant such as octylglucoside and bile salts, or 
"mild" surfactant has relatively low surface-activity for 
easy removal. It is shown that the new method creates a 
large homogeneous unilamellar vesicle (3z9>· It is also 
claimed that uptake of various substances including very 
labile biomaterials is feasible without drastic exposures 
to ultrasonication or organic solvents(iQ). 

A growth of molecular assembly was recognized with 
mixtures of phospholipid and surfactant even before 
dialytic removal. Gofli et. al (ilj.12) have shown that 
sonication of phospholipid suspension at T>T may be 
required before addition of surfactant in order to obtain 
the growth of molecular assembly. They also found that 
the growth is induce
also "hard" surfactant
More recently, Ueno et al. also reported that dodecyl-
octa(ethylene oxide) would produce a large homogeneous 
vesicle(13>. 

There are several works that have studied more or 
less the relevant phenomena in a systematic manner<3zl3>• 
but l i t t l e is understood yet. So we thought that it 
would be informative to change the chemical species that 
forms the vesicles to some other species. This corre
sponds to changing "chemical variables" just as one 
changes physical variables such as temperature and pres
sure. 

Thus, it is expected that not only phospholipids but 
also dialkyl amphiphiles (Figure 1) can form vesicles 
with these favorable characteristics by the "detergent-
removal method". So we chose synthetic dialkyl amphi
philes which had been reported to form vesicles: 
dioctadecyldimethylammonium bromide and chloride (DODABr 
and CI)(14> didodecyldimethylammonium bromide (DDDABr) 
(15), N.N-di(dodecanoyloxyethyl)amide derivative 
(DDdeACl) (16>· and 1,3-didodecyl-2-oligoethyleneglycol 
glycerines with average number of ethyleneglycol, m=13 
and 17 (DDGE )(1Z>. As mild surfactants, N-D-gluco-N-
methylalkanaraide(lfi) (Figure 1) were used, since three 
homologues with reasonable purity were commercially 
available. It may be possible to see the effect of 
hydrophile-hydrophobe balance of surfactant by using 
these compounds, i.e., "another chemical variable". 

Quasi-elastic light scattering was employed success
fully to estimate sizes of molecular assemblies in terms 
of hydrodynamic radius, R„. In the present paper, we 
concentrated on a "phase diagrammatic" study of molecular 
assembly size. 
EXEEBiyENIÔL 

tfâifiCiâlSx Dioctadecyldimethylammonium bromide (Eastman 
Kodak) and chloride (Tokyo Kasei)· didodecyldlmethyl-
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ammonium bromide (Eastman Kodak), and N,N-(didodecanoyl-
o x e t h y l ) a m i d e d e r i v a t i v e (donated from Sogo Yakuko Co.) 
were r e c r y s t a l 1 i z e d from d r i e d acetone. D i d o d e c y l o l i g o -
e t h y l e n e g l y c o l g l y c e r i n e s ( k i n d g i f t s from P r o f . T. 
Kuwamura, Gunma Univ.) were used as r e c e i v e d . MEGA-n 
s u r f a c t a n t s ( D o j i n Chem.) were r e c r y s t a l 1 i z e d from d r i e d 
acetone. The c r i t i c a l m i c e l l e c o n c e n t r a t i o n s (cmc) were 
determined from a break p o i n t on a 11 I/I r a t i o (see 
below) vs. s u r f a c t a n t c o n c e n t r a t i o n p l o t . P u r i f i e d 
pyrene was a d o n a t i o n from Dr. K. Nakajima ( N i s h i k y u s h u 
U n i v . ) . 

ÔPPâCâiUS^ A q u a s i - e l a s t i c l i g h t s c a t t e r i n g measurement 
system was composed of a l i g h t s c a t t e r i n g photometer 
(Union Giken, LS-601) equipped w i t h a s i n g l e - p h o t o n 
c o u n t i n g u n i t . L i g h t s o u r c e was a He-Ne l a s e r (5 mW). 
A u t o c o r r e l a t i o n f u n c t i o
c o r r e l a t o r (KANOMAX
c a r r i e d out at room temperature (22°C) and recorded on a 
p l o t t e r through a microcomputor (Sord, M243). 

E m i s s i o n s p e c t r a were r e c o r d e d on a f l u o r e s c e n c e 
spectrophotometer ( H i t a c h i , MPF-2A) w i t h the e x c i t a t i o n 
wavelength = 337 nm. 

ECQCedUtÊS^ D i a l k y l compound s u s p e n s i o n (0.4-4.Omg/ml) 
was d i s p e r s e d i n water by an u l t r a s o n i c i r r a d i a t o r 
(Branson s o n i f i e r c e l l d i s r u p t o r 185) f o r an hour above 
t r a n s i t i o n temperature. The su s p e n s i o n was then f i l t e r e d 
through a Nucleopore membrane f i l t e r (5 urn) to remove 
t i t a n i u m dust o r i g i n a t i n g from the s o n i c a t o r t i p . The 
MEGA-n c o n c e n t r a t i o n was v a r i e d by one of the f o l l o w i n g 
two methods: ( l ) a d d i t i o n of s o l i d MEGA-n t o a v e s i c l e 
s u s p e n s i o n or (2) combining c o n c e n t r a t e d MEGA-n ( u s u a l l y 
50 mg/ml) s o l u t i o n c o n t a i n i n g a d i a l k y l a m p h i p h i l e w i t h 
the v e s i c l e s u s p e n s i o n having the same d i a l k y l a m p h i p h i l e 
c o n c e n t r a t i o n as above. The r e s u l t i n g m i x t u r e was t r e a t e d 
above Τ f o r more than 10 minutes. E x p e r i m e n t a l r e s u l t s 
were the same i r r e s p e c t i v e of the p r e p a r a t i o n methods. 
The sample s o l u t i o n thus prepared was f i l t e r e d through a 
Nucleopore membrane f i l t e r w i t h an a p p r o p r i a t e pore s i z e 
(0.5-3 um) p r i o r t o q u a s i - e l a s t i c s c a t t e r i n g measure
ments . 

Results âD<2 DisçyssiQn 
The hydrodynamic r a d i u s , R.,, i s p l o t t e d a g a i n s t MEGA-9 
c o n c e n t r a t i o n , C , f o r DODACi i n F i g u r e 2 (open c i r c l e s ) . 
The s i z e of the m o l e c u l a r assembly i n c r e a s e s at f i r s t , 
and then suddenly f a l l s down t o R„ = 5 nm, the s i z e of a 
MEGA-9 m i c e l l e . An aqueous m i x t u r e of DODACI and MEGA-9 
was d i a l y z e d a g i n s t water at 60°C through a c e l l u l o s e 
t u b i n g ( c u t o f f MW = 3,500) f o r 20 nr. The s i z e of molec
u l a r assembly i n c r e a s e s even more as shown w i t h c l o s e d 
c i r c l e s i n F i g u r e 2. But t h i s i n c r e a s e depends on amount 
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(I) D00AX 

(I I ) DDDABr 

C H 3 ( C H i)i7 s . x C H j . 
Ν X 

CHj(CH2)i7" N C H j 

C H J ( C H I ) I I S . , C H J „ 

CHJ(CHI)M S C H 3 

( H I ) OOdeACl Ο 

CHH23 - C 

C U H 2 3 - C - O - C H 2 C H 2 ' CH 3 

C . 1H23 - C - O - C H 2 C H 2 . V 
N - C - C H 2 - N - C H 3 CI 

( I V ) D D G E
m H ( C H 2 ) . 2 0 C H 2 X 

C H O ( C 2 H « 0 ) n o r 17 

( v ) ME6A-n N-D-gluco-N-methylalkanamide detergents 

Ç H i
 OH OH OH 

( C n - i H 2 «-0 > s / N\A rA^ j 

Ο OH OH 

C.M.C. 
n= 8 M E G A - 8 1Θ.5 mgml"' ( 5 8 mM ) 

n » 9 : M E G A - 9 5.0 ( U ) 

n=lOMEGA-lO 1.5 ( A ) 

F i g u r e 1, D i a l k y l a m p h i p h i l e s and MEGA-n s u r f a c t a n t s 

τ 1 1 Γ 

MEGA-9/mgml" 

F i g u r e 2. The hydrodynamic p a r t i c l e r a d i u s of 4mg/ml 
D0DAC1 i n MEGA-9 s o l u t i o n . Ο : be f o r e d i a l y s i s , · : 
a f t e r d i a l y s i s (removal of MEGA-9 by d i a l y s i s above 60 
°C f o r 20h) measurement temperature 22 °C. 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



274 P H E N O M E N A IN M I X E D S U R F A C T A N T S Y S T E M S 

of MEGA-9 p r e s e n t b e f o r e d i a l y s i s : at low MEGA-9 concen
t r a t i o n (<10 mg/ml), R„ s c a r c e l y augments, and at h i g h 
c o n c e n t r a t i o n O50 mg/ml) where MEGA-9 m i c e l l e s s o l u b i l -
i z e D0DAC1, d i a l y s i s produced an u n s t a b l e t u r b i d sus
p e n s i o n . 

A marked i n c r e a s e i n R„ a f t e r d i a l y s i s was found 
o n l y i n between. F i g u r e 9 i s an e l e c t r o n micrograph 
( n e g a i v e - s t a i n e d w i t h ammonium molybdate) f o r a sample 
d i a l y z e d from the D0DAC1 (4 mg/ml) - MEGA-9 (30 mg/ml) 
system. S i n g l e w a l l e d s t r u c t u r e i s seen c l o s e d w i t h 
c o m p a r a t i v e l y homogeneous s i z e t h a t i s c o m p a t i b l e w i t h R„ 
measured by q u a s i - e l a s t i c l i g h t s c a t t e r i n g . I t i s under
s t o o d t h a t a s y n t h e t i c d i a l k y l a m p h i p h i l e can form a 
v e s i c l e w i t h a l a r g e homogeneous s i z e by " d e t e r g e n t -
removal method" as c l a i m e d f o r p h o s p h o l i p i d s . 

F i g u r e s 4 and 5 show s i m i l a r r e s u l t s f o r DODAC1 i n 
MEGA-n s u r f a c t a n t s h a v i n
and 10). I t i s c l e a
l i k e the MEGA-9 system. More hydrophobic MEGA-n 
s u r f a c t a n t s seem t o have more size-enhancement e f f e c t . 
I t i s noted, however, t h a t the MEGA-10 system takes 
l o n g e r time t o grow t o a l a r g e v e s i c l e . More hydrophobic 
MEGA-10 s u r f a c t a n t would be hard t o remove from the 
m o l e c u l a r assembly which may be a complex of D0DAC1 and 
MEGA-10. 

F i g u r e 6 shows the e f f e c t of MEGA-8 on R„ of DODABr, 
which seems t o behave much l i k e i t s c h l o r i d e c o u n t e r p a r t : 
i n c r e a s i n g R„ on a d d i t i o n of MEGA-8, and f u r t h e r i n c r e a s e 
on d i a l y s i s . 

F i g u r e 7 d i s p l a y s R„ f o r DDDABr i n MEGA-9 s o l u t i o n . 
A g r o s s d i f f e r e n c e here i s t h a t whole changes occur at 
lower MEGA-9 c o n c e n t r a t i o n as compared w i t h d i o c t a d e c y l 
analogue seen i n F i g u r e 2. V e s i c l e s w i t h s h o r t e r d i a l k y l -
c h a i n s may y i e l d t o the e f f e c t of MEGA-n s u r f a c t a n t much 
e a s i e r . 

I n c r e a s e of R„ i n the presence of MEGA-9 was 
c o n f i r m e d f o r DDdeACÏ f o l l o w e d by d e crease i n R„ down t o 
o r d i n a r y m i c e l l a r s i z e as seen i n F i g u r e 8. 

Measurements were extended t o n o n i o n i c d i a l k y l 
a m p h i p h i l e s as shown i n F i g u r e s 9 and 10. The e f f e c t of 
added MEGA-8 i s t o i n c r e a s e R„ and then decrease t o about 
0.2 /im, but not t o m i c e l l a r s i z e . In a d d i t i o n , a u t o c o r 
r e l a t i o n f u n c t i o n was a p p a r e n t l y a double e x p o n e n t i a l 
f u n c t i o n , thus i n d i c a t i n g the c o e x i s t e n c e of s m a l l and 
l a r g e m o l e c u l a r a s s e m b l i e s . The v a l u e s of s m a l l e r R„ 
were d e s i g n a t e d by dashed c i r c l e s . The s m a l l R„ i s 
a c t u a l l y of m i c e l l a r s i z e . The e f f e c t of e t h y l e n e o x i d e 
l e n g t h i s t o l e s s e n the e f f e c t of the added MEGA-8: the 
peak of R„ appears at MEGA-8 c o n c e n t r a t i o n = 10 mg/ml f o r 
average number of e t h y l e n e o x i d e group, m=13, w h i l e i t 
s h i f t s UP t o 30 mg/ml f o r m=17. P a r t s of MEGA-8 mole
c u l e s must be trapped i n e t h y l e n e o x i d e groups, thus much 
MEGA-8 i s needed t o be d e l i v e r e d i n t o the hydrocarbon 
p a r t of v e s i c l e s . 

I t was unexpected t h a t R H r e t u r n e d back t o the 
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Figure 3. The photograph of the electron microscope 
(negative stained, X20,000). The measured sample, 
4mg/ml D0DAC1 i n 30 mg/ml MEGA-9 was used a f t e r 
d i a l y s i s . 

— ι 1 1 ι 
in A mg-mf1 

DODACI 
" Temp.: 22.0 *C 

0 10 20 30 40 50 
MEGA-8/mgmr 

Figure 4. The hydrodynamic p a r t i c l e radius of 4mg/ml 
DODACI i n MEGA-8 s o l u t i o n . Ο : before d i a l y s i s , · : 
af t e r d i a l y s i s (removal of MEGA-8 by d i a l y s i s above 
60 V f o r 20h.) measurement temperature 22V. 
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Figure 5. The hydrodynamic p a r t i c l e radius of 4mg/ml 
D0DAC1 in MEGA-10 s o l u t i o n . Ο : before d i a l y s i s · : 
after d i a l y s i s (removal of MEGA-10 by d i a l y s i s above 
60 XT for 20h.) measurement temperature 22 °C. 

I ι ι ι ι I 
0 10 20 30 40 50 

MEGA-8/mg ml" 

Figure 6. The hydrodynamic p a r t i c l e radius of 4mg/ml 
DODABr i n MEGA-8 s o l u t i o n . Ο : before d i a l y s i s · : 
aft e r d i a l y s i s (removal of MEGA-8 by d i a l y s i s above 
60 V for 20h.) measurement temperature 22 *C. 
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O.Ar 
in A mg ml"1 DDDABr 
Temp. : 22 #C 

10 20 30 AO 50 
MEGA-9/mgmr 

Figure 7. The hydrodynamic p a r t i c l e radius of 4mg/ml 
DDDABr i n MEGA-9 s o l u t i o n . Ο : before d i a l y s i s · : 
aft e r d i a l y s i s (removal of MEGA-9 by d i a l y s i s at room 
temperature for 20h.) measurement temperature 22*C. 

Figure 8. The hydrodynamic p a r t i c l e radius of 4mg/ml 
DDdeCl i n MEGA-9 s o l u t i o n , measurement temperature 
22Ό. 
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Figure 9. The hydrodynamic p a r t i c l e radius of 4mg/ml 
( C ^ ) 2 E J 3 in MEGA-8 s o l u t i o n . Ο , Ο : before d i a l y s i s . 
• r "after d i a l y s i s (removal of MEGA-8 by d i a l y s i s 
above 60 °C for 20h.) measurement temperature 22V. 

I · · • * 
0 10 20 30 40 50 

MEGA-8/mg.mr 
Figure 10. The hydrodynamic p a r t i c l e radius of 4mg/ml 
( C 1 9 ) 9 E 1 7 i n MEGA-8 s o l u t i o n . Ο , Ο : before d i a l y s i s 
• ^ ^ a T t e r d i a l y s i s (removal of MEGA-8 by d i a l y s i s 
above 60 V for 20h.) measurement temperature 22X1. 
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o r i g i n a l v e s i c l e s i z e a f t e r d i a l y z i n g out MEGA-8 mole
c u l e s . The r a t e of removing MEGA s u r f a c t a n t from these 
d i a l k y l a m p h i p h i l e s at t h i s e x p e r i m e n t a l c o n d i t i o n may be 
so slow t h a t v e s i c l e s i z e goes back r e v e r s i b l l y . 

F l u o r e s c e n c e s p e c t r a of pyrene were employed i n 
orde r t o see the p o l a r i t y of the environment g i v e n by the 
mo l e c u l a r a s s e m b l i e s mentioned so f a r . The I I I / I r a t i o 
of v i b r o n i c s p e c t r a of pyrene, a good measure of micro-
e nvironmental p o l a r i t y ( i 3 j „ 2 0 ) , i s p l o t t e d f o r the D0DAC1 
systems as a f u n c t i o n of MEGA-n c o n c e n t r a t i o n s i n F i g u r e 
11. 

At low MEGA-n c o n c e n t r a t i o n , the IIÏ/I r a t i o i s low 
(= 0.84) and almost c o n s t a n t s u g g e s t i n g t h a t pyrene mole
c u l e s r e s i d e i n a r a t h e r p o l a r environment, which i s 
however not so p o l a r as i n an aqueous phase ( I I I / I = 
0.63). I t may be c o n s i d e r e d t h a t the very c o h e s i v e nature 
of the v e s i c u l a r b i l a y e
t o p e n e t r a t e deep i n t
s t a y i n p e r i p h e r a l s o l u b i l i z a t i o n s i t e s . 

On f u r t h e r i n c r e a s i n g the MEGA-n c o n c e n t r a t i o n , 
t h e r e appears a sudden k i n k i n d i c a t i v e of some d r a s t i c 
change i n the d i s p e r s i o n s t a t e . The I I I / I r a t i o s t e e p l y 
i n c r e a s e s and e v e n t u a l l y a t t a i n s a p l a t e a u which c o r r e 
sponds to the p o l a r i t y found i n the MEGA-n m i c e l l e s . 

I t i s above the k i n k c o n c e n t r a t i o n t h a t a l a r g e and 
homogeneous s i n g l e - w a l l e d v e s i c l e i s formed a f t e r 
d i a l y s i s . Some c o m p l i c a t e d s t r u c t u r e o t h e r than o r i g i n a l 
v e s i c l e must be a p r e r e q u i s i t e f o r such a c h a r a c t e r i s t i c 
v e s i c l e . T h i s unknown s t r u c t u r e cannot be a s o l u b i l i z a 
t i o n s t a t e , s i n c e i t occurs below the c r i t i c a l m i c e l l e 
c o n c e n t r a t i o n of each MEGA-n. We dare t o s p e c u l a t e t h a t 
some MEGA-n-saturated b i l a y e r w i t h open s t r u c t u r e may be 
r e s p o n s i b l e f o r the growth. 

