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FOREWOR
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 typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

W O R L D W I D E C O N S U M P T I O N O F S U R F A C T A N T S , even excluding soaps, is 
now measured in billions of pounds. In the United States alone, surfactants 
are a multibillion dollar industry, with hundreds of different types used in 
industrial and consumer products for a multitude of different purposes. 

Although a vast literature exists on the properties of surfactants, the 
amount of data from which reliable chemical structure/property relation
ships can be drawn is surprisingl
data is the marked effect tha y  quantitie  highly
impurities can have on the properties of surfactants in solution, coupled with 
the difficulty of removing some of these impurities when they are present. 
Moreover, many investigations into the properties of surfactants have dealt 
with commercial materials that are mixtures of surface-active compounds, 
and structure/property correlations so based are often of questionable 
validity because of insufficient characterization of the materials investigated. 
On the other hand, the effect of surface-active impurities has been known for 
about 40 years now, and careful investigators have compiled a body of data 
that, although limited in scope, has made available some information on 
chemical structure/property relationships. 

Recent years have seen a revival of interest in the study of surfactants 
and their properties, in part due to their potentialities for use in enhanced oil 
recovery. In addition, greater awareness of the effects of impurities, the 
availability of a variety of high-purity surfactants from a number of commer
cial sources, and improved methods for characterizing and purifying mate
rials have resulted in an increased number of investigations containing data 
on surfactant properties from which reliable conclusions can be drawn. 

The symposium on which this book is based assembled the results of 
worldwide research on surfactant structure/performance relationships by 
most of the active groups throughout the world. Most of the papers included 
here embody recent research results; a few are invited overview papers. 

The use of the facilities of the Department of Chemistry of Brooklyn 
College, City University of New York, greatly expedited the editing of the 
manuscripts and is gratefully acknowledged. I should like to thank Theresa 
Rudd and Barbara Fudge of the secretarial staff of the department for typing 
revised portions of the manuscripts and the necessary correspondence. My 
thanks also to the unnamed referees for their conscientious examination of 

ix 
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the manuscripts, and to the authors for their interest in the symposium and 
their cooperation in making this volume possible. 

MILTON J. R OSEN 
Great Neck, New York 

February 1984 
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1 
Interfacial and Performance Properties of Sulfated 
Polyoxyethylenated Alcohols 

M . J. S C H W U G E R 

Henkel KGaA, (4000) Düsseldorf, Box 1100, Germany 

Alkyl ether sulfates are  after a lkyl benzene 
sulfonates(LAS)
important anioni
production volume and product value. They have 
in comparison with other anionic surfactants 
special properties which are based on the 
particular structure of the molecule. These 
are expressed, for example, in the general 
adsorption properties at different interfaces, 
and in the Krafft -Point . Alkyl ether sulfates 
may be used under conditions, at which the 
utilization of other surfactant classes is 
very l imited. They possess part icularly 
favorable interfac ia l and application 
properties in mixtures with other surfactants. 
The paper gives a review of all important 
mechanisms of action and properties of interest 
for application. 

Alkyl ether sulfates with chain lengths ranging from 
T O C J A are quantitatively the most important pro

ducts currently based on fatty alcohols. It is e s t i 
mated, that about 20 % of a l l surfactant alcohols -
about 40 % of a l l fatty alcohols in the coconut range 
(C ,2~" c -IA) " a r e used in the form of a lkyl ether 
sulfated ( 1̂ ). Alkyl ether sulfates are the most impor
tant group of anionic surfactants after linear a l k y l -
benzenesulfonate (LAS) (2^. 

In 1980, the total consumption of a lkyl ether 
sulfates in Western Europe equaled that of a l l other 
anionic surfactants with the exception of alkylbenzene-
sulfonates (Fig. 1). Since alkyl ether sulfates are the 
most expensive group of anionic surfactants, which are 
produced in larger quantities, their importance on a 

0097-6156/ 84/0253-0003506.00/0 
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value basis i s even more pronounced. The main areas of 
a p p l i c a t i o n of f a t t y ether s u l f a t e s i n Europe are 
cosmetic r i n s e - o f f preparations (shampoos, bubble baths, 
shower baths) and manual l i q u i d dishwashing detergents. 