D i a l y s i s causes a d e f i c i e n c y i n MEGA s u r f a c t a n t 
which has patched hydrophobic p o r t i o n of d i a l k y l amphi-
p h i l i c m o l e c u l a r assembly. 
Consequently exposed hydrophobic s i d e s are r e l i e v e d on 
c o l l i s i o n s by i r r e v e r s i b l y forming a c l o s e d b i l a y e r 
s t r u c t u r e - a v e s i c l e ( 2 1 ) . 

The v e s i c u l a r s i z e might go back r e v e r s i b l l y t o the 
o r i g i n a l one i n the case of n o n i o n i c v e s i c l e s ( F i g u r e s 9 
and 10) f o r which the present removal r a t e may be too 
slow. A s i m i l a r behavior was r e p o r t e d by Schurtenberger 
et a l . f o r t h e i r l e c i t h i n - b i l e s a l t systems: v e s i c l e s i z e 
i s reduced t o the o r i g i n a l dimension a f t e r d i a l y s i s of 
b i l e s a l t , but remains l a r g e when the s o l u b i l i z e d 
l e c i t h i n s o l u t i o n i s d i l u t e d w i t h the b u f f e r s o l u t i o n 
t h a t corresponds t o very f a s t r e d u c t i o n of b i l e s a l t 
c o n c e n t r a t i o n , i . e . , f a s t removal of b i l e salt(22)· 
Weder et a l . a l s o d e s c r i b e d t h a t a l a r g e v e s i c l e forma
t i o n depends c r i t i c a l l y on the r a t e of removal(4x5). 

I t has been shown,therefore, t h a t the b e h a v i o r of 
molecular assemblies can be d i v i d e d i n t o t h r e e r e g i o n s 
depending upon the amount of MEGA-n s u r f a c t a n t : (1) at 
hi g h e r MEGA-n c o n c e n t r a t i o n where d i a l k y l a m p h i p h i l e i s 
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F i g u r e 11. V a r i a t i o n of the I I I / I r a t i o of v i b r o n i c 
band i n t e n s i t i e s of 2/zM pyrene as a f u n c t i o n MEGA-8 
and 9 c o n c e n t r a t i o n s i n 4 mg/ml DODACI at 22 °C. 
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s o l u b i l i z e d i n t o MEGA-n m i c e l l e s , which i s r a t h e r easy 
t o understand, (2) at low MEGA-n c o n c e n t r a t i o n where the 
o r i g i n a l v e s i c l e s t r u c t u r e i s supposedly r e t a i n e d and 
MEGA-n molecules are p a r t i t i o n e d between the v e s i c l e and 
bulk water phases, and (3) the c o n c e n t r a t i o n range 
between (1) and ( 2 ) , where what i s happening i s not known 
y e t . 

There have been some papers t h a t d e s c r i b e the t h r e e 
r e g i o n s i n the r e l e v a n t p h o p h o l i p i d - s u r f a c t a n t mix
t u r e s (4^. 22^ 23). 

I t seems t o be a k i n d of t r a n s i t i o n somewhat a k i n t o 
such phenomena as phase i n v e r s i o n observed i n o i l / w a t e r / 
s u r f a c t a n t s ystems(24), and c r i t i c a l demixing (£5 A 26). 
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21 
Micellar Solubilization of Methanol and Triglycerides 

A. W. Schwab and Ε. H. Pryde 

Northern Regional Research Center, Agricultural Research Service, U.S. Department of 
Agriculture, Peoria, IL 61604 

Micellar and pre-micellar solutions of methanol in 
triolein were studied with three different surfactant 
systems using 2-octano
evaluated by viscosity
index and particle size data along with polarizing 
microscopic examinations were bis(2-ethylhexyl) sodium 
sulfosuccinate, triethylammonium linoleate and 
tetradecyldimethylammonium linoleate. Data show phase 
equilibria regions of liquid crystalline phases as 
well as micellar solutions. All systems were effective 
for solubilizing methanol in triolein. The order of 
effectiveness for water tolerance is: 
Tetradecyldimethylammonium linoleate> 
Bis(2-ethylhexyl) sodium sulfosuccinate> 
Triethylammonium linoleate 

Micelles and microemulsions, terms perhaps unfamiliar to the 
American farmer, are important to his needs for an emergency fuel 
derivable from agriculturally renewable resources to run his 
direct injection diesel engine during planting and harvesting 
seasons. Unfortunately, vegetable oils such as soybean and 
safflower oils as such are not entirely satisfactory fuels, partly 
because of their incomplete combustion, but mainly because of 
their high viscosities (1). Research at the Northern Regional 
Research Center has been directed toward lowering the viscosity by 
micro-emulsification of vegetable oil with other materials to form 
hybrid fuels. Previously, we have reported on triglyceride-aqueous 
ethanol microemulsions (2) and triglyceride-methanol microemulsions 
(3). These were nonionic systems, and we have now extended our 
studies to include ionic and known micellar systems. Micelle 
formation of bis (2-ethylhexyl) sodium sulfosuccinate in water is 
well documented. In polar solvents such as methanol, however, it 
has been generally assumed that micellization either does not 

This chapter not subject to U.S. copyright. 
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occur or, i f i t does, the aggregation number i s very small (4). 
One of our obje c t i v e s i s to study m i c e l l i z a t i o n i n both methanol 
and 2-octanol. F r i b e r g (5) has noted that m i c e l l a r s o l u t i o n s do 
not merit the name microemulsions. Among the systems studied were 
bi s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e , triethylammonium l i n o l e a t e 
and tetradecyldimethylammonium l i n o l e a t e using 2-octanol as a 
co-surfactant. This s e l e c t i o n represents three d i f f e r e n t classes 
of s u r f a c t a n t s . Bis(2-ethylhexyl) sodium s u l f o s u c c i n a t e , commonly 
r e f e r r e d to as Aerosol OT, i s of the anionic type which c a r r i e s a 
sodium c a t i o n . This p a r t i c u l a r s u r f a c t a n t would not be recommended 
fo r use i n a d i e s e l engine because of i t s p o t e n t i a l ash deposit. 
Triethylammonium l i n o l e a t e i s also an anionic type s u r f a c t a n t , and 
the hydrophobic moiety i s derivable from a g r i c u l t u r e resources and 
the c a t i o n i s an organic amine which should not create a p o t e n t i a l 
ash problem. Tetradecyldimethylammonium l i n o l e a t e was included 
because i t represents a new c l a s s of double-chain s u r f a c t a n t s . In 
a r e l a t e d study, Ruckenstei
m i c r o e m u l s i f i c a t i o n r e s u l t
s i n g l e - and double-chaine
a representative t r i g l y c e r i d e because i t s chemistry i s c l o s e l y 
r e l a t e d to that of soybean o i l , and i t i s c u r r e n t l y a v a i l a b l e i n 
high p u r i t y . Soybean o i l i s a l i k e l y candidate as an a l t e r n a t e 
f u e l , since i t i s an a g r i c u l t u r a l l y renewable product with heat 
content of about ninety percent that of #2 d i e s e l f u e l . 

M a t e r i a l s and Methods 
2S 25 T r i o l e i n ( t r i - c i s - o c t a d e c e n o i n d = 0.9091; η β = 1.4662) was 

obtained from Nu Chek Prep. , Inc. and was 99+% pure by QLC a n a l y s i s . 
Methanol (99.9+%, HPLC grade) and 2-octanol (98%, n D = 1.4234; 
d = 0.819) were acquired from A l d r i c h and were p u r i f i e d over 
type 4A molecular sieves (Union Carbide) and f i l t e r e d before use. 
K a r l F i s h e r t i t r a t i o n s f o r H^O on both alcohols p r i o r to usage 
gave values of <0.01% H^O. Bis (2-ethylhexyl) sodium s u l f o s u c c i n a t e 
was purum grade obtained from Fluka and received no f u r t h e r 
p u r i f i c a t i o n . Triethylammonium l i n o l e a t e was prepared by re a c t i n g 
eqgjmolar q u a n t i t i e s of triethylamine ( A l d r i c h , Gold Label, 99+%, 
ru = 1.4000) and a commercial grade of l i n o l e i c a c i d (Emersol 
315) obtained from Emery In d u s t r i e s . The a c i d composition by 
g a s - l i q u i d chromatography (GLC) a n a l y s i s showed 65.5% l i n o l e i c , 
19.0% o l e i c , 10.5% l i n o l e n i c , 3.5% p a l m i t i c and 0.5% s t e a r i c acids 
plus traces of l a u r i c , pentadecanoic, margaric, m y r i s t o l e i c and 
p a l m i t o l e i c acids. Tetradecyldimethylammonium l i n o l e a t e was 
prepared by r e a c t i n g equimolar q u a n t i t i e s o ^ l i n o l e i c a c i d 
(Emersol 315) and tetradecyldimethylamine (ADMA 4) obtained from 
E t h y l Chemicals. GLC a n a l y s i s of the amine shows a composition of 
97.0% tetradecyldimethyl, 2.0% dodecyldimethyl and 1.0% 
hexadecyldimethyl amines. The amine value i s 229 mgKOH/g. The 

*The mention of f i r m names or trade products does not imply that 
they are endorsed or recommended by the U.S. Department of 
A g r i c u l t u r e over other firms or s i m i l a r products not mentioned. 
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b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e s o l u t i o n s were prepared by 
weighing c a l c u l a t e d q u a n t i t i e s of the s o l i d i n t o sample v i a l s and 
then adding the a l c o h o l . These were shaken gently and then placed 
i n a constant temperature bath at 25.0 ± 0.1°C and allowed to 
e q u i l i b r a t e . V i s c o s i t i e s were determined using c a l i b r a t e d Cannon-
Fenske viscometers i n a S c i e n t i f i c Development Co. kinematic 
v i s c o s i t y bath at 25.0°C. Tests were conducted by ASTM Standard D 
445-74 (7). D e n s i t i e s were determined with a Mettler/Paar DMA 
602M o s c i l l a t i n g tube p r e c i s i o n density meter. Water tolerance 
determinations were made by the AOCS O f f i c i a l Cloud Point Test 
(8). C onductivity experiments were performed with a Lab-Line 
Portable Lectro Mho-Meter, Mark V. GLC analyses were c a r r i e d out 
with a 6 f t X 1/8 i n . s t a i n l e s s - s t e e l column and a flame i o n i z a t i o n 
detector. For a l c o h o l and hydrocarbon analyses a 15% Carbowax 20M 
packing was used, and with methyl esters a 10% EGSS-X packing was 
employed. The methyl esters were prepared f o r GLC a n a l y s i s by 
American O i l Chemists Societ

Results and D i s c u s s i o n 

The b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e system was i n i t i a l l y 
i n v e s t i g a t e d because i t s s t r u c t u r e of l i q u i d c r y s t a l l i n e s o l u t i o n 
phases and mechanism of s o l u b i l i z a t i o n with water had been reported 
by Rogers and Winsor (10). In our s t u d i e s , we s u b s t i t u t e d methanol 
fo r water. Table I l i s t s c r i t i c a l m i c e l l e concentrations f o r 
b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e , triethylammonium l i n o l e a t e 
and tetradecyldimethylammonium l i n o l e a t e i n methanol and 2-octanol 
at 25°C. L i t e r a t u r e references f o r c r i t i c a l m i c e l l e concentrations 
i n methanol are sparse, and i t has even been suggested that i n 
p o l a r solvents such as ethanol, e i t h e r m i c e l l i z a t i o n does not 
occur or, i f i t does, only to a small degree (4). The data of 
Table I show that m i c e l l i z a t i o n occurs i n methanol at low 
concentrations. 

We have no measurements of m i c e l l a r s i z e , since the t r a n s l a t i o n 
of m i c e l l e s i z e i n t o the number of monomers i n the m i c e l l e i s not 
a simple task and requires assumptions not e a s i l y experimentally 
tested. We are hopeful of extending experimentation i n t h i s 
d i r e c t i o n i n future research. Table II l i s t s d i e l e c t r i c constants, 
d i p o l e moments and e f f e c t i v e p o l a r i t i e s f o r methanol, 1- and 
2-octanol, and water at 25°C. 

Comparison of dipole moments shows only small d i f f e r e n c e s i n 
p o l a r i t y . From these data, i t can be reasoned that m i c e l l i z a t i o n 
i n methanol i s f e a s i b l e . D i e l e c t r i c constants and e f f e c t i v e 
p o l a r i t i e s (dipole moment/molar volume) support t h i s premise with 
more divergent values. I t i s noted that b i s ( 2 - e t h y l h e x y l ) sodium 
su l f o s u c c i n a t e forms m i c e l l e s r e a d i l y i n water and 2-octanol which 
have the highest and lowest d i e l e c t r i c constants, r e s p e c t i v e l y , 
but m i c e l l e s are formed only at low concentrations i n methanol 
whose d i e l e c t r i c constant i s intermediate i n value. 

Figure 1 i s a p l o t of kinematic v i s c o s i t y , at 25°C, f o r 
varying molar r a t i o s of methanol to b i s ( 2 - e t h y l h e x y l ) sodium 
s u l f o s u c c i n a t e . Three d i s t i n c t regions are observed, and each i s 
denoted by dotted v e r t i c a l l i n e s and designated as e i t h e r bound 
methanol, trapped methanol, or apparently free methanol. Eicke 
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Table I. C r i t i c a l M i c e l l e Concentrations of Surfactants 

i n Methanol, 2-octanol and Water at 25°C a 

Surfactant 
T r i e t h y l - B i s ( 2 - e t h y l -
ammonium hexyl) sodium Tetradecyldimethyl-
L i n o l e a t e s u l f o s u c c i n a t e ammonium Li n o l e a t e 

Solvent C r i t i c a l M i c e l l e Concentrations^ 

Methanol 0.016 0.0076 0.002 

2-0ctanol 16.9 76.2 96.1 

Water 0.020 2.5

deter m i n e d Conductometrically by p l o t t i n g equivalent conductance 
against V"~C~-
b 3 Values i n m o l e s / l i t e r X 10 . 
c 
P. Mukerjee and K. S. Mysels, " C r i t i c a l M i c e l l e Concentrations 

of Aqueous Surfactant S o l u t i o n s , " National Bureau of Standards, 
Washington, D.C., 1970. 

Table I I . D i e l e c t r i c Constants, Dipole Moments and E f f e c t i v e 

P o l a r i t i e s f o r Methanol, Octanols and Water at 25°C 

E f f e c t i v e 3 

Compound D i e l e c t r i c Constant Dipole Moment P o l a r i t y 
(ε) (Debyes) μ 

V 

Methanol 32. .63 1 .70 0. .0418 

2-0ctanol 1. .65 0. ,0103 

l-Octanol 10. .34 1. .68 0. ,0106 

Water 78. .30 1, .84 0. ,1022 

Dipole moment di v i d e d by molar volume. 
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(11) noted s i m i l a r regions i n h i s studies with water and b i s ( 2 -
ethylhexyl) sodium s u l f o s u c c i n a t e . For molar r a t i o s of l e s s than 
5, the methanol appears to be bound i n a l i q u i d c r y s t a l form with 
b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e which coexists with phases 
of neat c r y s t a l l i n e b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e and 
methanol i n m i c e l l a r s o l u t i o n . In the 5 to 20 molar r a t i o region, 
the methanol appears p r i m a r i l y to be trapped as a m i c e l l a r s o l u t i o n 
along with some of the neat phase. Above the 20 molar r a t i o , 
b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e i s l a r g e l y molecularly 
dispersed. Observations with the p o l a r i z i n g microscope substantiate 
these data. Figures 2, 3 and 4 are photo-micrographs at 330 
m a g n i f i c a t i o n of 5, 40 and 90 to 1 molar r a t i o s of methanol to 
b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e , r e s p e c t i v e l y . A l l samples 
show b i r e f r i n g e n c e , and a decrease i n c r y s t a l s i z e i s noted with 
i n c r e a s i n g amounts of methanol. A l l systems d i s p l a y c l a s s i c a l 
f o c a l conic, fan-shaped and mosaic textures, as w e l l as o i l y 
streaks and "bâtonnets
phase (12). Figure 5 i
of a methanol-bis(2-ethylhexyl) sodium s u l f o s u c c i n a t e dimer. This 
could be a p r e - m i c e l l a r u n i t which eventually becomes a swollen 
m i c e l l e and then a l i q u i d c r y s t a l . I t i s conceivable that a 
methanol molecule i s associated with the counterion of a b i s ( 2 -
ethylhexyl) sodium s u l f o s u c c i n a t e molecule. This complex, i n t u r n , 
i s l i n k e d to other molecules through hydrogen bonding, thus c r e a t i n g 
a network s t r u c t u r e . 

Figure 6 i s a p l o t of s p e c i f i c conductance against mole 
r a t i o s of methanol to b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e . 
Like the v i s c o s i t y data, there are three regions. In the f i r s t 
region, a r a p i d r i s e i n conductance occurs, which i n d i c a t e s the 
formation of a microemulsion. I t i s i n t h i s region that the 
swollen m i c e l l a r s o l u t i o n and l i q u i d c r y s t a l l i n e phase of methanol 
i n b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e i s breaking with the 
formation of microspheres that c o n s t i t u t e the microemulsion (13). 

Figure 1. P l o t of kinematic v i s c o s i t y against amount of 
s o l u b i l i z e d methanol i n b i s ( 2 - e t h y l h e x y l ) sodium 
su l f o s u c c i n a t e at 298°K. 
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Figure 2. Photomicrograph at 298°K of 5/1 molar r a t i o C^OH/ 
b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e ; magnifications 
330X; crossed p o l a r o i d s . 
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Figure 3. Photomicrograph at 298°K of 40/1 molar r a t i o CI^OH/ 
bi s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e ; m a g n i f i c a t i o n 
330X; crossed p o l a r o i d s . 
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Figure 4. Photomicrograph at 298°K of 90/1 molar r a t i o CH^OH/ 
bis ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e ; m a g n i f i c a t i o n 
330X; crossed p o l a r o i d s . 
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The increase i n c o n d u c t i v i t y i s due to increase i n d i s s o l v e d 
s u r f a c t a n t , and t h i s increase continues u n t i l a l l the c r y s t a l l i t e s 
d i s s o l v e . The peak i n s p e c i f i c conductance i s att a i n e d when the 
microemulsion i s formed and the s p e c i f i c conductance l e v e l s o f f . 
The plateau of Figure 6 i s often r e f e r r e d to as a " p e r c o l a t i o n 
threshold" (14) and i s reached when there i s a disordered 
i n t e r s p e r s i o n capable of bicontinuous structures (15). Further 
a d d i t i o n of methanol r e s u l t s i n a lowering of c o n d u c t i v i t y explained 
by the s o l u t i o n eventually approaching the c o n d u c t i v i t y of methanol. 
This i s the region of molecular d i s p e r s i o n . These c o n d u c t i v i t y 
curves are s i m i l a r to those observed by Laguës and Santerey (13) 
on a system of water, cyclohexane, sodium dodecylsulfate and 
1-pentanol. 

Figures 7, 8 and 9 are p l o t s at 25°C of s p e c i f i c conductance 
and density versus volume f r a c t i o n of methanol i n 2/1 t r i o l e i n / 
s u r factant systems which are 4/1 molar r a t i o s of 2-octanol to 
bi s ( 2 - e t h y l h e x y l ) sodium
and tetradecyldimethylammoniu
surfactant system, a maximum f o r s p e c i f i c conductance and a minimum 
fo r density was observed at the same volume f r a c t i o n , but t h i s 
volume f r a c t i o n of methanol v a r i e d between the three s u r f a c t a n t 
systems. At volume f r a c t i o n s of methanol above these abrupt 
changes, each system ex h i b i t e d translucence, and i t appears that 
g e l - l i k e s t r u c t u r e s form. These data are consistent f o r 
microemulsion structures that are based l a r g e l y on geometric 
considerations (16-18). 

Figure 10 i s a ternary diagram f o r the systems T r i o l e i n / S / 
Methanol, where S i s r e s p e c t i v e l y 4/1 molar r a t i o s of 2-octanol to 
bi s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e , triethylammonium l i n o l e a t e 
or tetradecyldimethyl ammonium l i n o l e a t e at 25°C. Not much 
d i f f e r e n c e i s noted between phase areas f o r the triethylammonium 
l i n o l e a t e and b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e systems. 
Both are d e f i n i t e l y i n f e r i o r to the tetradecyldimethylammonium 
l i n o l e a t e which shows the greatest s o l u b i l i z e d area of methanol i n 
t r i o l e i n at 25°C. 

Figure 11 shows a comparison of water tolerances of the three 
systems at 25°C f o r a 6/3/1 volume r a t i o of t r i o l e i n / s u r f a c t a n t 
system/methanol at 25°C. The t e s t used f o r t h i s comparison was 
the O f f i c i a l O i l Chemists t e s t #Cc6-25 (8). The increased water 
tolerance noted by the tetradecyldimethylammonium l i n o l e a t e system 
might be a t t r i b u t e d to the double chained surf a c t a n t character. 
This arrangement leads to increased hydrogen bonding and consequent 
methanol tolerance. Both the tetradecyldimethyl and l i n o l e a t e 
moieties are hydrophobic i n character, and i n a reverse m i c e l l a r 
system, these may be viewed as i n t e r f a c i n g with the t r i o l e i n , 
l e a v i n g a large inner core f o r the methanol s o l u b i l i z a t i o n . The 
double-chained surfactants merit f u r t h e r a t t e n t i o n i n the 
s o l u b i l i z a t i o n of methanol i n t r i o l e i n and i n the p o t e n t i a l use of 
these sur f a c t a n t systems f o r the development of emergency f u e l s 
from a g r i c u l t u r a l l y renewable resources. 
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Figure 6. P l o t of s p e c i f i c conductance against amount of 
s o l u b i l i z e d methanol i n b i s ( 2 - e t h y l h e x y l ) sodium 
su l f o s u c c i n a t e at 298°K. 

Figure 7. P l o t s at 298°K of s p e c i f i c conductance and density 
against volume f r a c t i o n of methanol i n a 2/1 t r i o l e i n / 
s u r factant system which i s a 4/1 molar r a t i o of 
2-octanol to b i s ( 2 - e t h y l h e x y l ) sodium s u l f o s u c c i n a t e . 
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Figure 8. Pl o t s at 298°K of s p e c i f i c conductance and density 
against volume f r a c t i o n of methanol i n a 2/1 t r i o l e i n / 
s u r factant system which i s a 4/1 molar r a t i o of 
2-octanol to triethylammonium l i n o l e a t e . 

Triotein/S/CH3OH 

0.285 0.290 0.295 
Volume Fraction of Methanol 

Figure 9. Plo t s at 298°K of s p e c i f i c conductance and density 
against volume f r a c t i o n of methanol i n a 2/1 t r i o l e i n / 
s u r factant system which i s a 4/1 molar r a t i o of 
2-octanol to tetradecyldimethylammonium l i n o l e a t e . 
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Figure 10. Ternary phase diagram at 298°K f o r systems of methanol 
i n t r i o l e i n with sur f a c t a n t systems of b i s ( 2 -
ethylhexyl) sodium s u l f o s u c c i n a t e , triethylammonium 
l i n o l e a t e and tetradecyldimethylammonimum l i n o l e a t e 
with 4/1 molar r a t i o s of 2-octanol as co-surfactant. 

Figure 11. Bar graph of water tolerances at 298°K f o r t r i o l e i n / 
s u r f a c t a n t / methanol (6/3/1) systems where surfactant 
i s a 4/1 molar r a t i o of 2-octanol to e i t h e r b i s ( 2 -
ethylhexyl) sodium s u l f o s u c c i n a t e , triethylammonium 
l i n o l e a t e or tetradecyldimethylammonium l i n o l e a t e . 
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22 
Effects of Different Distributions of Lyophobic Chain 
Length on the Interfacial Properties of Nonaethoxylated 
Fatty Alcohol 

Xia Jiding, Sun Yan, and Zhou Heyun 

Department of Chemical Engineering, Wuxi Institute of Light Industry, Wuxi, Jiangsu, 
People's Republic of China 

Fourteen kinds o
chain length of nonaethoxylated fatty alcohol (AE9) 
were prepared. By the pseudo-phase separation model 
and the regular solution theory, the thermodynamic 
effects of the distribution of chain length on inter
facial properties of mixed solution are discussed. 
Experimental results have shown that the nonideal mix
ing by regular solution theory are reasonable. By 
adjusting the distribution of carbon length of AE9, 
the efficiency and effectiveness of surface tension 
reduction can be increased. The amount of AE9 with 
carbon chain length longer than C16 should be kept to 
a minimum for wettability considerations and the 
narrow distribution with the major portion C12-C14 is 
preferred for the stability of castor oil emulsion. 
The mixtures containing 2-5 compounds of AE9 in normal 
distribution, with the major portion C12-C14 give good 
detergency performance. 

The i n t e r f a c i a l phenomena of nonionic polyoxyethylenated f a t t y 
a l c o h o l s are p r i n c i p a l l y dependent on t h e i r chemical s t r u c t u r e and 
c h a r a c t e r i s t i c features (1). In our previous work (2) we have shown 
that the assumption of i d e a l mixing f o r homologous mixtures, with 
d i f f e r e n t Gaussian d i s t r i b u t i o n i n POE chain length (prepared from 
mono-polyoxyethylene g l y c o l n-dodecyl e t h e r ) , i s reasonable. In 
order to a t t a i n an e f f e c t i v e syngergism of the mixed s u r f a c t a n t s , 
the s e l e c t i o n of an optimum hydrophobic chain length d i s t r i b u t i o n 
i s an important f a c t o r from both t h e o r e t i c a l and p r a c t i c a l aspects 
because of the wide d i s t r i b u t i o n of hydrocarbon chain lengths e x i s t 
ing i n n a t u r a l or syn t h e t i c f a t t y a l c o h o l s . 

Present i n v e s t i g a t i o n was undertaken to e l u c i d a t e the r e l a t i o n 
ships between the nonaethoxylated f a t t y alcohols with d i f f e r e n t 
d i s t r i b u t i o n s of hydrocarbon chain lengths and surface adsorption, 

0097-6156/ 86/ 0311 -0297$06.00/ 0 
© 1986 American Chemical Society 
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m i c e l l e formation, w e t t a b i l i t y , emulsion formation and other per
formance c r i t e r i a of aqueous s o l u t i o n s . 

Experimental 

M a t e r i a l s . Cio»Ci2,Ci4,Ci6,Cl80H were Shanghai Chemical Reagent Co. 
extra pure m a t e r i a l s , p u r i t y > 98%. Ethylene oxide was p u r i f i e d 
with monoethanol amine to an aldehyde content < 0.03%. Mixed a l c o 
hols were prepared from i n d i v i d u a l p u r i f i e d f a t t y a l c o h o l s according 
to a Gaussian d i s t r i b u t i o n f o r 2-5 components. Nonaethoxylated 
f a t t y alcohols ( A E 9 ) were synthesized and p u r i f i e d as usual. The 
average number of ethylene oxide (CO) groups added (9+0.3) was 
determined by HI method (Table I ) . 

Test Methods. Surface tension (γ) measurements were taken by W i l -
helmy method (25+0.1°C). C r i t i c a l m i c e l l e concentrations (cmc) were 
obtained from γ-logC curves
t e s t , Canvas d i s k method
l a t h e r method. E m u l s i b i l i t y was determined by mixing 20 ml of 2.5% 
aqueous s o l u t i o n of AE9 with 20 ml castor o i l (HLB required = 14) at 
a given time. The volume of the emulsifying layer was measured 
a f t e r the s o l u t i o n s were separated. Detergency was measured by 
launderometer i n a water hardness of 250 ppm CaC03 at 45°C. The 
whiteness of f a b r i c s was measured ( i n %) before and a f t e r washing. 

Results and Discussion 

Surface Adsorption of the Mixed S o l u t i o n . In t h i s system the sur
face adsorption of AE9 with d i f f e r e n t hydrocarbon chain length d i s 
t r i b u t i o n s was found to be r e l a t e d to the e f f i c i e n c y and e f f e c t i v e 
ness of surface tension reduction and the change of standard f r e e 
energy. By the Gibbs equation, Szyskowski equation ff^RTLniKjCi + 1) 
and Langmuir equation of monomolecular adsorption Γ^=(Γ0Κ^α^)/(1 + 
ECK^a^), the parameter K, amount of excess surface adsorption, Γ^, 
surface area occupied by one molecule A, and the change of adsorp
t i o n of f r e e energy AG° a (j s, ( A G £ d s = R T L n c m c" 7 Tcmc Amin) a r e s h o w n i n 

Table I, Figure 1,2. This i n d i c a t e s that there i s an increased 
tendency f o r surface adsorption (Γ) with the increase of hydrocarbon 
chain length of AE9, making G a c j s more negative by about 1.2 KJ per 
-CH2- group, but the e f f e c t i v e n e s s of adsorption appears to be 
lowered when the hydrocarbon chain length i s longer than C^4 
(Figure 1). 

For s o l u t i o n s of AE9 with d i f f e r e n t d i s t r i b u t i o n s of hydrocarbon 
chain lengths, the γ-log C curves appear to be d i f f e r e n t than mono-
component system. The surface pressure at c r i t i c a l m i c e l l e concen
t r a t i o n (TT c m c) of AE9 with a long hydrocarbon chain (C16E9) i s 
increased by adding the short AE9, but the e f f e c t i s not s i g n i f i c a n t 
i f the hydrocarbon chain i s i n a wide d i s t r i b u t i o n ( i . g . coconut 
f a t t y r a d i c a l ) (Figure 2,3,4). As for the e f f i c i e n c y of surface 
tension reduction Ο π_2ο, there i s a synergestic e f f e c t f o r the mixed 
s o l u t i o n of AE9. The value of 0Έ=20 i s m o s t l y between 3-4xl0~ 6 

mole«L~l, therefore the e f f i c i e n c y of surface tension reduction of 
AE9 with short chain may be enhanced a f t e r the long chain has been 
added, so that the values of AG^ds A N C * CTC=20 decrease and the 
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- 6 -5 -4 -3 -2 

Log C (mol L ) 

Figure 1. γ-Log C curve of s i n g l e A E 9 aqueous s o l u t i o n 
0 C 1 0 E 9 , n C 1 2 E 9 , χ C 1 6 E 9 , A C U E 9 

-6 -5 -4 -3 
Log C (mol L ) 

Figure 2. γ-Log C curve of binary mixed A E 9 s o l u t i o n 
0 C 1 O , 1 2 E 9 ' ^ C 1 2 , 1 4 E 9 « A C14,16 E9 
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60 
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Figure 3. γ-Log C curve of t r i n a r y and tetranary mixed A E 9 s o l u t i o n 

-6 -5 -4 -3 
Log C (mol L ) 

Figure 4. y-Log C curve of multi-component system of AE Q s o l u t i o n 
® C 1 0 - 1 8 ( N ) V A C 1 0 - 1 8 ( P ) V n c o c o n u t a l c o h o l Eg 
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molecules i n the surface l a y e r may be o r i e n t a t e d i n a c l o s e r con
f i g u r a t i o n . 

By extending regular s o l u t i o n theory f o r binary mixtures of AE9 
i n aqueous s o l u t i o n to the adsorption of mixture components on the 
surface (3,4), i t i s p o s s i b l e to c a l c u l a t e the mole f r a c t i o n of AE9, 
X s, on the mixed surface l a y e r at π=20, the molecular i n t e r a c t i o n 
parameter, 3, the a c t i v i t y c o e f f i c i e n t s of AE9 on the mixed surface 
l a y e r , f±s and f2 s> a n d mole concentration of surfactant s o l u t i o n , 
CT7=20> a t surface pressure π=20 mn«m"l (25+0.1°C). The r e s u l t s from 
the f o l l o w i n g equations are shown i n Table I and Table I I . 

C α 

π1 s i 

( 1 " X s l > 2 

(1) 

£

f s 2 " e x e t e s
( x s i ) 2 ] (3) 

<V20 » a i ( 4 ) 

f Γ 
s i π=20ί 

Due to competitive adsorption of components i n mixed AE9 s o l u 
t i o n , the amount of a strongly adsorbing component, such as C14E9, 
on the surface l a y e r i s greater than that of a weakly adsorbing com
ponent and what i s i n the bulk s o l u t i o n . The c a l c u l a t e d values of 
0 π =20 coincide with the measured values as can be seen from Table I I . 
This means that the regular s o l u t i o n treatment of the AE9 mixture 
containing a Gaussian d i s t r i b u t i o n i n hydrocarbon chain lengths i s 
more reasonable than assuming i d e a l mixing, e s p e c i a l l y f o r the mix
tures with components l e s s than Cift. 

Formation of Mixed M i c e l l e s . The formation of mixed m i c e l l e s of AE9 
i n aqueous s o l u t i o n mainly depends on the standard f r e e energy of 
m i c e l l i z a t i o n , AG$. The cmc and AG§ of s i n g l e AE9 and mixtures of 
AE9, with hydrocarbon chain length d i s t r i b u t i o n s c a l c u l a t e d on the 
basis of i d e a l mixing, are shown i n Table I I I . Table IV l i s t s X>il> 
^Ml» M̂2> 3» and AG§ c a l c u l a t e d by regular s o l u t i o n theory. The data 
i n d i c a t e that f o r the s i n g l e AE9, both C^ and AĜ  decreases as the 
length of the hydrocarbon chain increases. In the range of Ci0" c14» 
the lowering of AGg i s about 0.5-0.6 Kcal mol~l per -CH- group, but 
appears to have a small e f f e c t when the number of carbon atoms i n 
the s t r a i g h t chain hydrophobic group exceeds C ^ (Figure 5). Among 
a l l the AE9, the long chain hydrophobic group seems to have the most 
s i g n i f i c a n t a c t i o n i n m i c e l l i z a t i o n because the C^ of the mixed 
s o l u t i o n s i s located near the lower cmc of the i n d i v i d u a l AE9. E 

From data l i s t e d i n Table IV one sees 3 < 0, f M l < 1, and Η < 0 
which i n d i c a t e that the m i c e l l i z a t i o n of a binary mixture with d i f 
ferent hydrocarbon chain lengths i s d i f f e r e n t than the case of i d e a l 
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mixing, e s p e c i a l l y the mixture of C^Q a n c * c12» while the mixture of 
c14» c16 begins to approach i d e a l mixing. The values of AG§ c a l c u 
l a t e d (AGft = EXj^AG^) i n Table IV compared to those measured i n 
Table I I I may r e f l e c t that the mixture i s only a s y n e r g i s t i c e f f e c t 
rather than the formation of a new complex compound. In a l l cases, 
the A E 9 with the longest hydrocarbon chain, g i v i n g a low AG§ value, 
may be predominant i n the m i c e l l e formation. 

Wetting, Foaming, E m u l s i f i c a t i o n , and Detergency. The wetting and 
foaming p r o p e r t i e s of the mixed AE9 s o l u t i o n with d i f f e r e n t hydro
carbon chain lengths are shown i n Table V. S t a r t i n g from C10 to 
Ci6 an increase i n the length of the hydrophobic group gives an 
increase i n wetting p r o p e r t i e s , with C14 the maximum and a decrease 
a f t e r Ci6 due to the l a r g e r hydrophobic group. The mixtures of AE9 
containing 2-3 adjacent components, with the exception of C^fcEg, 
appear to have a good w e t t a b i l i t y with cotton f a b r i c s . In t h i s 
case f o r AE9 the Poisso
Gaussian d i s t r i b u t i o n . 

The foam s t a b i l i t y of mixed A E 9 with a middle chain length 
d i s t r i b u t i o n i s b e t t e r than the i n d i v i d u a l lower one. Among a l l 
A E 9 , the mixed Οχο,12Ε9 gives probably the best r e s u l t on the s t a 
b i l i t y of emulsion to caster o i l . Introducing a long hydrocarbon 
chain i n the mixture or a wide d i s t r i b u t i o n i n hydrocarbon chain 
length causes no e f f e c t on the emulsion s t a b i l i t y (Figure 6). 

S o l u b i l i z a t i o n . The amount and p o s i t i o n of s o l u b i l i z a t i o n mostly 
depends on the s t r u c t u r e s and p r o p e r t i e s of s o l u b i l i z i n g agents and 
s o l u b i l i z a t e s . In aqueous s o l u t i o n s of A E 9 the s o l u b i l i z a t i o n of 
benzene appears to decrease with increase i n the hydrocarbon chain 
length and increase with the number of EO u n i t s g i v i n g the net 
r e s u l t that AG| 0^ becomes s l i g h t l y l e s s negative. Benzene molecules 
entering the outside l a y e r of m i c e l l e s are p o l a r i z e d by the induc
t i o n of oxygen i n POE groups and s o l u b i l i z e d between the polyoxy-
ethylene chains. When the hydrocarbon chain length of A E 9 increase, 
some POE groups nearby the hydrophobic chain appear to lose a por
t i o n associated water molecules and the molecules i n the m i c e l l e s 
become orie n t a t e d more c l o s e l y , so that s o l u b i l i z a t i o n i s decreased. 
In the same case the s o l u b i l i z a t i o n of a mixture of A E 9 decreases 
with i n c r e a s i n g average hydrocarbon chain length (m)(Figure 7). I t 
i s apparent that the degree of the chain d i s t r i b u t i o n has no e f f e c t 
on the s o l u b i l i z a t i o n . 

Detergency. The data of detergency of mixed A E 9 compared to that of 
water ( r a t i o R/RQ) are l i s t e d i n Table VI. The mixtures of A E 9 con
t a i n i n g shout and long hydrocarbon chains may adjust s y s t e m a t i c a l l y 
the wetting, e m u l s i f i c a t i o n and s o l u b i l i z a t i o n p r o p e r t i e s and there
fore give good washing performance. In general from t h i s work the 
detergency of the mixed A E 9 ranging from Ci2~ c18 i n a Gaussian d i s 
t r i b u t i o n , i n which C^2""c14 hydrocarbon group are the main p o r t i o n , 
may r e s u l t i n b e t t e r e f f i c i e n c y . 
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Κ 

ce 
ο 

m 

Figure 5. Relationship of AG^ and average hydrocarbon chain length 
(m) . The dashed l i n e s are the t h e o r e t i c a l value, the 
p l o t t e d points experimental data, o - s i n g l e component, 
©-binary mixture. 