In a d d i t i o n , i n the USA ether s u l f a t e s are used on 
a large scale i n laundry detergents. For that reason, 
t h e i r market share i n the USA i s even larger than i n 
Europe (3). At present, a l k y l ether s u l f a t e s are prima
r i l y useïï i n the form of t h e i r Na s a l t s . In the past, 
however, cosmetic preparations containing ammonium and 
Mg s a l t s have also been quite common (4). 

The great t e c h n i c a l and economic Tmportance of 
t h i s product group was reached despite i t s higher p r i c e 
only because of i t s s p e c i a l p r o p e r t i e s . Due to the 
i o n i c s u l f a t e group
ether s u l f a t e s combin
and nonionic surfactants i n one molecule. This provides 
a number of properties, one of which, the K r a f f t - P o i n t , 
i s of s p e c i a l importance for the technical a p p l i c a t i o n 
of these compounds. 

K r a f f t Points 

The K r a f f t Point may be defined as the tempera
ture above which the s o l u b i l i t y of a surfactant i n 
creases steeply. At t h i s temperature, the s o l u b i l i t y of 
the surfactant becomes equal to the c r i t i c a l micelle 
concentration (c^) of the surfactant. Therefore, sur
factant micelles only e x i s t at temperatures above the 
K r a f f t Point. This point i s a t r i p l e point at which 
the surfactant coexists i n the monomeric, the m i c e l l a r , 
and the hydrated s o l i d state (5, ,6). 

The temperature dependence of the s o l u b i l i t y i s 
demonstrated i n F i g . 2 for Na dodecyl s u l f a t e (2)· 
Below the K r a f f t Point, the surfactant dissolves i n a 
molecularly dispersed manner u n t i l the saturation 
concentration i s reached. At higher concentrations, a 
hydrated s o l i d i s i n e q u i l i b r i u m with i n d i v i d u a l mole
cules. Above the K r a f f t Point,the hydrated s o l i d i s i n 
e q u i l i b r i u m with micelles and i n d i v i d u a l molecules. 

Therefore, the physical meaning of the s o l u b i l i t y 
curve of a surfactant i s d i f f e r e n t from that of 
ordinary substances. Above the c r i t i c a l m i c e l l e concen
t r a t i o n the thermodynamic functions, for example, the 
p a r t i a l molar free energy, the a c t i v i t y , the enthalpy, 
remain more or less constant. For that reason, micelle 
formation can be considered as the formation of a new 
phase. Therefore, the K r a f f t Point depends on a com
p l i c a t e d three phase equilibrium. 

With increasing length of the n - a l k y l chain an 
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1. SCHWUGER Sulfated Polyoxyethylenated Alcohols 5 

F i g . 1 Use o
Europ

F i g , 2 S o l u b i l i t y of sodium dodecyl s u l f a t e 
(purity 99.8%) 
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increase of the K r a f f t Point i s observed. The K r a f f t 
Points of many common surfactants, such as a l k y l s u l 
f ates, alkane sulfonates, p-n-alkyl benzene sulfonates, 
l i e above room temperature {]_, 8) . Since the s o l u b i l i t y 
of the surfactants depends both -on the aqueous and on 
the c r y s t a l l i n e phase, the heat of formation of 
c r y s t a l s must be increased i n order to e f f e c t a depres
sion of the K r a f f t Point. This can be achieved by 
branching i n the hydrophobic portion of the surfactant 
or by using surfactant mixtures of d i f f e r e n t chain 
length. With Na s a l t s , these measures lead to a s u f f i 
c i e n t l y large depression of the K r a f f t Point. An 
a p p l i c a t i o n of the respective surfactants i n Ca s a l t 
form i s not pos s i b l e , because the K r a f f t Point i s 
mostly too high. For example  f o r Na-tetradecyl 
s u l f a t e , the K r a f f t
has a value of 67 °
large f i e l d s of a p p l i c a t i o n , such as detergents, many 
surfactants may only be used i n combination with 
complexing agents and/or ion exchangers. 

An e s p e c i a l l y e f f e c t i v e reduction of the K r a f f t 
Point r e s u l t s from the i n s e r t i o n of ether groups into 
the molecule of the anionic surfactant. In table I t h i s 
i s examplified with Na dodecyl s u l f a t e and Na-tetra
decyl s u l f a t e i n comparison to various n - a l k y l ether 
s u l f a t e s of the same chain length (10). As a measure of 
the K r a f f t Point, a temperature i s deTined at which a 
1 % s o l u t i o n d i s s o l v e s c l e a r l y . By the incorporation of 
oxyalkylene groups into the molecule, the K r a f f t P o i n t 
and the melting point are grea t l y depressed. This 
depression i s e s p e c i a l l y e f f e c t i v e i f there i s 
branching i n the oxyalkylene groups. 