(a) (b.) 

o i l emulsion " a t e r 

Figure 6 . C h a r a c t e r i s t i c s of emulsion of A E 9 s o l u t i o n . 
(a) Single C 1 2

E 9 
(b) Single C i D E 9 
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Figure 6. C h a r a c t e r i s t i c s of emulsions of AE9 s o l u t i o n s . 
(c) Single C14E9 
(d) Binary mixed s o l u t i o n of Ci4,i6E9 
(e) Trinary mixed s o l u t i o n of Ci2>14116^9 
( f ) Tetranary mixed s o l u t i o n of Cio~16 E9 
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Figure 7. R e l a t i o n s h i p of s o l u b i l i z a t i o n and the average hydrocarbon 
chain length. 
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Conclusion 

1. The regular s o l u t i o n theory may be applied to surface adsorption 
and m i c e l l e formation of mixed nonaethoxylated f a t t y a l c o h o l s 
with Gaussian d i s t r i b u t i o n i n hydrophobic chain length. Such a 
system can be treated as an i d e a l mixture. 

2. The strong adsorption components ( C 1 4 E 9 ) are predominant on the 
surface adsorbed l a y e r . Long hydrocarbon chain components are 
pre f e r r e d i n the m i c e l l e formation. 

3. Good performance may be obtained as fo l l o w s : wetting property 
— l e s s components over C ^ ; Emulsion s t a b i l i t y to caster o i l 
— narrow d i s t r i b u t i o n containing the main p o r t i o n of C 1 0 - C 1 2 ; 
s o l u b i l i z a t i o n — decrease with increase of mean carbon number, 
no e f f e c t to hydrocarbon chain d i s t r i b u t i o n ; detergency — 
binary to pentanary Gaussian d i s t r i b u t i o n of A E 9 i n which Cj_2~ 
C14 occupy the p r i n c i p a l p o r t i o n . 

Legend of Symbols 

γ surface tension 
Γ t o t a l amount of excess surface adsorption at surface 

s a t u r a t i o n 
adsorbed amount of component i i n mixed monolayer 

K-£ constant of the Szyskowski equation f o r the component i 
oti mole f r a c t i o n of component i i n t o t a l mixed solut e 
C t o t a l concentration of surfactant s o l u t i o n 
π surface pressure 
^cmc surface pressure at cmc 
C mole concentration of surfactant s o l u t i o n at 
A minimum area occupied per molecule at monolayer 
x s l , x s 2 mole f r a c t i o n of component 1,2 i n mixed monolayer 
XM1,XM2 mole f r a c t i o n of component 1,2 i n mixed m i c e l l e 
3 S molecular i n t e r a c t i o n parameter i n mixed monolayer 
3 molecular i n t e r a c t i o n parameter i n mixed m i c e l l e 
f s l a c t i v i t y c o e f f i c i e n t of surfactant 1 i n mixed monolayer 
Cj4 c r i t i c a l m i c e l l e concentration of surfactant s o l u t i o n 
AG§ standard f r e e energy of m i c e l l e formation 
AGads standard f r e e energy of adsorption 
A^sol standard f r e e energy of s o l u b i l i z a t i o n 
R/R0 detergency r a t i o of surfa c t a n t s o l u t i o n to pure water 
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23 
Mixed Adsorbed Film of 1-Octadecanol and 
Dodecylammonium Chloride at the Hexane-Water 
Interface 

Yoshiteru Hayami1 and Kinsi Motomura2 

1Chikushi Jogakuen Junior College, Dazaifu, Fukuoka 818-01, Japan 
2Department of Chemistry, Faculty of Science, Kyushu University 33, Fukuoka 812, Japan 

The interfacial tensio
1-octadecanol and dodecylammonium chloride has been 
measured as a function of temperature at various bulk 
concentrations under atmospheric pressure. The 
transition interfacial pressure of 1-octadecanol film 
has been observed to increase with the addition of 
dodecylammonium chloride and then to disappear. The 
interfacial pressure vs mean area per adsorbed molecule 
curves have been illustrated at a constant mole 
fraction of adsorbed molecules. With the aid of the 
thermodynamic treatment developed previously, we find 
that the mutual interaction between 1-octadecanol and 
dodecylammonium chloride molecules in the expanded 
state is similar in magnitude to the interaction 
between the same kind of film-forming molecules. 

Generally, there are two approaches to the i n v e s t i g a t i o n of mixed 
adsorbed f i l m s a t an oil / w a t e r i n t e r f a c e . One way i s to study mixed 
adsorption of surfactants from the same bulk phase and the other i s 
to study adsorption from both of the bulk phases. The former has 
been done by many workers from the physicochemical viewpoint to 
c l a r i f y the d i f f e r e n c e i n molecular i n t e r a c t i o n between the adsorbed 
state and the bulk s t a t e . The l a t t e r has been made mostly from the 
p r a c t i c a l p o i n t of view, e.g., solvent e x t r a c t i o n and complex-forming 
re a c t i o n s that take place a t the i n t e r f a c e , though l i t t l e i s known 
concerning the thermodynamic viewpoint (1) · The thermodynamic study 
i s a c t u a l l y u s e f u l to e l u c i d a t e the behavior of f i l m molecules i n the 
adsorbed s t a t e . 

I t i s i n t e r e s t i n g to employ the system c o n s i s t i n g of mixed 
adsorbed f i l m of 1-octadecanol and dodecylammonium c h l o r i d e because 
the former shows the phase t r a n s i t i o n from an expanded to a condensed 
state (2)· The i n t e r f a c i a l tension was measured as a fun c t i o n of 
temperature at various bulk concentrations under atmospheric pressure 
and the molecular i n t e r a c t i o n between film-forming components was 
considered. 

0097-6156/ 86/ 0311 -0312506.00/ 0 
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E x p e r i m e n t a l 

1 - O c t a d e c a n o l was r e c r y s t a l l i z e d f r o m h e x a n e a f t e r f r a c t i o n a t i o n b y 
v a c u u m d i s t i l l a t i o n / a n d i t s p u r i t y was c h e c k e d b y g a s - l i q u i d 
c h r o m a t o g r a p h y . D o d e c y l a m m o n i u m c h l o r i d e was r e c r y s t a l l i z e d f r o m a 
m i x t u r e o f e t h a n o l a n d w a t e r , a n d i t s p u r i t y was c o n f i r m e d b y t h e 
f a c t t h a t i t h a d no minimum n e a r t h e c r i t i c a l m i c e l l e c o n c e n t r a t i o n 
o n t h e s u r f a c e t e n s i o n v s c o n c e n t r a t i o n c u r v e . H e x a n e was d i s t i l l e d 
a f t e r p a s s i n g t h r o u g h a n a c t i v a t e d a l u m i n a c o l u m n . W a t e r was 
d i s t i l l e d f r o m a l k a l i n e p e r m a n g a n a t e s o l u t i o n o f d i s t i l l e d w a t e r 
a f t e r r e f l u x i n g f o r one d a y . T h e p u r i t y o f h e x a n e a n d w a t e r was 
c o n f i r m e d b y t h e v a l u e o f t h e i n t e r f a c i a l t e n s i o n b e t w e e n t h e m . 

T h e i n t e r f a c i a l t e n s i o n was m e a s u r e d b y t h e p e n d a n t d r o p m e t h o d . 
D e t a i l e d d e s c r i p t i o n o f t h e a p p a r a t u s a n d t h e m e t h o d was g i v e n 
p r e v i o u s l y (3_) . 

R e s u l t s 

T h e i n t e r f a c i a l t e n s i o n γ was m e a s u r e d a s a f u n c t i o n o f t e m p e r a t u r e 
T, m o l a l i t y m^ o f 1 - o c t a d e c a n o l i n h e x a n e , a n d m o l a l i t y o f 
d o d e c y l a m m o n i u m c h l o r i d e i n w a t e r u n d e r a t m o s p h e r i c p r e s s u r e . T h e 
m o l a l i t y was i n c r e a s e d up t o t h e s o l u b i l i t y l i m i t . 

F i g u r e 1 shows t h e p l o t s o f t h e i n t e r f a c i a l t e n s i o n a g a i n s t 
t e m p e r a t u r e a t v a r i o u s m^ v a l u e s f o r m^ = 7 . 5 4 mmol k g " l . A l l t h e 
c u r v e s e x c e p t f o r t h e c o n c e n t r a t e d s o l u t i o n o f d o d e c y l a m m o n i u m 
c h l o r i d e h a v e a b r e a k p o i n t w h i c h r e p r e s e n t s t h e p h a s e t r a n s i t i o n 
f r o m t h e c o n d e n s e d t o e x p a n d e d s t a t e . T h e p h a s e t r a n s i t i o n 
t e m p e r a t u r e l o w e r s w i t h i n c r e a s i n g a n d d i s a p p e a r s a b o v e a c e r t a i n 
J2?2 v a l u e . 

I n t h e p r e s e n t p a p e r , we w i l l d i s c u s s o n l y t h e v a r i a t i o n i n γ 
w i t h t h e c o n c e n t r a t i o n s a n d a t 2 9 8 . 1 5 K . I n o r d e r t o a p p l y t h e 
t h e r m o d y n a m i c s t o e x p e r i m e n t a l r e s u l t s , i t i s r e q u i r e d t h a t t h e 
i n t e r f a c i a l t e n s i o n i s p l o t t e d a g a i n s t t h e c o n c e n t r a t i o n s m^ a n d m^. 
T a k i n g t h e v a l u e s o f γ a t 2 9 8 . 1 5 Κ f r o m F i g u r e 1 , t h e v a r i a t i o n o f 
γ w i t h nty u n d e r t h e c o n d i t i o n t h a t t h e c o n c e n t r a t i o n mÇ i s f i x e d a t 
2 9 8 . 1 5 Κ i s shown i n F i g u r e 2 . T h e c u r v e h a s a h i g h e r n e g a t i v e s l o p e 
f o r t h e e x p a n d e d s t a t e a n d a l o w e r o n e f o r t h e c o n d e n s e d s t a t e . T h e 
27?2 v a l u e o f t h e p h a s e t r a n s i t i o n p o i n t i s s e e n t o i n c r e a s e w i t h 
i n c r e a s i n g m^. 

I n t h e same m a n n e r , we c a n o b t a i n t h e i n t e r f a c i a l t e n s i o n v s 
c o n c e n t r a t i o n c u r v e s a t f i x e d m^ v a l u e a t 2 9 8 . 1 5 Κ shown i n 
F i g u r e 3 . 

C o n t r a r y t o t h e γ v s zn^ c u r v e s i n F i g u r e 2 , t h e c u r v e s w h i c h 
h a v e l o w e r a n d h i g h e r n e g a t i v e s l o p e s i n F i g u r e 3 a r e t h e e x p a n d e d 
a n d c o n d e n s e d s t a t e s , r e s p e c t i v e l y . I n a d d i t i o n , i t i s f o u n d t h a t 
t h e s l o p e s o f γ v s a n d γ v s c u r v e s i n c r e a s e w i t h i n c r e a s e i n mÇ 
a n d m^r r e s p e c t i v e l y . 

D i s c u s s i o n 

T a k i n g i n t o c o n s i d e r a t i o n t h a t t h e s o l v e n t s a r e p r a c t i c a l l y 
i m m i s c i b l e a n d t h a t 1 - o c t a d e c a n o l a n d d o d e c y l a m m o n i u m c h l o r i d e a r e 
s o l u b l e o n l y i n h e x a n e a n d w a t e r r e s p e c t i v e l y , t h e t o t a l d i f f e r e n t i a l 
o f t h e i n t e r f a c i a l t e n s i o n γ c a n be e x p r e s s e d a s a f u n c t i o n o f 
t e m p e r a t u r e Τ, p r e s s u r e p , m o l a l i t y m^, a n d m o l a l i t y m^ as f o l l o w s 
(4) : 
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0 1 2 3 
w / -, , -1 m2 / mmol kg 

Figure 2. I n t e r f a c i a l tension vs concentration curves at 
constant m® and 298 Q15 Κ: (1) m° = 0 mmol kg" 1; (2) 2 037; (3) 
7.54; (4) 13.22; (5) 18.66; (6) 23.89; (7) 29.41; (8) 33.73. 
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dy = - AsdT + Avdp - Ο μ ^ / Β π ξ ) Tfpàm^ - 2T%[d\x±/dm%) Tfpdn% (1) 

w h e r e t h e s u b s c r i p t s 1 a n d 2 a r e 1 - o c t a d e c a n o l a n d d o d e c y l a m m o n i u m 
c h l o r i d e , r e s p e c t i v e l y . On d e r i v i n g E q u a t i o n 1, we h a v e u s e d t h e 
c o n d i t i o n o f e l e c t r o n e u t r a l i t y f o r t h e i n t e r f a c i a l l a y e r . 

T h e i n t e r f a c i a l d e n s i t i e s o f 1 - o c t a d e c a n o l a n d o f 
d o d e c y l a m m o n i u m c h l o r i d e a r e e v a l u a t e d , r e s p e c t i v e l y , b y 

= - (^/^)TfPfm^/RT{[(df/dm(l)/f] + ( Ι / ι π ξ ) } (2) 

a n d 

Γ" = - m^dy/dmW

2)TiPrmo/2RT (3) 

H e r e , t h e c o r r e c t i o n f o r t h e a c t i v i t y c o e f f i c i e n t f i s u s e d i n 
c a l c u l a t i n g (5) , b u t n o t i n c a l c u l a t i n g Γ§ b e c a u s e τηΐ? i s l i m i t e d 
t o a l o w c o n c e n t r a t i o n r a n g e
2 t o t h e γ v s c o n c e n t r a t i o
v a l u e s o f a n d as a f u n c t i o n o f a n d m®, r e s p e c t i v e l y . T h e 
r e s u l t s a t 298.15 Κ a r e shown i n F i g u r e s 4 a n d 5. T h e d i s c o n t i n u o u s 
c h a n g e o n t h e v s c u r v e s i n F i g u r e 4 a n d o n t h e v s i n 
F i g u r e 5 e x p r e s s t h e p h a s e t r a n s i t i o n f r o m t h e c o n d e n s e d t o t h e 
e x p a n d e d f i l m a n d f r o m t h e e x p a n d e d t o t h e c o n d e n s e d f i l m , 
r e s p e c t i v e l y . I t i s f o u n d f o r t h e e x p a n d e d f i l m t h a t b o t h t h e 
v a l u e a t c o n s t a n t d e c r e a s e s w i t h i n c r e a s i n g a n d t h e v a l u e a t 
c o n s t a n t d e c r e a s e s w i t h i n c r e a s i n g nty. 

T h e i n t e r f a c i a l p r e s s u r e Π v s t h e mean a r e a p e r a d s o r b e d 
m o l e c u l e A c u r v e s a r e u s e f u l t o make c l e a r t h e f i l m b e h a v i o r . By 
m a k i n g u s e o f F i g u r e s 2 a n d 4, we c a n o b t a i n t h e Π v s A c u r v e s a t 
c o n s t a n t m® a s shown i n F i g u r e 6 ( a ) , w h e r e Π a n d Ά a r e d e f i n e d , 
r e s p e c t i v e l y , b y 

Π = γ° - γ (4) 

a n d 

Ά = 1/* Α(Γξ + Γ§) (5) 

I n t h e a b o v e e q u a t i o n s , γ ° i s t h e i n t e r f a c i a l t e n s i o n o f p u r e 
h e x a n e / w a t e r i n t e r f a c e a n d N A i s A v o g a d r o ' s n u m b e r . A l l t h e l o w e s t 
Π v a l u e s , e x c e p t f o r = 0 , g i v e t h e Π v a l u e s o f t h e p u r e a d s o r b e d 
f i l m o f 1 - o c t a d e c a n o l a t g i v e n v a l u e s o f m^. I t s h o u l d b e n o t e d 
t h a t t h e c u r v e s e x h i b i t t h e p h a s e c h a n g e o f t h e a d s o r b e d f i l m f r o m 
t h e c o n d e n s e d t o t h e e x p a n d e d s t a t e a t t h e i n t e r f a c i a l p r e s s u r e o f 
t h e t r a n s i t i o n when t h e a r e a d e c r e a s e s . 

I n a s i m i l a r m a n n e r , t h e IT v s A c u r v e s a t c o n s t a n t a r e 
o b t a i n e d f r o m F i g u r e s 3 a n d 5 a n d shown i n F i g u r e 6 ( b ) . A g a i n , a l l 
t h e l o w e s t Π v a l u e s , e x c e p t f o r = 0 , r e p r e s e n t t h e Π v a l u e s o f t h e 
p u r e a d s o r b e d f i l m o f d o d e c y l a m m o n i u m c h l o r i d e a t g i v e n mîj v a l u e s . 
H o w e v e r , t h e c u r v e s e x h i b i t t h e p h a s e t r a n s i t i o n f r o m t h e e x p a n d e d t o 
t h e c o n d e n s e d s t a t e . 

T h e Π v s A c u r v e o f a m i x e d i n s o l u b l e m o n o l a y e r i s g e n e r a l l y 
o b t a i n e d a t a c o n s t a n t c o m p o s i t i o n o f f i l m - f o r m i n g c o m p o n e n t s p r e s e n t 
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F i g u r e 5 D I n t e r f a c i a l d e n s i t y o f 1 - o c t a d e c a n o l v s m c u r v e s a t 
w w - 1 

c o n s t a n t a n d 2 9 8 · 1 5 Κ: (1) m = 0 mmol k g ; (2) 0 . 4 ; (3) l o 0 ; 

(4) 2 o 0 ; (5) 3 o 0 . 
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0 « 1 I I I L 
0 1 2 

Ά / nm 
F i g u r e 6 . (a) I n t e r f a c i a l p r e s s u r e v s mean a r e a p e r m o l e c u l e 

c u r v e s a t c o n s t a n t m^z (1) m^ = 0 mmol k g \ · (2) 4; (3) 8; (4) 

16; (5) 24; (6) 28 ; (7) 3 2 0 (b) I n t e r f a c i a l p r e s s u r e v s mean 
W W - 1 

a r e a p e r m o l e c u l e c u r v e s a t c o n s t a n t m^z (1) = 0 mmol k g ; 

(2) 0 . 4 ; (3) 1 . 0 ; (4) 2 . 0 ; (5) 3 o 0 o 
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i n t h e m o n o l a y e r . T h e c u r v e s o f t h e m i x e d a d s o r b e d f i l m s i n F i g u r e s 
6 ( a ) a n d 6 (b ) do n o t s a t i s f y t h i s r e q u i r e m e n t . H o w e v e r , we c a n d r a w 
a s i m i l a r Π v s A c u r v e f o r t h e m i x e d a d s o r b e d f i l m b y h o l d i n g 
c o n s t a n t t h e v a l u e o f t h e m o l e f r a c t i o n o f d o d e c y l a m m o n i u m c h l o r i d e 

d e f i n e d b y 

X§ = Γ ^ / ( Γ ξ + I * ) (6) 

T h e Π v s A c u r v e s o b t a i n e d a r e shown i n F i g u r e 7 . I t i s s e e n t h a t 
t h e c o n d e n s e d s t a t e i s r e a l i z e d i n a v e r y s m a l l m o l e f r a c t i o n r a n g e . 
T h i s m i g h t be a t t r i b u t e d t o t h e e l e c t r o s t a t i c r e p u l s i o n b e t w e e n 
d o d e c y l a m m o n i u m i o n s . T h e c u r v e s i n F i g u r e 7 a r e more a p p r o p r i a t e 
t h a n t h o s e i n F i g u r e s 6 ( a ) a n d 6 ( b ) f o r t h e p u r p o s e o f t h e r m o d y n a m i c 
c o n s i d e r a t i o n s a t t h e i n t e r f a c e . 

We a r e i n t e r e s t e d i n t h e b e h a v i o r o f s u r f a c t a n t m o l e c u l e s i n t h e 
m i x e d a d s o r b e d f i l m . T h e n o n i d e a l b e h a v i o r o f a m i x e d a d s o r b e d f i l m 
i s c o r r e l a t e d t o a c t i v i t
w i t h r e f e r e n c e t o t h e p u r
same m a n n e r a s t h e p r e v i o u s p a p e r (<δ) , we c a n e x p r e s s t h e c h e m i c a l 
p o t e n t i a l s o f 1 - o c t a d e c a n o l a n d d o d e c y l a m m o n i u m c h l o r i d e i n t h e m i x e d 
a d s o r b e d f i l m a s f o l l o w s : 

μ ± = μ ί - ( Τ , ρ , γ ) + RTlnf\x^_. i =1 , 2 (7) 

I n t h i s e q u a t i o n , μ ^ i s t h e c h e m i c a l p o t e n t i a l o f p u r e c o m p o n e n t i 
i n t h e p u r e a d s o r b e d f i l m a n d f5 i s t h e a p p a r e n t a c t i v i t y c o e f f i c i e n t 
o f c o m p o n e n t i . I n a d d i t i o n , a n a p p a r e n t p a r t i a l m o l a r a r e a i s 
w r i t t e n a s 

*\ - - OV 3Y> r,p,*§ ( 8 ) 

S u b s t i t u t i o n o f E q u a t i o n 7 i n t o E q u a t i o n 8 r e s u l t s i n 

*l = a i + Κ Τ θ 1 η ^ / 3 Π ) Γ ^ Η (9) 

w h e r e a 1 i s t h e a r e a p e r m o l e o f p u r e c o m p o n e n t i . T h e mean 
m o l e c u l a r a r e a Ά o f t h e e x p a n d e d f i l m i s p l o t t e d a g a i n s t t h e m o l e 
f r a c t i o n X^ a t c o n s t a n t Π i n F i g u r e 8 . T a k i n g i n t o a c c o u n t t h e 
a m p l i f i e d e r r o r i n h e r e n t i n t h e c o n v e r s i o n o f t h e i n t e r f a c i a l d e n s i t y 
i n t o t h e a r e a p e r a d s o r b e d m o l e c u l e a t t h e l o w e r i n t e r f a c i a l 
p r e s s u r e , a l l t h e c u r v e s i n F i g u r e 8 a r e s a i d t o be f a i r l y l i n e a r . 
C o n s e q u e n t l y , we f i n d e f f e c t i v e l y z e r o . T h i s r e s u l t i m p l i e s 
t h a t t h e v a l u e o f f5 i s a l m o s t u n i t y a n d h e n c e t h e m u t u a l i n t e r a c t i o n 
b e t w e e n 1 - o c t a d e c a n o l a n d d o d e c y l a m m o n i u m c h l o r i d e m o l e c u l e s i n t h e 
e x p a n d e d s t a t e i s s i m i l a r i n m a g n i t u d e t o t h e one b e t w e e n t h e same 
k i n d o f c o n s t i t u e n t m o l e c u l e s . 
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0 1 2 3 
2 

A / nm 

Figure 7. I n t e r f a c i a l pressure vs mean area per molecule curves 
at constant Q (1) ̂  = 0; (2) 0.004; (3) 0.01; (4) 0.2; (5) 
0.4; (6) 0.6; (7) 0.8; (8) 1.0. 

Figure 8. Mean area per molecule vs mole f r a c t i o n of 
dodecylammonium c h l o r i d e curves at constant Π : ( l ) I I = 6 m N m 1 ; 
(2) 10; (3) 15. 
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24 
Behavior and Applications of Surfactant Mixtures 

John F. Scamehorn 

School of Chemical Engineering and Materials Science, University of Oklahoma, Norman, 
OK 73019 

Future trends in research into the science 
and technology of surfactant mixtures is 
discussed. Thi
opportunitie
research and also practical applications. 
Research in this area will dramatically 
increase in quantity in the next several 
decades and great progress in the 
understanding and utilization of surfactant 
mixtures is expected. 

Research i n t o t h e c h e m i s t r y and p h y s i c s o-f sur-f a c t a n t 
m i x t u r e b e h a v i o r has seen a r a p i d i n c r e a s e i n a c t i v i t y 
over t h e l a s t decade. New t e c h n o l o g i c a l a p p l i c a t i o n s 
i n v o l v i n g sur-f a c t a n t s have e v o l v e d , many o-f which a r e 
dependent on the use o-f s u r f a c t a n t m i x t u r e s . There i s no 
reason t o doubt t h a t new a p p l i c a t i o n s of s u r f a c t a n t 
m i x t u r e s w i l l c o n t i n u e t o be d i s c o v e r e d and some r e c e n t l y 
proposed ones w i l l r e ach l a r g e s c a l e c o m m e r c i a l i z a t i o n . 
As a r e s u l t of t h e economic d r i v i n g f o r c e and the growing 
awareness of t h e wealth of f a s c i n a t i n g s c i e n t i f i c 
phenomena o c c u r r i n g i n mixed s u r f a c t a n t systems, r e s e a r c h 
i n t o s u r f a c t a n t m i x t u r e b e h a v i o r w i l l a l s o c o n t i n u e t o 
i n c r e a s e i n i n t e n s i t y . The next decade or two promise t o 
be times of e x c i t i n g p r o g r e s s i n t h i s f i e l d . 

Chapter 1 was an overview of t h i s f i e l d . In t h i s 
c h a p t e r , I wish t o d i s c u s s the c u r r e n t f o c u s of work on 
s u r f a c t a n t m i x t u r e s . I w i l l a l s o t r y t o o u t l i n e t h e 
areas i n which I b e l i e v e r e s e a r c h i s needed i n s u r f a c t a n t 
m i x t u r e b e h a v i o r . As a r e s u l t , t h i s w i l l be a h i g h l y 
o p i n i o n a t e d , s p e c u l a t i v e , and pe r s o n a l c h a p t e r . I f some 
of t he d i s c u s s i o n s t i m u l a t e s c r e a t i v e thought i n o t h e r 
r e s e a r c h e r s , whether they agree w i t h me or not, a goal of 
t h i s c h a p t e r w i l l have been a c h i e v e d . 
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One of the most encouraging a s p e c t s of t h i s - f i e l d i s 
the i n c r e a s i n g l y i n t e r n a t i o n a l n a t u r e o-f work i n t h e 
a r e a . The c h a p t e r s i n t h i s book r e p r e s e n t c o n t r i b u t i o n s 
•from A u s t r a l i a , Canada, England, Japan, P e o p l e s R e p u b l i c 
o-f China, U n i t e d S t a t e s , Sweden, and West Germany. 

T h i s c h a p t e r w i l l be o r g a n i z e d i n t o s e c t i o n s d e a l i n g 
w i t h t h e v a r i o u s aggregates which s u r f a c t a n t s can form. 
A p p l i c a t i o n s w i l l be i n c l u d e d as p a r t o-f t h e d i s c u s s i o n 
of t h e s e o t h e r t o p i c s . 

M i c e l l e Formation 

M i c e l l e s a r e o f t e n p r e s e n t i n s u r f a c t a n t systems. In 
some p r o c e s s e s , such as s o l u b i l i z a t i o n , they a r e d i r e c t l y 
i n v o l v e d . M i c e l l e s i n d i r e c t l y a f f e c t many o t h e r 
p r o c e s s e s because monomer c o n c e n t r a t i o n s or a c t i v i t i e s of 
the s u r f a c t a n t component
m i c e l l e e q u i l i b r i u
above t h e CMC. T h e r e f o r e , i n t e r e s t i n mixed m i c e l l e 
f o r m a t i o n w i l l c o n t i n u e t o grow. 

There a r e some l a r g e gaps i n our knowledge of mixed 
m i c e l l e s which i s s e r i o u s l y impeding p r o g r e s s toward 
u n d e r s t a n d i n g and q u a n t i f y i n g t h e i r b e h a v i o r . These gaps 
are m a i n l y e x p e r i m e n t a l i n n a t u r e ; i . e . , a l t h o u g h 
improved models a r e needed, t h e r e i s l i t t l e v a l u e i n 
f u r t h e r t h e o r e t i c a l development w i t h o u t c e r t a i n c r i t i c a l 
d a t a t o compare p r e d i c t i o n s a g a i n s t . 

S u r f a c t a n t A c t i v i t y i n M i c e l l a r Systems, The a c t i v i t i e s 
or c o n c e n t r a t i o n s of i n d i v i d u a l s u r f a c t a n t monomers i n 
e q u i l i b r i u m w i t h mixed m i c e l l e s a r e t h e most important 
q u a n t i t i e s p r e d i c t e d by m i c e l l a r thermodynamic models. 
These v a r i a b l e s o f t e n d i c t a t e p r a c t i c a l performance of 
s u r f a c t a n t s o l u t i o n s . The monomer c o n c e n t r a t i o n s i n 
mixed m i c e l l a r systems have been measured by 
u l t r a f i l t r a t i o n ( 1_) , d i a l y s i s (2) , a combi n a t i o n of 
c o n d u c t i v i t y and s p e c i f i c i o n e l e c t r o d e measurements ( 3 ) , 
a method u s i n g s u r f a c e t e n s i o n of m i x t u r e s a t and above 
t h e CMC (4), g e l f i l t r a t i o n (5), c o n d u c t i v i t y (6), 
s p e c i f i c i o n e l e c t r o d e measurements <ZN NMR (8), 
chromatographic s e p a r a t i o n of s u r f a c t a n t s w i t h a 
h y d r o p h i l i c s u b s t r a t e (9) and by a p p l i c a t i o n of t h e 
Gibbs-Duhem e q u a t i o n t o CMC da t a (10). S u r f a c t a n t 
s p e c i f i c e l e c t r o d e s have been used t o measure a n i o n i c 
s u r f a c t a n t a c t i v i t i e s i n s i n g l e s u r f a c t a n t systems 
(11,12) and might be u s e f u l i n mixed systems . 

None of t h e s e methods have been w i d e l y adopted 
because of t h e i r r e l a t i v e c o m p l e x i t y or because they a r e 
not g e n e r a l l y a p p l i c a b l e t o any a r b i t r a r y s u r f a c t a n t 
system. As examples, t h e s u r f a c e t e n s i o n method (4) 
r e l i e s on t h e pure s u r f a c t a n t s having s u b s t a n t i a l l y 
d i f f e r e n t p l a t e a u s u r f a c e t e n s i o n s ; t h e u l t r a f i l t r a t i o n 
method r e q u i r e s t h e m i c e l l e s of t he pure s u r f a c t a n t s 
i n v o l v e d t o have a p p r o x i m a t e l y t h e same s i z e and t h e 
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monomeric sur-f a c t a n t components t o have s i m i l a r d i f -fusion 
c h a r a c t e r i s t i c s ; t h e c o n d u c t i v i t y method (6) works o n l y 
w i t h a n i o n i c / a n i o n i c or c a t i o n i c / c a t i o n i c s u r f a c t a n t 
systems; and t h e method u s i n g CMC d a t a (10.) i s o n l y 
e f f e c t i v e when the pure s u r f a c t a n t s have s i m i l a r CMC 
v a l u e s . 

The need f o r a s i m p l e , u n i v e r s a l method of measuring 
i n d i v i d u a l monomer a c t i v i t i e s i n mixed m i c e l l e systems i s 
the most p r e s s i n g problem i n t h i s f i e l d of r e s e a r c h and 
des e r v e s s u b s t a n t i a l a t t e n t i o n -

A p a r t i a l answer would be the development of 
c o m m e r c i a l l y a v a i l a b l e s u r f a c t a n t s p e c i f i c e l e c t r o d e s . 
These c o u l d p r o v i d e a t l e a s t i o n i c s u r f a c t a n t component 
a c t i v i t y . 

Perhaps t h e answer l i e s i n t h e i n t r o d u c t i o n of 
another p r o c e s s i n t h e system which r e l i e s o n l y on 
monomer a c t i v i t i e s
t e n s i o n method a l r e a d
t h a t s u r f a c e t e n s i o n i s determined s o l e l y by monomer 
c o n c e n t r a t i o n s . However, t h e p l a t e a u s u r f a c e t e n s i o n i s 
not t e r r i b l y s e n s i t i v e t o monomer c o m p o s i t i o n i n many 
ca s e s of i n t e r e s t . An aggregate f o r m a t i o n p r o c e s s which 
can be much more s e n s i t i v e i s a d s o r p t i o n of s u r f a c t a n t s 
on h y d r o p h i l i c (13-15) or hydrophobic (see Chapter 17) 
s u r f a c e s . 

As a l r e a d y d i s c u s s e d i n Chapter 1, the r e l a t i v e 
tendency of a s u r f a c t a n t component t o adsorb on a g i v e n 
s u r f a c e or t o form m i c e l l e s can v a r y g r e a t l y w i t h 
s u r f a c t a n t s t r u c t u r e . The a d s o r p t i o n of each component 
c o u l d be measured below t h e CMC a t v a r i o u s c o n c e n t r a t i o n s 
of each s u r f a c t a n t i n a m i x t u r e . A m a t r i x c o u l d be 
c o n s t r u c t e d t o t a b u l a t e t h e ( h o p e f u l l y unique) monomer 
c o n c e n t r a t i o n of each component i n t h e m i x t u r e 
c o r r e s p o n d i n g t o any combin a t i o n of a d s o r p t i o n l e v e l s f o r 
the v a r i o u s components p r e s e n t . For example, f o r a 
b i n a r y system of s u r f a c t a n t s A and B, when a d s o r p t i o n of 
A i s 0.5 mmole/g and t h a t of Β i s 0.3 mmole/g, t h e r e 
s h o u l d be o n l y one unique comb i n a t i o n of monomer 
c o n c e n t r a t i o n s of s u r f a c t a n t A and of s u r f a c t a n t Β which 
would r e s u l t i n t h i s a d s o r p t i o n (e.g., 1 mM of A and 1.5 
mM of B). Well above the CMC, where most of the 
s u r f a c t a n t i n s o l u t i o n i s p r e s e n t as m i c e l l e s , m i c e l l a r 
c o m p o s i t i o n i s a p p r o x i m a t e l y equal t o s o l u t i o n 
c o m p o s i t i o n and i s , t h e r e f o r e , known. I f i n d i v i d u a l 
s u r f a c t a n t component a d s o r p t i o n i s a l s o measured here, i t 
would a l l o w computation of each s u r f a c t a n t monomer 
c o n c e n t r a t i o n (from t h e aforementioned m a t r i x ) i n 
e q u i l i b r i u m w i t h t h e mixed m i c e l l e s . Other p r o c e s s e s 
dependent on monomer c o n c e n t r a t i o n or s u r f a c t a n t 
component a c t i v i t i e s o n l y c o u l d a l s o be used i n a s i m i l a r 
f a s h i o n t o determine monomer-micelle e q u i l i b r i u m . 

E n t h a l p i e s and E n t r o p i e s of M i x i n g i n M i c e l l e s . Next t o 
monomer a c t i v i t i e s , t h e most needed d a t a on mixed 
m i c e l l e s a r e t h e e n t h a l p y (heat) and e n t r o p y of m i x i n g 
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upon m i c e l l e f o r m a t i o n . These measurements w i l l g i v e 
g r e a t i n s i g h t i n t o the p h y s i c a l i n t e r a c t i o n s i n mixed 
m i c e l l e f o r m a t i o n . They a l s o p e rmit e x t r a p o l a t i o n of 
monomer—micelle e q u i l i b r i u m d a t a t o d i f f e r e n t 
temperatures. The t e s t of t h e a b i l i t y t o d e s c r i b e t h e s e 
fundamental thermodynamic q u a n t i t i e s can p e r m i t the 
d i s c a r d of unsound mixed m i c e l l e models. 

In t h e o r y , t h e temperature dependence of CMC d a t a 
can be used t o c a l c u l a t e h e a t s and e n t r o p i e s of m i x i n g 
(see Chapter 2 ) . However, t h i s temperature dependence i s 
o f t e n so s m a l l as t o be d i f f i c u l t t o measure a c c u r a t e l y . 
C a l o r i m e t r y w i l l see much use i n t h i s f i e l d i n t h e near 
f u t u r e as the method of c h o i c e t o o b t a i n t h i s much needed 
d a t a , as a l r e a d y p i o n e e r e d by s e v e r a l s t u d i e s (16,17). 

M i c e l l e S i z e and Shape. The s i z e and shape of mixed 
m i c e l l e s can p r o v i d
the s t r u c t u r e and s u r f a c t a n
Chapter 1). However, t h i s i s g e n e r a l l y not a s i m p l e 
measurement. I n t e r p r e t a t i o n of l i g h t s c a t t e r i n g d a t a i s 
c o n t r o v e r s i a l and the equipment i s e x p e n s i v e and 
s p e c i a l i z e d . Osmometry i s d i f f i c u l t t o use f o r t h e h i g h 
m o l e c u l a r weight s u r f a c t a n t s of g e n e r a l i n t e r e s t . 
Perhaps new methods such as NMR or e x c l u s i o n 
chromatography w i l l be u s e f u l i n t h e s e measurements. 
With the advent of new t e c h n i q u e s and improvements i n 
t r a d i t i o n a l methods, i n f o r m a t i o n on mixed m i c e l l e 
geometry w i l l become more a v a i l a b l e i n t h e f u t u r e . 

M i c e l l e T r a n s i t i o n t o Other Aggregates. I t i s w e l l known 
t h a t as such v a r i a b l e s as c h a i n l e n g t h i n an homologous 
s u r f a c t a n t s e r i e s or temperature i s v a r i e d , t r a n s i t i o n s 
from m i c e l l e s t o extended s t r u c t u r e s such as l i q u i d 
c r y s t a l s and v e s i c l e s can occur. T h i s can a l s o occur as 
the s u r f a c t a n t c o m p o s i t i o n of a mixed s u r f a c t a n t systems 
i s v a r i e d . For example, P u i g e t . a l . (IB) s t u d i e d a 
m i x t u r e of a s u r f a c t a n t which forms m i c e l l e s as a s i n g l e 
component and one which forms l i q u i d c r y s t a l s as a s i n g l e 
component. T h i s system c o u l d form mixed m i c e l l e s or 
mixed l i q u i d c r y s t a l s when both s u r f a c t a n t s a r e p r e s e n t . 
In Chapter 6. Desnoyers d i s c u s s e s a system c o n t a i n i n g a 
m i x t u r e of a m i c e l l e f o r m i n g s u r f a c t a n t and a pseudo-
m i c e l l e f o r m i n g s p e c i e s . In Chapter 20 of t h i s book, 
Shirahama e t . a l . s t u d y m i x t u r e s of a m i c e l l e f o r m i n g 
s u r f a c t a n t and a v e s i c l e f o r m i n g s u r f a c t a n t . I t would 
a i d i n the u n d e r s t a n d i n g of such phenomena t o have a more 
thorough knowledge of the thermodynamics of m i x i n g and 
t h e m i c e l l e shape and s i z e as t r a n s i t i o n p o i n t s a r e 
approached. 