The depression of K r a f f t Points of Ca s a l t s (11) 
i s of s p e c i a l importance from an a p p l i c a t i o n point oT 
view. As shown i n table I I , Ca dodecyl s u l f a t e has a 
K r a f f t Point of 50 °C. The intr o d u c t i o n of one oxg-
ethylene group into the molecule r e s u l t s i n a 35 C 
reduction. The reduction i s more strongly pronounced 
than with the corresponding Na s a l t s . These p e c u l i 
a r i t i e s of a l k y l ether s u l f a t e s are of great impor
tance for the s e l e c t i o n of these surfactants i n a 
number of f i e l d s of a p p l i c a t i o n . The K r a f f t Points are 
s h i f t e d to higher temperatures with increasing length 
of the hydrocarbon chain and, within a p a r t i c u l a r group 
of the Periodic System, with increasing atomic weight of 
the c a t i o n , as well as, within a period of the Periodic 
System, with increasing valency (12). 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
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1. S C H W U G E R Sulfated Polyoxyethylenated Alcohols 7 

TABLE I 

Temperature for the S o l u b i l i t y of 1 % Solutions 
and Melting Points of R (OCr^CHR* )mOSC>3Na 

R (OCH0CHR>) Melting Point Temperature 
2 Csà (°C) 

C12 H25 N o n e 1 9 0 " 9 5 1 6 

C12 H25 0 C 2 H 4 1 4 3 " 1 4 6 1 1 

C12 H25 ( O C 2 H 4 ) 2 126 - 136 < 0 
C12 H25 OCH 2CH(CH 3) 137 - 142 < 0 
C12 H25 [0CH 2CH(CH
C12 H25 OCH 2CH(C 2 5)
C12 H25 [0CH 2CH(C 2H 5)] 2 < 25 < 0 

C14 H29 N o n e 1 8 2 " 1 8 3 3 0 

C14 H29 O C 2 H 4 1 4 6 " 1 5 0 2 5 

C14 H29 ( O C2 H4>2 1 3 0 " 1 3 4 < 0 

C14 H29 OCH 2CH(CH 3) 139 - 140 14 
C14 H29 [ÔCH 2CH(CH 3)] 2 82 - 87 < 0 
C U H 2 9 OCH 2CH(C 2H 5) 74 - 76 13 
C14 H29 [0CH 2CH(C 2H 5)] 2 < 25 < 0 

TABLE II 

K r a f f t Points (°C) of n-Dodecyl Ether Sulfates 

Surfactant anion Na s a l t Ca s a l t Sr s a l t Ba s a l t 
C 1 2H 2 5OS0 3" 9 50 64 105 
C 1 2 H 2 5 O C H 2 C H 2 O S 0 3 ~ 5 15 32 62 
C 1 2H 2 5(OCH 2CH 2) 2OS0 3"" - 1 < 0 — 35 
C 1 2H 2 5(OCH 2CH 2) 3OS0 3" < 0 < 0 < 0 12 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
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The Special Character of Oxyethylene Groups i n 
A l k y l Ether Sulfates 

The lower K r a f f t Points r e s u l t i n g from the in c o r 
poration of oxyethylene groups into the surfactant 
molecule i s an e s s e n t i a l , but not s u f f i c i e n t , property 
for the u t i l i z a t i o n of a l k y l ether s u l f a t e s . 

Several v a r i a t i o n s i n chemical c o n s t i t u t i o n , which 
lead to a depression of the K r a f f t - P o i n t (for example, 
branching of the hydrophobic part of the molecule), 
frequently r e s u l t i n diminished hydrophobicity of the 
molecule. At constant molecular weight, the c r i t i c a l 
m i celle concentration (Cw) i s s h i f t e d with increased 
branching to higher concentrations, the surface a c t i v 
i t y diminishes, the tendenc  t  adsorb t hydrophobi
i n t e r f a c e s decreases
nature of the oxyethylen  group  aTky
fates i s of major importance. 