C o u n t e r i o n B i n d i n g . C o u n t e r i o n b i n d i n g on mixed m i c e l l e s 
i s of c r u c i a l importance toward u n d e r s t a n d i n g the 
s t r u c t u r e and e l e c t r o s t a t i c f o r c e s i n v o l v e d i n m i c e l l e 
f o r m a t i o n i n v o l v i n g i o n i c s u r f a c t a n t s . S p e c i f i c i o n 
e l e c t r o d e s a r e e f f e c t i v e at measuring c o u n t e r i o n b i n d i n g s 
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on mixed m i c e l l e s (.19). S y s t e m a t i c measurements of t h e 
e f f e c t of s u r f a c t a n t s t r u c t u r e on i o n i c / n o n i o n i c 
s u r f a c t a n t c o u n t e r i o n b i n d i n g w i l l be t a b u l a t e d w i t h 
t i m e . C o u n t e r i o n b i n d i n g on a n i o n i c / c a t i o n i c mixed 
m i c e l l e s w i l l h e l p d e f i n e t h e o p p o s i t e l y charged head 
group i n t e r a c t i o n s on t h i s m i c e l l e s u r f a c e . 

Model Development. There i s v a s t o p p o r t u n i t y f o r 
development of f u n d a m e n t a l l y based models t o d e s c r i b e t h e 
thermodynamics of mixed m i c e l l e f o r m a t i o n . As d i s c u s s e d 
i n Chapter 1, r e g u l a r s o l u t i o n t h e o r y has y i e l d e d u s e f u l 
r e l a t i o n s t o d e s c r i b e monomer—micelle e q u i l i b r i u m . 
However, the thermodynamic assumptions behind r e g u l a r 
s o l u t i o n t h e o r y a r e i n c o r r e c t f o r t h e s e systems. 
T h e r e f o r e , t h e temperature dependence of mixed m i c e l l e 
p r o p e r t i e s p r e d i c t e d from i t a r e i n c o r r e c t and t h e r e may 
be s u r f a c t a n t m i x t u r e  f o  which i  doe k 
e m p i r i c a l l y . T h i s i
a f f a i r s . 

The l a c k of c e r t a i n c r i t i c a l d a t a f o r t h e s e systems, 
as a l r e a d y d i s c u s s e d , has hampered development of 
improved t h e o r i e s . Models of mixed m i c e l l e f o r m a t i o n 
need t o be based on t h e fundamental f o r c e s c a u s i n g 
n o n i d e a l i t i e s of m i x i n g . Some of t h e s e have been 
d i s c u s s e d i n Chapter 1. Chapter 2 by Osborne-Lee and 
Schechter i s an example of t h e type of t h e o r e t i c a l 
a n a l y s i s which i s needed t o advance t h i s f i e l d . In t h a t 
paper, a t h e o r e t i c a l model i s developed based on 
fundamental e n t h a l p i c and e n t r o p i e c o n s i d e r a t i o n s and 
compared t o e x p e r i m e n t a l monomomer-mieel1e e q u i l i b r i u m 
and heat of m i x i n g d a t a . Other f o r c e s which might be 
e x p l i c i t l y i n c l u d e d i n f u t u r e models a r e e l e c t r o s t a t i c 
f o r c e s (as done by Rathman and Scamehorn ( 2 0 ) ) , and 
s p e c i f i c chemical i n t e r a c t i o n s between t h e d i s s i m i l a r 
s u r f a c t a n t s , examples of such i n t e r a c t i o n s b e i n g g i v e n i n 
Chapter 1. Any u s e f u l model must c o n t a i n a v e r y l i m i t e d 
number of a d j u s t a b l e c o n s t a n t s . 

To t h i s p o i n t , o n l y models based on the pseudo-phase 
s e p a r a t i o n model have been d i s c u s s e d . Mixed m i c e l l e 
models u t i l i z i n g the mass a c t i o n model may be n e c e s s a r y 
f o r m i c e l l e s w i t h s m a l l a g g r e g a t i o n numbers, as 
demonstrated by Kamrath and F r a n s e s (21.). However, even 
f o r l a r g e m i c e l l e s , t h e fundamental b a s i s f o r the pseudo-
phase s e p a r a t i o n model needs t o be examined. In 
m i c e l l e s , how much s o l v e n t or how many c o u n t e r i o n s (bound 
or i n the e l e c t r i c a l double l a y e r ) s h o u l d be i n c l u d e d i n 
the m i c e l l a r pseudo-phase i s u n c l e a r . The d i f f i c u l t y i s 
n o r m a l l y surmounted by assuming t h a t t h e pseudo-phase 
c o n s i s t s of o n l y the s u r f a c t a n t components; i . e . , s o l v e n t 
or c o u n t e r i o n s a r e i g n o r e d . The v a l i d i t y of t r e a t i n g t h e 
m i c e l l e on a s u r f a c t a n t - o n l y b a s i s has not been v e r i f i e d . 
Funasâki and Hada (22) have q u e s t i o n e d t h e thermodynamic 
c o n s i s t e n c y of such an approach. 

Y o e s t i n g and Scamehorn < 25) measured a c t i v i t y 
c o e f f i c i e n t s of a l l components i n a mixed c o a c e r v a t e 
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phase above the c l o u d p o i n t c o n t a i n i n g a n i o n i c 
s u r f a c t a n t , n o n i o n i c s u r f a c t a n t , water, and NaCl. 
A p p l i c a t i o n of a thermodynamic c o n s i s t e n c y t e s t u s i n g t h e 
Gibbs-Duhem e q u a t i o n showed t h a t t h e d a t a were 
c o n s i s t e n t . However, when the phase was t r e a t e d as a 
pseudo-phase on a s u r f a c t a n t - o n l y b a s i s , t h e d a t a f a i l e d 
the thermodynamic c o n s i s t e n c y t e s t . S i m i l a r l y , Haque 
(24) a n a l y z e d a m i c r o e m u l s i on phase c o n s i s t i n g of a n i o n i c 
s u r f a c t a n t , n o n i o n i c s u r f a c t a n t , water, octane, and NaCl. 
Once a g a i n , t h e a c t u a l thermodynamic dat a was c o n s i s t e n t , 
but when the m i c r o e m u l s i on was t r e a t e d as a pseudo-phase, 
i t f a i l e d t h e c o n s i s t e n c y t e s t . 

A n a l y s i s of mixed m i c e l l a r thermodynamic d a t a i n t h i s 
way w i l l be a u s e f u l a n a l y s i s . Some methods f o r 
o b t a i n i n g mixed m i c e l l a r thermodynamic d a t a i m p l i c i t l y 
u t i l i z e t h e Gibbs-Duhem e q u a t i o n , but d a t a from those 
t h a t don't (e.g., u l t r a f i l t r a t i o n
shed l i g h t on t h i s i s s u e

An u l t i m a t e goal of t h e o r y i n t h i s f i e l d i s not o n l y 
t o model a g i v e n mixed s u r f a c t a n t system, but t o be a b l e 
t o p r e d i c t the p r o p e r t i e s of any a r b i t r a r y system. A 
group c o n t r i b u t i o n method based on measurements from many 
systems may be the u l t i m a t e means t o t h i s g o a l , whatever 
s p e c i f i c mathematical model i s found most u s e f u l . Such 
s y s t e m a t i c s t u d i e s of s u r f a c t a n t s t r u c t u r e as t h o s e of 
Rosen (see Chapter 11) w i l l p r o v i d e a d a t a base f o r such 
c o r r e l a t i o n s . A number of i m p ortant systems have yet t o 
r e c e i v e s u f f i c i e n t a t t e n t i o n . Examples of such 
s u r f a c t a n t p a i r s a r e e t h o x y l a t e d a n i o n i c / n o n i o n i c , 
e t h o x y l a t e d a n i o n i c / n o n e t h o x y l a t e d a n i o n i c , and 
nonet h ox y1ated non i o n i c / i o n i c . 

I n v e r t e d M i c e l l e s . The s t u dy of i n v e r t e d m i c e l l e s has 
r e c e i v e d l i t t l e a t t e n t i o n . The s t u d y of t h e s e aggregates 
can b e n e f i t by a p p l i c a t i o n of t e c h n i q u e s used f o r normal 
m i c e l l e s such as f l u o r e s c e n c e probes as demonstrated by 
Jao and Kreuz i n Chapter 7. With a p p l i c a t i o n s i n o i l 
r e c o v e r y and d r y c l e a n i n g , t h i s t o p i c w i l l see i n c r e a s e d 
r e s e a r c h a c t i v i t y . 

Systems Showing P o s i t i v e D e v i a t i o n from I d e a l i t y . The 
s t u d y of s u r f a c t a n t systems showing p o s i t i v e d e v i a t i o n 
from i d e a l i t y of m i x i n g and those showing n e g a t i v e 
d e v i a t i o n from i d e a l i t y converge as systems ar e s t u d i e d 
which are f1uorocarbon/hydrocarbon ( t e n d i n g t o show 
p o s i t i v e d e v i a t i o n ) w i t h h y d r o p h i l i c groups t e n d i n g t o 
show n e g a t i v e d e v i a t i o n from i d e a l i t y (e.g., 
a n i o n i c / n o n i o n i c ) . The r e s u l t of t h e o f f s e t t i n g 
t e n d e n c i e s can p r o v i d e i n s i g h t i n t o the i n t e r a c t i o n s 
between s u r f a c t a n t s . An e x c e l l e n t example of t h i s t y p e 
of s t u dy i s g i v e n i n Chapter 14 by Zhao and Zhu. Any 
complete model of mixed m i c e l l i z a t i o n must u l t i m a t e l y be 
a b l e t o handle e i t h e r p o s i t i v e or n e g a t i v e d e v i a t i o n from 
i d e a l i t y . The use of s p e c t r o s c o p i c probes i n t h e s e 
systems, as demonstrated i n Chapter 4 by Meguro e t . a l . , 
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w i l l see more a p p l i c a t i o n , p a r t i c u l a r l y when p o s i t i v e 
d e v i a t i o n i s g r e a t enough so t h a t two t y p e s o-f m i c e l l e s 
may e x i s t (see Chapter 1). 

Monolayer Formation 

M i c e l l e s and monolayers a r e analogous i n many ways, as 
d i s c u s s e d i n Chapter 1. There-fore, much o-f the -future 
d i r e c t i o n o-f r e s e a r c h i n t h e t o p i c w i l l be s i m i l a r t o 
t h a t a l r e a d y d i s c u s s e d -for mixed m i c e l l e s . However, 
t h e r e a r e some imp o r t a n t d i f f e r e n c e s a l s o . 

In my o p i n i o n , the study of monolayer f o r m a t i o n has 
l e s s p r a c t i c a l importance than t h e st u d y of m i c e l l e s . 
Yet, t h e thermodynamics of monolayer f o r m a t i o n has seen 
s u b s t a n t i a l s t u d y . I t h i n k t h a t t h i s i s l a r g e l y due t o 
the f a c t t h a t the monomer—monolayer e q u i l i b r i u m can be 
unambiguously and r e l a t i v e l
Hutchinson method (25)
^l=h) * w h i l e t h i s cannot be s a i d f o r monomer—micelle 
e q u i l i b r i u m . T h e r e f o r e , mixed monolayer f o r m a t i o n w i l l 
be a more f r u i t f u l f i e l d f o r model development i n t h e 
near f u t u r e than mixed m i c e l l e s because of t h e 
a v a i l a b i l i t y of a method of o b t a i n i n g e x p e r i m e n t a l d a t a 
f o r comparison. 

At v e r y low s u r f a c e coverage a t t h e a i r - w a t e r 
i n t e r f a c e , a phase t r a n s i t i o n i s thought t o occur where 
th e s p a r s e l y covered s u r f a c e forms aggregated s t r u c t u r e s 
on the s u r f a c e (27). I t would be of g r e a t s c i e n t i f i c 
i n t e r e s t t o study t h i s t r a n s i t i o n f o r mixed s u r f a c t a n t 
systems. The s u r f a c e t e n s i o n would need t o be measured 
ve r y a c c u r a t e l y and v e r y pure s u r f a c t a n t s would need t o 
be used f o r t h i s s t u d y . 

For systems e x h i b i t i n g p o s i t i v e d e v i a t i o n s from 
i d e a l i t y of m i x i n g , aggregate patches of d i f f e r e n t 
c o m p o s i t i o n may form on t h e s u r f a c e . I f methods (e.g., 
s p e c t r o s c o p i c ) c o u l d be developed t o d e t e c t t h e average 
s i z e of th e s e d i s t i n c l y d i f f e r e n t p a t c h es, t h i s would 
g i v e i n s i g h t i n t o the monolayer f o r m a t i o n p r o c e s s . 

S o l ub i 1 i ζ a t i on 

In aqueous s u r f a c t a n t s o l u t i o n s , e i t h e r by 
ci r c u m s t a n c e or d e s i g n , n o n - s u r f a c e a c t i v e o r g a n i c 
s p e c i e s may be p r e s e n t . Examples a r e o i l r e c o v e r y , where 
crude o i l i s p r e s e n t , or m i c e l l a r — e n h a n c e d 
u l t r a f i l t r a t i o n , where m i c e l l e s a r e b e i n g used t o e f f e c t 
a s e p a r a t i o n of d i s s o l v e d o r g a n i c p o l l u t a n t s from water. 
The a b i l i t y of mixed m i c e l l e s t o s o l u b i l i z e o r g a n i c 
s o l u t e s has r e c e i v e d r e l a t i v e l y l i t t l e s t u d y . In 
a d d i t i o n , t h e s o l u b i l i z a t i o n of the s e compounds by 
m i c e l l e s may change t h e monomer-micelle e q u i l i b r i u m 
c o m p o s i t i o n s . 

E x p e r i m e n t a l methods t o measure t h e o r g a n i c s o l u t e 
a c t i v i t y i n s u r f a c t a n t s o l u t i o n s over a wide range of 
a c t i v i t i e s (not j u s t a t s a t u r a t i o n ) i n c l u d e vapor 
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p r e s s u r e (28), s e m i - e q u i 1 i b r i u r n d i a l y s i s (29)« m i c e l l a r -
enhanced u l t r a f i l t r a t i o n (50,51), m o l e c u l a r s i e v e 
t e c h n i q u e (51), p o t e n t i o m e t r i c t i t r a t i o n (32), Raman 
s p e c t r o s c o p y (35)« f l u o r e s c e n c e s p e c t r o s c o p y (54), UV 
s p e c t r o s c o p y (35), and NMR (36). A method t o determine 
s u r f a c t a n t a c t i v i t y i n m i c e l l a r s o l u t i o n s c o n t a i n i n g a 
s i n g l e s u r f a c t a n t component and a s o l u b i l i z a t e has a l s o 
been developed (57). 

As our u n d e r s t a n d i n g and a b i l i t y t o model monomer-
m i c e l l e e q u i l i b r i u m i n t h e absence of added s o l u t e s 
e v o l v e s , r e s e a r c h i n t o the more complex systems w i l l 
p r o g r e s s . A combination of methods of measuring 
a c t i v i t i e s of s o l u b i 1 i z a b l e s o l u t e s as w e l l as s u r f a c t a n t 
s p e c i e s i n t h e s e systems w i l l not o n l y p r o v i d e 
i n f o r m a t i o n on s o l u b i l i z a t i o n c a p a c i t y of mixed m i c e l l e s 
f o r s o l u t e , but a l s o show how s o l u t e a f f e c t s s u r f a c t a n t 
i n t e r a c t i o n and m ixin
i n f o r m a t i o n on m i c e l l
s o l u t e would p r o v i d e an even more complete p i c t u r e of t h e 
mixed m i c e l l e and s o l u b i l i z a t i o n t h e r e i n . 

S o l u t e s which s o l u b i l i z e i n t h e m i c e l l a r c o r e might 
be a probe which c o u l d g i v e i n f o r m a t i o n on m i c e l l a r c o r e 
s i z e , or a t l e a s t the sum of t h e i n v e r s e of t h e r a d i i of 
c u r v a t u r e of t h e c o r e , through t h e e f f e c t of L a p l a c e 
p r e s s u r e (58) on s o l u b i l i z a t i o n . S o l u t e s which 
s o l u b i l i z e o u t s i d e of t h e hydrocarbon c o r e i n t h e mixed 
m i c e l l e c o u l d i n t e r a c t w i t h t h e d i f f e r e n t h y d r o p h i l i c 
groups. Both s o l u b i l i z a t i o n and s u r f a c t a n t m i x i n g 
thermodynamics c o u l d be a f f e c t e d by t h e s i m u l t a n e o u s 
presence of t h e d i s s i m i l a r s u r f a c t a n t h y d r o p h i l i c groups 
and the s o l u t e i n t h e same r e g i o n . S y s t e m a t i c s t u d i e s of 
s o l u b i l i z a t i o n of a range of p o l a r s o l u t e s i n m i c e l l e s 
c o n t a i n i n g s u r f a c t a n t m i x t u r e s , which e x h i b i t n e g a t i v e 
d e v i a t i o n from i d e a l i t y of m i x i n g i n t h e absence of 
s o l u t e , over a range of s o l u t e a c t i v i t i e s from the 
Henry's Law r e g i o n t o s a t u r a t i o n a r e needed. An even 
more c h a l l e n g i n g p r o s p e c t f o r t h e f u t u r e i s 
s o l u b i l i z a t i o n of mixed s o l u t e s i n t o mixed m i c e l l e s . 
Nagarajan e t . a l . (59) has s t u d i e d s o l u b i l i z a t i o n of 
mixed s o l u t e s i n t o s i n g l e component m i c e l l e s . 

A d s o r p t i o n on S o l i d s 

The f o r m a t i o n of mixed aggregates on s o l i d s u r f a c e s 
( a d m i c e l l e s ) has o n l y i n t h e l a s t decade been addressed 
i n s y s t e m a t i c f a s h i o n . The s u r f a c e has o n l y been 
s c r a t c h e d i n t h i s i m p o r t a n t t o p i c . 

Most work which has been done has used metal o x i d e s 
as the adsorbent. There i s a need f o r more work on more 
hydrophobic s u r f a c e s (such as t h a t i n Chapter 17). Most 
s y s t e m a t i c s t u d i e s on metal o x i d e s have used f a i r l y 
homogeneous s u r f a c e s . For p r a c t i c a l a p p l i c a t i o n t o 
s i t u a t i o n s where a d s o r p t i o n on more heterogeneous 
s u r f a c e s i s of i n t e r e s t (e.g., detergency, f l o t a t i o n , 
enhanced o i l r e c o v e r y ) , more s t u d y must be done on t h e s e 
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s u r f a c e s . Examples of such s u r f a c e s a r e c l a y s such as 
k a o l i n i t e or montmori11onite- When mixed a d m i c e l l e s form 
on heterogeneous s u r f a c e s , the c o m p o s i t i o n of the s u r f a c e 
patches may vary- I t i s c r u c i a l t o v e r i f y t h i s 
e x p e r i m e n t a l l y i n o r d e r t o understand and model t h i s 
phenomena. For example, a n i o n i c s u r f a c t a n t adsorbs 
s t r o n g l y on alumina (at low or medium pH) (1J3) , but not 
s i g n i f i c a n t l y on s i l i c a (14.) , w h i l e n o n i o n i c s u r f a c t a n t 
adsorbs on s i l i c a ( 1_4) , but not s i g n i f i c a n t l y on alumina 

- K a o l i n i t e i s composed of a l t e r n a t i n g l a y e r s of 
G i b b s i t e (alumina) and s i l i c a . Both a n i o n i c and n o n i o n i c 
s u r f a c t a n t s , and t h e i r m i x t u r e s adsorb s t r o n g l y on t h i s 
m i n e r a l (13.)- Are t h e mixed a d m i c e l l e s formed f a i r l y 
u n i f o r m i n c o m p o s i t i o n , or do those formed on the 
G i b b s i t e l a y e r c o n s i s t m a i n l y of a n i o n i c s u r f a c t a n t w h i l e 
those on t h e s i l i c a l a y e r c o n s i s t of m a i n l y n o n i o n i c 
s u r f a c t a n t ? T h i s q u e s t i o
f o r r e s e a r c h e r s i n t h i

The same thermodynamic q u a n t i t i e s needed f o r mixed 
m i c e l l e f o r m a t i o n ( a l r e a d y d i s c u s s e d ) a r e a l s o needed f o r 
mixed a d m i c e l l e f o r m a t i o n . L u c k i l y , t h e monomer-
a d m i c e l l e e q u i l i b r i u m d a t a can be f a i r l y e a s i l y and 
unambiguously o b t a i n e d (e.g., see Chapter 15). T h i s 
s h o u l d be combined w i t h c a l o r i m e t r i c d a t a f o r a more 
complete thermodynamic p i c t u r e of the mixed a d m i c e l l e . 
As w i t h m i c e l l e s , c o u n t e r i o n b i n d i n g s on mixed a d m i c e l l e s 
a l s o need t o be o b t a i n e d i n o r d e r t o account f o r 
e l e c t r o s t a t i c f o r c e s p r o p e r l y . Only one study has 
measured c o u n t e r i o n b i n d i n g on single-component 
a d m i c e l l e s (40), w i t h none r e p o r t e d f o r mixed a d m i c e l l e s . 

A comparison of the degree of n o n i d e a l i t y between 
mixed a d m i c e l l e s and mixed m i c e l l e s of the same 
c o m p o s i t i o n w i l l be f a s c i n a t i n g and s h o u l d l e a d t o 
g r e a t e r u n d e r s t a n d i n g of both mixed aggregate f o r m a t i o n 
p r o c e s s e s . The importance of the i n f l u e n c e of the 
s u r f a c e on i n t e r a c t i o n s between d i s s i m i l a r s u r f a c t a n t 
components i n t h e a d m i c e l l e i s not w e l l understood. I f 
the s u r f a c e o n l y needs t o be t h e r e t o " n u c l e a t e " the 
p r o c e s s by f o r c i n g a h i g h enough d e n s i t y of adsorbed 
s u r f a c t a n t t o i n i t i a t e a d m i c e l l e f o r m a t i o n , and has 
l i t t l e i n f l u e n c e on i n t e r s u r f a c t a n t i n t e r a c t i o n i n the 
mixed a d m i c e l l e , then mixed m i c e l l e s u r f a c t a n t a c t i v i t y 
c o e f f i c i e n t s , heat of m i x i n g e t c . s h o u l d be s i m i l a r t o 
those of mixed a d m i c e l l e s . There i s l i m i t e d e v i d e n c e 
t h a t t h a t i s not the case (see Chapter 15). I f t h e r e i s 
a d i f f e r e n c e , then a g r e a t deal of study needs t o be done 
t o determine s u r f a c e a f f e c t s on aggregate thermodynamics. 
The a d s o r p t i o n of the s u r f a c t a n t s above the CMC i s 
determined by the c o m p e t i t i o n between m i c e l l e and 
a d m i c e l l e f o r m a t i o n (see Chapter 1). T h i s i s an 
important q u a n i t i t y i n enhanced o i l r e c o v e r y , f o r 
example, so the u n d e r s t a n d i n g of the r e l a t i v e tendency 
f o r m i c e l l e and a d m i c e l l e f o r m a t i o n i s of more than 
academic i n t e r e s t . 

There has been l i m i t e d s p e c t r o s c o p i c i n v e s t i g a t i o n 
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i n t o t h e a g g r e g a t i o n number o-f a d m i c e l l e s -for s i n g l e -
s u r f a c t a n t systems (41)- T h i s would be of g r e a t v a l u e i n 
t h e study of mixed a d m i c e l l e s . 

I t would be of s c i e n t i f i c i n t e r e s t t o s t u d y the 
a d s o r p t i o n of mixed s u r f a c t a n t systems showing p o s i t i v e 
d e v i a t i o n s from i d e a l i t y , as has been d i s c u s s e d f o r mixed 
m i c e l l e s and monolayers. 

In the r e a l w o r l d , s o l u b l e o r g a n i c m a t e r i a l s may be 
p r e s e n t i n t h e aqueous s u r f a c t a n t system. As w i t h 
m i c e l l e s , i t i s i m p o r t a n t t o know how t h e s e a f f e c t mixed 
a d m i c e l l e f o r m a t i o n and how w e l l t h e s e o r g a n i c s a r e 
s o l u b i l i z e d i n t h e a d m i c e l l e ( a d s o l u b i 1 i z e d ) . 

In the o i l f i e l d a p p l i c a t i o n s , t h e r e s e r v o i r can a c t 
as a g i a n t chromatographic column, c a u s i n g s e p a r a t i o n of 
components i n the i n j e c t e d s l u g d u r i n g an o p e r a t i o n 
(chromatographic s e p a r a t i o n ) . Given an a d s o r p t i o n 
i s o t h e r m f o r a mixe
i f t h e system i s
work has been done t o e x p e r i m e n t a l l y s t u d y r a t e 
( d i f f u s i o n , n o n - e q u i l i b r i u m a d s o r p t i o n ) e f f e c t s f o r 
i n c l u s i o n i n t o a model. S i n c e t h e s e may be important i n 
a c t u a l i t y , t h i s c o mbination of a d s o r p t i o n thermodynamics, 
t r a n s p o r t i n porous media e q u a t i o n s , and r a t e s t u d i e s f o r 
s u r f a c t a n t s s h o u l d not o n l y be i n t e r e s t i n g and 
c h a l l e n g i n g t o develop, but w i l l be of economic 
importance as w e l l . 

S u r f a c t a n t P r e c i p i t a t i o n 

S t u d i e s of s u r f a c t a n t p r e c i p i t a t i o n have c o n c e n t r a t e d on 
p r e d i c t i n g t h e p r e c i p i t a t i o n phase b o u n d a r i e s ( i . e . , t h e 
amount of added e l e c t r o l y t e n e c e s s a r y t o cause 
p r e c i p i t a t i o n ) . On t h e phase boundary, o n l y an 
i n f i n t e s i m a l amount of p r e c i p i t a t e i s formed, and t h e 
p r e c i p i t a t e g e n e r a l l y c o n t a i n s o n l y one t y p e of c r y s t a l . 
T h i s phase boundary has been modeled f o r i o n i c / n o n i o n i c 
s u r f a c t a n t s where monovalent s a l t i s t h e added 
e l e c t r o l y t e (43), but no such model i s a v a i l a b l e t o 
p r e d i c t hardness t o l e r a n c e , which i s of even more 
p r a c t i c a l importance. S y s t e m a t i c e x p e r i m e n t a l hardness 
t o l e r a n c e d a t a on mixed i o n i c / n o n i o n i c s u r f a c t a n t systems 
needs t o be o b t a i n e d and a model developed t o d e s c r i b e 
i t . 

Systems i n which s u r f a c t a n t p r e c i p i t a t e i s p r e s e n t i n 
s u b s t a n t i a l q u a n t i t i e s i n e q u i l i b r i u m w i t h m i c e l l e s and 
monomer a r e of i n t e r e s t . For example, i n a t e c h n i q u e f o r 
improving m o b i l i t y c o n t r o l i n o i l r e s e r v o i r s , s u r f a c t a n t 
i s p u r p o s e l y p r e c i p i t a t e d i n t h e permeable r e g i o n of a 
r e s e r v o i r t o p l u g i t (44). When s u b s t a n t i a l p r e c i p i t a t e 
i s p r e s e n t , c r y s t a l s of d i f f e r e n t c o m p o s i t i o n can be i n 
s i m u l t a n e o u s e q u i l i b r i u m . E x p e r i m e n t a l s t u d y and 
modeling of t h e s e systems where s e v e r a l K e F* r e l a t i o n s h i p s 
a r e s i m u l t a n e o u s l y s a t i s f i e d w i l l be a c h a l l e n g i n g t a s k . 

The k i n e t i c s of c r y s t a l l i z a t i o n i s an important 
phenomena. Whether t h e s u r f a c t a n t system has exceeded 
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t h e p r e c i p i t a t i o n phase boundary i n a washing machine 
w i t h a r e s i d e n c e time o-f 30 minutes may be i r r e l e v a n t i f 
20 h r s a r e r e q u i r e d -for s u b s t a n t i a l p r e c i p i t a t i o n t o 
occ u r . S y s t e m a t i c s t u d i e s o-f t h e r a t e e f f e c t s a r e needed 
f o r both s i n g l e and multicomponent s u r f a c t a n t systems. 

The s i z e of s u r f a c t a n t p r e c i p i t a t e s t r u c t u r e s may 
v a r y w i d e l y , from c o l l o i d a l p r e c i p i t a t e , t o o s m a l l t o be 
seen v i s u a l l y , t o l a r g e c r y s t a l s . T h i s i s an imp o r t a n t 
p r o p e r t y , because some d e l e t e r i o u s e f f e c t s of s u r f a c t a n t 
p r e c i p i t a t i o n c o u l d be minimized or b e n e f i c i a l e f f e c t s of 
p r e c i p i t a t i o n c o u l d be negated i f t h e p r e c i p i t a t e were of 
c o l l o i d a l dimensions. Examples of t h e importance of 
p r e c i p i t a t e s t r u c t u r e and s i z e i n c l u d e t h e aforementioned 
o i l f i e l d p r o c e s s and r e c o v e r y of s u r f a c t a n t from 
s u r f a c t a n t - b a s e d s e p a r a t i o n s v i a p r e c i p i t a t i o n - f i l t e r i n g . 
E f f e c t s of u s i n g s u r f a c t a n t m i x t u r e s on p r e c i p i t a t e 
s t r u c t u r e s would be

Cloud P o i n t Phenomena 

The c l o u d p o i n t phenomena as a lower c o n s o l u t e s o l u t i o n 
temperature i s becoming b e t t e r understood i n terms of 
c r i t i c a l s o l u t i o n t h e o r y and t h e fundamental f o r c e s 
i n v o l v e d f o r pure n o n i o n i c s u r f a c t a n t systems. However, 
the phenomena may s t i l l o ccur i f some i o n i c s u r f a c t a n t i s 
added t o the n o n i o n i c s u r f a c t a n t system. A c h a l l e n g e t o 
t h e o r e t i c i a n s w i l l be t o model t h e s e mixed i o n i c / n o n i o n i c 
systems. T h i s w i l l r e q u i r e i n c l u s i o n of e l e c t r o s t a t i c 
c o n s i d e r a t i o n s i n the modeling. 

As t h e temperature of a mixed s u r f a c t a n t system i s 
i n c r e a s e d above i t s c l o u d p o i n t , t h e c o a c e r v a t e 
(concentrated) phase may go from a c o n c e n t r a t e d m i c e l l a r 
s o l u t i o n (e.g., 1 weight V. s u r f a c t a n t ) t o c a . 30 weight V* 
s u r f a c t a n t . For mixed i o n i c / n o n i o n i c systems, i t would 
be of i n t e r e s t t o measure thermodynamic p r o p e r t i e s of 
mixi n g i n t h i s c o a c e r v a t e as t h i s temperature i n c r e a s e d 
t o see i f the changes from m i c e l l e t o c o n c e n t r a t e d 
c o a c e r v a t e were c o n t i n u o u s or i f d i s c o n t i n u i t i e s o c c u r r e d 
a t c e r t a i n t e m p e r a t u r e s / c o m p o s i t i o n s . The s i m i l a r i t i e s 
and d i f f e r e n c e s between t h e m i c e l l e and c o a c e r v a t e c o u l d 
be made clearer by such an experiment. 

Mi seel1aneous 

The d i s c u s s i o n so f a r has fo c u s e d p r e d o m i n a t e l y on 
i n d i v i d u a l a g g r e g a t i o n p r o c e s s e s . However, as d i s c u s s e d 
a t l e n g t h i n Chapter 1, t h e s e p r o c e s s e s o f t e n do not 
occur i n i s o l a t i o n , but s e v e r a l a r e o f t e n p r e s e n t 
s i m u l t a n e o u s l y . A l s o , advantage can be taken of 
si m u l t a n e o u s m u l t i a g g r e g a t e f o r m a t i o n f o r p r a c t i c a l 
a p p l i c a t i o n s by t h e s u r f a c t a n t t e c h n o l o g i s t . T h e r e f o r e , 
the s t u dy of systems w i t h s e v e r a l aggregates p r e s e n t 
s i m u l t a n e o u s l y , on o t h e r than an e m p i r i c a l b a s i s , w i l l 
become more f r e q u e n t over t h e next few decades. As an 
a d j u n c t t o t h i s , t h e comparative s t u d y of t h e f o r m a t i o n 
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o-f d i f f e r e n t s u r f a c t a n t aggregates f o r t h e same 
s u r f a c t a n t system w i l l be seen more f r e q u e n t l y a l s o i n 
mixed s u r f a c t a n t i n v e s t i g a t i o n s . T h i s i s now be i n g 
commonly done f o r m i c e l l e s and monolayers, as seen i n 
Chapters 11-14. 

There a r e a number of p r o c e s s e s which have not been 
d i s c u s s e d (because of space) i n which m i x t u r e of 
s u r f a c t a n t s a r e i m p o r t a n t . Among th e s e a r e foaming, 
emulsion f o r m a t i o n , l i q u i d c r y s t a l f o r m a t i o n , 
microemulsion f o r m a t i o n , a d s o r p t i o n as l i q u i d - l i q u i d 
i n t e r f a c e s , and phase p a r t i t i o n i n g of s u r f a c t a n t s between 
i m m i s c i b l e l i q u i d phases. These a r e a s w i l l a l s o see 
i n c r e a s e d i n t e r e s t i n t h e use of s u r f a c t a n t m i x t u r e s . 

Summary 

T h i s c h a p t e r has attempte
which t h i s autho
r e s e a r c h w i l l tend t o c o n c e n t r a t e i n t h e s u r f a c t a n t 
m i x t u r e s f i e l d . I hope t h a t t h i s c h a p t e r has s t i m u l a t e d 
some s p e c u l a t i v e thought on r e s e a r c h needed t o advance 
knowledge i n t h i s i m p o r tant a r e a . 
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monomer (370 nm) i n t e n s i t y 
r a t i o s , 96f 

C a l c i u m - B i l e s a l t 
d imer  260f 

g lycochenodeoxycholate and 
g lycoursodeoxycho la te , 256-268 

m a t e r i a l s used i n s tudy, 257 
procedure used i n s tudy , 257 

Calc ium s a l t 
s o l u b i l i t y , 26 l -264 f 
g lycoursodeoxycho la te -

g lycochenodeoxycholate -
l e c i t h i n - c h o l e s t e r o l raonohydrate 
systems, 258 

Calc ium s o l u b i l i t y , 
g lycoursodeoxycho la te -
g lycochenodeoxycholate -
l e c i t h i n systems, 258 

C a t i o n i c - a n i o n i c s u r f a c t a n t systems, 
hydrocarbon- f luorocarbon s u r f a c t a n t s 
examined, 191-194 

C a t i o n i c - c a t i o n i c s u r f a c t a n t systems, 
p r e c i p i t a t i o n , 19-20 

Chain l ength c o m p a t i b i l i t y , 
hydrophobic i n t e r a c t i o n s exp la ined 
f o r mixed s u r f a c t a n t s , 129 

Chemical e q u i l i b r i u m model, 
c r e d i b i l i t y o f t r a n s f e r - f u n c t i o n s 
s i m u l a t i o n , 86 

Chemical p o t e n t i a l 
component i n bulk s o l u t i o n , 

equat ion , 2 2 8 
free monomeric s u r f a c t a n t component 

i n s o l u t i o n , 104 
MAM for mixed m i c e l l e s , 46 
monomer phase, mixed m i c e l l e 

format ion , 33 
s u r f a c t a n t component i n an absorbed 

monolayer o f pure 
s u r f a c t a n t , 104 

C h o l e s t e r o l monohydrate 
d i s s o l u t i o n by g lycoursodeoxychola te 

enhanced, 265 
s o l u b i l i t y o f prepared d i s k s , 267t 
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Cloud point 
consolute s o l u t i o n temperature 

comparison, 21 
e q u i l i b r i u m i n systems, 22 
i s o t r o p i c phases, 21 
phenomena, 21-22 
phenomena understanding, 334 

Coacervate phase, studied when 
temperature r i s e s above cloud 
p o i n t , 334 

Compression isotherms, made f o r 
octadecyldimethylamine 
oxide-sodium dodecyl s u l f a t e 
system, 125 

Conductance, s p e c i f i c 
p l o t vs. mole r a t i o s of methanol 

to b i s ( 2 - e t h y l h e x y l ) sodium 
s u l f o s u c c i n a t e explained, 287 

p l o t vs. volume f r a c t i o
methanol i n a 2:1 
t r i o l e i n - s u r f a c t a n t 
system, 293f,294f 

p l o t vs. volume f r a c t i o n of 
methanol i n s u r f a c t a n t systems 
explained, 287-292 

Consolute s o l u t i o n temperature 
comparison, cloud p o i n t , 21 

Counterion binding 
mixed m i c e l l e s , 12,327-328 
nonylphenol ethoxylates, 41t 
parameters, monomer concentration 

dependence, 54 
s u r f a c t a n t s , binary systems, 

degree, 45 
C r i t i c a l admicelle concentration 

analogy to CMC, 205 
d e f i n i t i o n , 201 

C r i t i c a l m i c e l l e concentration (CMC) 
adsorption on metal oxide 

s u r f a c e , 17 
a l k y l a l c o h o l e f f e c t on 

hydrocarbon-fluorocarbon 
s u r f a c t a n t s , 173-174 

b i s ( 2 - e t h y l h e x y l ) sodium 
s u l f o s u c c i n a t e , 285 

chemical p o t e n t i a l of monomer i n 
pure s u r f a c t a n t s o l u t i o n , 105 

comparison of experimental and 
t h e o r e t i c a l values, 35 

d e f i n i t i o n , 3 
equation f o r binary s u r f a c t a n t 

systems, 232 
equation f o r mixed m i c e l l e s , 204 
f l o t a b i l i t y r e l a t e d , 222 
fu n c t i o n of su r f a c t a n t 

composition, 235f 
i n f l u e n c i n g monolayer formation, 14 
m i c e l l e i n t e r a c t i o n s , 31 
mixed m i c e l l e systems, a c t i v i t y 

c o e f f i c i e n t s , 31 
mixed s u r f a c t a n t values at 30 C, 5f 
nonaethoxylated f a t t y a l c o h o l s , 

surface pressure a t , 298-302 

C r i t i c a l m i c e l l e concentration 
(CMC)—Continued 
nonideal mixed m i c e l l e s , 9 
nonylphenol deca(oxyethylene 

glycoD-sodium dodecyl s u l f a t e 
systems, 234 

nonylphenol ethoxylates, 35 
p r e d i c t i o n f o r mixed s u r f a c t a n t 

systems, 3 2 - 3 3 
r e l a t i o n to t o t a l s u r f a c t a n t 

composition, 232 
sodium decyl sulfate-sodium 

dodecyl s u l f a t e system, 211-213f 
s u r f a c t a n t s i n methanol, 285t 
temperature dependence used to 

c a l c u l a t e entropy of m i c e l l e 
mixing, 327 

values f o r mixed m i c e l l e 

D 

Decyldimethylphosphine oxide, 
nonideal mixed monolayer model 
ap p l i e d to s o l u t i o n s , 1 0 7 - 1 0 8 

Decylmethyl s u l f o x i d e , CMC's and 
surface tensions f o r 
mixtures, 11 Of 

Decylraethylsulfoxide-
cetyltrimethylammonium bromide, 
mixed CMC's, 59 

D e c y l t r i m e t h y l ammonium bromide, 
nonideal mixed monolayer model 
used to de s c r i b e , 1 0 8 - 1 0 9 

Detergency, mixed nonaethoxylated 
a l c o h o l s compared, 305 

Detergent-removal method, described 
f o r phospholipid v e s i c l e 
formation, 271 

D i a l k y l amphiphiles 
chosen to form v e s i c l e s by 

detergent-removal method, 271 
s t r u c t u r e s , 273 

D i s t r i b u t i o n c o e f f i c i e n t , a l k y l 
a l c o h o l between m i c e l l a r and 
aqueous s o l u t i o n , 181 

Docosyldimethylamine oxide, surface 
c h a r a c t e r i s t i c s , 117 

Docosyldimethylamine oxide-nonadecyl-
benzene sulfonate 

mixed monolayer p r o p e r t i e s , 131 
surface tension lowering, 131 

Dodecylammonium c h l o r i d e , chemical 
p o t e n t i a l s expressed, 319 

Dodecyldimethylamine oxide, CMC's and 
surface tensions f o r 
mixtures, 1 1 1 f 
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Ε 

E l e c t r i c a l work, m i c e l l e 
formation, 186 

El e c t r o n microscope, photograph, 275f 
E m u l s i f i c a t i o n p r o p e r t i e s , mixed 

nonaethoxylated a l c o h o l 
s o l u t i o n , 305 

Emulsion 
c h a r a c t e r i s t i c s of nonaethoxylated 

a l c o h o l s o l u t i o n , 307-308f 
d r o p l e t s , binary s u r f a c t a n t 

systems, 247t 
preparation under c o n t r o l l e d 

c o n d i t i o n s , 243 
Enthalpies of 

d i l u t i o n , 1-butoxyethanol, 82t 
Enthalpies of t r a n s f e r 

1-butoxyethanol from wate
to sodium decanoate,

sodium decanoate from water to 
1-butoxyethanol, 86 

Enthalpy 
m i c e l l i z a t i o n f o r nonylphenol 

ethoxylates, 42t 
mixing decylbenzene sulfonate 

m i c e l l e s with nonylphenol 
ethoxylate m i c e l l e s , 42t 

Entropy, m i c e l l i z a t i o n f o r nonyl
phenol eth o x y l a t e s , 42t 

E q u i l i b r i u m constant, mixed m i c e l l e 
formation, 34 

Excess free energy of mixing, mixed 
s u r f a c t a n t systems, 31-32 

F 

Fading r a t e , examined f o r azo o i l dyes 
i n mixed s u r f a c t a n t systems, 74-77 

F i s h e r - T a y l o r - H i r s c h f e l d e r atom model 
methanol-bis(2-ethylhexyl) sodium 

s u l f o s u c c i n a t e complex, 291f 
raethanol-bis(2-ethylhexyl) sodium 

s u l f o s u c c i n a t e dimer, 287 
F l o t a b i l i t y , r e l a t e d to su r f a c t a n t 

adsorption l a y e r , 218 
F l o t a t i o n recovery 

b a r i t e as dependent on sodium 
a l k y s u l f a t e 
concentration, 221f,222f,223f 

f l u o r i t e , as dependent on sodium 
dodecylbenzene sulfonate 
concentration, 220f 

quartz, as dependent on 
c e t y l p y r i d i n i u m c h l o r i d e 
concentration, 221f 

Fluorescence i n t e n s i t y 
ANS probe i n aqueous s i n g l e 

s u r f a c t a n t s o l u t i o n , 62 

Fluorescence i n t e n s i t y — C o n t i n u e d 
ANS probe i n fluorocarbon 

s u r f a c t a n t s o l u t i o n , 63 
concentration of 

s u r f a c t a n t , 64f 
Fluorescence probe 

c h a r a c t e r i z a t i o n t o o l , 90 
instrumentation used i n calcium 

a l k a r y l s u l f o n a t e study, 91 
l i m i t s of a p p l i c a t i o n , 90 
1-pyrene carboxaldehyde, 95 

Fluorescence s p e c t r a , 
dioctadecyldimethylammonium 
c h l o r i d e , 280f 

Fluorocarbon s u r f a c t a n t s , 
c h a r a c t e r i s t i c s , 184 

Foaming, mixed nonaethoxylated 
a l c o h o l s o l u t i o n , 305 

s i n g l e s u r f a c t a n t systems, 2 3 0 - 2 3 1 
c a l c u l a t e d f o r mixed m i c e l l e s , 41t 
ga i n , when hydrocarbon part of 

su r f a c t a n t s t r a n s f e r r e d from 
aqueous to hydrocarbon 
environment, 2 3 1 - 2 3 2 

m i c e l l i z a t i o n , s i n g l e 
s u r f a c t a n t systems, 231 

mixing, surface phase 
f o r s u r f a c t a n t mixtures, 229-230 

G 

Gibbs adsorption equation, case of 
mixed aqueous s o l u t i o n , 174 

Gibbs equation 
nonionic monolayer and an i o n i z e d 

s u r f a c t a n t a p p l i c a t i o n , 134 
surface adsorption of binary mixed 

systems, 188 
Glycoursodeoxycholate, g a l l s t o n e 

treatment method, 256 
Gouy-Chapman theory, discussed, 129 

H 

Head group i n t e r a c t i o n s , surface 
p r o p e r t i e s of mixed s u r f a c t a n t s 
a l t e r e d , 129 

Heat c a p a c i t i e s 
sodium decanoate, 82 
sodium decanoate s o l u t i o n s , 83f 

Heat c a p a c i t i e s of 
t r a n s f e r , 2-butoxyethanol 
s o l u t i o n s , 83f 

In Phenomena in Mixed Surfactant Systems; Scamehorn, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



INDEX 343 

Heat of mixing, thermodynamic model 
tested f o r mixed m i c e l l e s , 42 - 4 3 

Hemimicelles—See Admicelles 
Henry's law regi o n , d e s c r i p t i o n , 201 
Hexadecyl-trimethylammonium bromide 

(CTAB) 
penet r a t i o n of c h o l e s t e r o l 

monolayers, 1 3 7 f 
procedure comparison f o r c a l c u l a t i n g 

p enetration of c h o l e s t e r o l 
monolayers, I40f 

Hydration model 
fading rate explanation of azo o i l 

dyes i n mixed s u r f a c t a n t 
systems, 77 

SDS-poly(oxyethylene) ether 
system, 77f 

Hydrocarbon-based/fluorocarbon-based 
s u r f a c t a n t s , p o s i t i v e
from i d e a l i t y , 12 

Hydrodynamic p a r t i c l e radiu
dioctadecyldimethylammonium, 

273f,275f,276f 
dioctadecyldimethylammonium 

bromide, 276f,277f 
N,N-di(dodecanoyloxyethyl)amide, 277f 

Hydrocarbon s u r f a c t a n t , presence of 
the ANS probe, 62 

Hydrodynamic radius 
increase a f t e r d i a l y s i s , 274 
nonionic d i a l k y l amphiphiles, 274 
p l o t t e d vs. concentration f o r a l k y l 

amphiphiles, 272-274 
H y d r o p h i l e - l i p o p h i l e balance (HLB), 

i n f l u e n c e of s e l f - e m u l s i f i c a t i o n 
temperature on s u r f a c t a n t s , 247 

Hydrophobic chains, packing a f f e c t i n g 
surface tension of 
s u r f a c t a n t s , 177 

Hydrophobic s o l u t e s , trends 
i n t e r p r e t e d f o r m i c e l l a r 
s o l u t i o n s , 80 

Hydrophobic s u r f a c e s , s u r f a c t a n t 
adsorption, 18 

I 

I n t e r a c t i o n parameters 
a l k y l a l c o h o l - s u r f a c t a n t 

systems, 180 
a n i o n i c - c a t i o n i c s u r f a c t a n t 

systems, 158 
binary mixtures of s u r f a c t a n t s , 145 
binary surface a c t i v e mixtures, 179 
binary s u r f a c t a n t systems, 1 9 0 t , 1 9 3 t 
e f f e c t of i o n i c strength of 

s o l u t i o n , 161t 
e f f e c t of length of the POE 

chain, l 6 l t 

I n t e r a c t i o n parameters—Continued 
e f f e c t of s t r u c t u r a l and molecular 

environmental f a c t o r s , 158-162 
e v a l u a t i o n b a s i s , equations, 145 
experimental determination, 147 
experimental e v a l u a t i o n , I48f 
mixed monolayers defined, 146 
monolayer formation, 14 
mutual p h o b i c i t y a f f e c t i n g 

values, 180 
nonaethoxylated a l c o h o l s , 302 
obtained f o r mixed m i c e l l e s , 153 
used to p r e d i c t surface tension 

values, 146 
I n t e r f a c i a l density 

equation, 315 
dodecylammonium c h l o r i d e , 316 f 
1-octadecanol, 317 f 

I n t e r f a c i a l pressure 
d e f i n i t i o n , 315 
p l o t t e d vs. mean area per absorbed 

molecule, b a s i s , 315-319 
p l o t t e d vs. mean area per molecule 

f o r 1-octadecanol-dodecylamraonium 
c h l o r i d e system, 3l8f,320f 

I n t e r f a c i a l p r o p e r t i e s , determination 
for binary mixtures, 144-145 

I n t e r f a c i a l tension 
expression f o r s i n g l e s u r f a c t a n t i n 

water, 228 
measurement i n 

1-octadecanol-dodecylammonium 
c h l o r i d e study, 3 1 3 - 3 1 5 

minimum t o t a l concentration of mixed 
s u r f a c t a n t needed, 152 

p l o t t e d vs. concentration f o r 
1-octadecanol-dodecylamraonium 
c h l o r i d e system, 3 l 4 f , 3 l 6 f 

p l o t t e d vs. temperature f o r 
1-octadecanol-dodecylammonium 
c h l o r i d e system, 3 14f 

reduction e f f i c i e n c y defined, 150 
t o t a l d i f f e r e n t i a l expressed f o r 

octadecanol-dodecylammonium 
c h l o r i d e system, 313-315 

Inverted m i c e l l e s — S e e M i c e l l e s , 
inverted 

I o n i c - i o n i c s u r f a c t a n t systems 
azeotrope m i c e l l i z a t i o n , 52f 
sample c a l c u l a t i o n s using the 

pseudophase separation 
model, 53-54 

Ion i c - n o n i o n i c mixed m i c e l l e s 
counterion b i n d i n g , 13 
negative d e v i a t i o n from 

i d e a l i t y , 7-9 
Io n i c - n o n i o n i c s u r f a c t a n t systems 

adsorption on metal oxide 
surface, 17 
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I o n i c - n o n i o n i c s u r f a c t a n t 
sy s t ems—Continued 

entropy importance i n m i c e l l e 
formation modeling, 41-42 

K r a f f t temperature, 20 
model, p r e d i c t i o n , 54 
p r e c i p i t a t i o n , 20 
s a l i n i t y tolerance p r e d i c t e d , 20 
sample c a l c u l a t i o n s using the 

pseudophase separation 
model, 53-54 

I o n i c s u r f a c t a n t s , t o t a l surface 
adsorption enhanced by a l k y l 
a l c o h o l , 177 

Κ 

Kinematic v i s c o s i t y 
methanol b i s ( 2 - e t h y l h e x y l ) sodium 

s u l f o s u c c i n a t e , 286-287 
p l o t vs. amount of s o l u b i l i z e d 

methanol, 287f 
K r a f f t temperature, d e f i n i t i o n and 

use, 19 

L 

Latex, thermodynamic treatment of 
adsorption of s u r f a c t a n t s , 227-233 

L e c i t h i n 
mixed m i c e l l e shape i n b i l e s a l t 

s o l u t i o n s , 258 
mixed m i c e l l e s c o n s i s t i n g of b i l e 

s a l t s , 259f 
L i q u i d c r y s t a l s , formation 
glycoursodeoxycholate-

glycochenodeoxycholate-lecithin-
c h o l e s t e r o l monohydrate 
s o l u t i o n s , 265 

glycoursodeoxycholate-
glycochenodeoxycholate-lecithin 
s o l u t i o n s , 268t 

M 

Mass a c t i o n model (MAM) 
azeotrope m i c e l l i z a t i o n , 49 
chemical p o t e n t i a l s defined, 46 
counterion concentration 

equation, 46-48 
described f o r mixed 

m i c e l l i z a t i o n , 45-49 
m i c e l l e concentration determined, 48 
parameters f o r sodium 

decanoate-1-butoxyethanol 
system, 85t 

Mean area per molecule 
d e f i n i t i o n , 315 
p l o t t e d vs. mole f r a c t i o n of 

dodecylammonium c h l o r i d e , 320f 
Mean emulsion drop l e t diameter (MEDD) 

a n a l y s i s methods of s e l f - e m u l s i f i e d 
systems, 244 

a n a l y s i s of vegetable o i l - n o n i o n i c 
systems, 245-250 

temperature e f f e c t on 
s e l f - e m u l s i f y i n g systems, 250 

Metal oxides 
stu d i e s of admicelles 

summarized, 331-333 
s u r f a c e s , s u r f a c t a n t adsorption, 17 

Methanol 
d i e l e c t r i c constants, d i p o l e moments 

and e f f e c t i v e p o l a r i t i e s , 286t 

M i c e l l a r p s e u d o a c t i v i t y , parametric 
values used, 40t 

M i c e l l a r s u r f a c t a n t composition, 
p r e d i c t i o n , 4 

M i c e l l e s 
concentration, determined f o r 

MAM, 48 
composition, a f f e c t e d by 

n o n i d e a l i t y , 9 
core s i z e , p o s s i b l e method of 

determination, 331 
e q u i l i b r i u m , a z e o t r o p i c behavior, 9 
f l u i d i t y , calcium 

a l k a r y l s u l f o n a t e s , 92-95 
formation 

gaps i n current knowledge, 325 
mass a c t i o n model discussed, 328 

i d e a l 
CMC, 3-4 
d e s c r i p t i o n , 3-7 

i n v e r t e d , b e n e f i t s of study, 329 
mixed 

a p r i o r i p r e d i c t i o n s of mixed 
m i c e l l a r behavior, 4-7 

a c t i v i t y c o e f f i c i e n t f o r 
formation, 34 

adsorption behavior of two 
s u r f a c t a n t s i n e q u i l i b r i u m 
explained, 163 

approaches of thermodynamic 
s t u d i e s , 79 

binary system modeled, 4 
counterion b i n d i n g , 12 
enthalpies and entropies of 

mixing, 326-327 
e q u i l i b r i u m constant f o r 

formation, 34 
e q u i l i b r i u m with monomer, 205 
formation 

due to the d i f f e r e n t a l k y l chain 
lengths, 68 
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M i c e l l e s — C o n t i n u e d 
equation, 180-181 
nonaethoxylated 

a l c o h o l s , 302-305 
polyoxyethylene carboxylate and 

a l k y l poly(oxyethylene) 
ether systems, 72 

synergism, 152-153 
free energy, c a l c u l a t e d f o r , 41t 
i n t e r a c t i o n parameter 

obtained, 153 
model p r e d i c t i o n s and measured 

value d i f f e r e n c e s 
explained, 40-43 

monomer a c t i v i t y measurement 
a c t i v i t y measurement methods, 

40-43 
concentration of a binary 

mixture, 4 
phase chemical p o t e n t i a l s

negative d e v i a t i o n fro
i d e a l i t y , 7-9 

nonideal d e s c r i p t i o n , 11 
polyethoxylated s u r f a c t a n t s 

examined, 10 
p o s i t i v e d e v i a t i o n s from 

i d e a l i t y , 12 
su r f a c t a n t i n t e r a c t i o n described 

by s o l u t i o n theory, 7 
synergism i n formation, 153t 
thermodynamic models, experimental 

c o n d i t i o n s , 34-35 
thermodynamics of formation, 33-34 

p r a c t i c a l processes, example, 2 
s i z e and shape, 327 
s o l u b i l i z a t i o n , 15 
t r a n s i t i o n to other aggregates, 327 

M i c e l l i z a t i o n 
azeotropes 

c a l c u l a t e d f o r MAM, 49 
pseudophase separation model, 51 

d e s c r i p t i v e equations, 185-187 
f e a s i b i l i t y i n methanol, 286 
fluorocarbon and hydrocarbon 

s u r f a c t a n t s , 184-198 
mixed, new mathematical 

models, 44-59 
standard free energy, r e l a t i o n s h i p to 

average hydrocarbon chain 
l e n g t h , 307f 

thermodynamic p r o p e r t i e s f o r various 
s u r f a c t a n t s , 35t 

Minerals 
adsorption, e l e c t r o k i n e t i c , and 

f l o t a t i o n p r o p e r t i e s above the 
CMC, 216-224 

f l o t a t i o n b a s i s , 216 
hydrophobicity, 216 
ma t e r i a l s and methods used i n 

f l o t a t i o n p r o p e r t i e s study, 217 
Mixed absorbed f i l m s , i n v e s t i g a t i o n 

approaches at o i l - w a t e r 
i n t e r f a c e , 312 
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