From a phys i c a l chemical viewpoint, oxyethylene 
groups located adjacent to the i o n i c s u l f a t e group may 
be considered at the f i r s t glance as a d d i t i o n a l hydro-
p h i l i c groups, i n analogy to nonionic ethylene oxide 
(EO) adducts. 

For pure nonionic EO adducts, increase i n the 
number of oxyethylene groups i n the molecule r e s u l t s in 
a decrease i n the tendency to form micelles and an 
increase i n the surface tension of the s o l u t i o n at the 
c r i t i c a l m icelle concentration (_16) (JLZ.) · This change 
in surface a c t i v i t y i s due to the greater surface area 
of the molecules i n the adsorption layer and at the 
mi c e l l a r surface as a r e s u l t of the presence there of 
the highly hydrated polyoxyethylene chain. The reduc
t i o n i n the tendency to form micelles i s due to the 
increase i n the free energy of micelle formation as a 
r e s u l t of p a r t i a l dehydration of the polyoxyethylene 
chain during incorporation into the micelle (16) (17). 

In the case of a l k y l ether sulfates, an increase i n 
the number of oxyethylene groups produces an opposite 
r e s u l t (19; - 22). F i g . 3 shows a decrease of the 
c r i t i c a l miceTTe concentration ( c M ) and the concen
t r a t i o n for a given surface tension (for example, 
50 mN/m). Only the same increase i n the surface tension 
for solutions at the c r i t i c a l m i c e l l e concentration i s 
observed. Therefore, EO incorporation into the sur
factant molecule seems to increase the hydrophobic 
nature of the molecule. This i s apparently i n contra
d i c t i o n to known c o r r e l a t i o n s between s o l u b i l i t y and 
hydrophobicity. 

Nonionic EO adducts always have much smaller c^ 
values than i o n i c surfactants with the same hydro-
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1. S C H W U G E R Sulfated Polyoxyethylenated Alcohols 9 

phobic group. For th i s reason i t was proposed that the 
introduction of oxyethylene groups into an a l k y l s u l 
fate ion weakened i t s i o n i c character. This should 
r e s u l t i n an increased approximation of the properties 
to those of nonionic surfactants (Γ9, 23,, 24)· This 
conception was, however, always very questionable 
because the s u l f a t e group remain i o n i c . 

The d i s s o c i a t i o n of the counter-ions of micelles 
i s a c h a r a c t e r i s t i c feature of i o n i c surfactants. For 
a l k y l ether s u l f a t e s the degree of d i s s o c i a t i o n α of 
the counter-ions of the micelles has been determined by 
several authors by various methods (2^1, 2̂ 5, 26). With 
increasing number of oxyethylene groups i n tïïê molecule 
the degree of d i s s o c i a t i o n increases. These data are 
summarized i n F i g . 4
absolute values betwee
s a t i s f y i n g , they a l l show an increase of d i s s o c i a t i o n . 
This i s ju s t contrary to what should be expected with 
a decrease i n i o n i c character. 

Moreover, i t i s c h a r a c t e r i s t i c of i o n i c sur
factants that c M i s grea t l y reduced by e l e c t r o l y t e 
a d d i t i o n and that, simultaneously, the surface tension 
curves i n the nonmicellar region are s h i f t e d s i g n i 
f i c a n t l y to smaller concentrations ( F i g . 3). With 
nonionic EO adducts the influence of e l e c t r o l y t e i s 
barely present. The curves of a l k y l ether s u l f a t e s are 
s h i f t e d i n the same way as simple a l k y l s u l f a t e by the 
additi o n of s a l t . This s h i f t i s even larger than with 
Na dodecyl s u l f a t e . An a d d i t i o n a l i n d i c a t i o n of the 
io n i c nature of a l k y l ether s u l f a t e s i s derived from 
s t a t i c l i g h t s c a t t e r i n g . The micelle aggregation 
numbers are presented i n Table III. As can be expected 
for i o n i c surfactants (27_), they increase i n the 
presence of NaCl. 

Therefore, the hypothesis of an increasing non
i o n i c character of a l k y l ether s u l f a t e s with increasing 
number of oxyethylene groups i s not tenable. Some time 
ago (3()), i t was suggested that a c e r t a i n hydrophobic 
nature can be a t t r i b u t e d to the polyoxyethylene chain 
of a l k y l ether s u l f a t e s . At f i r s t , t h i s appears to be 
in c o n t r a d i c t i o n to the decidedly h y d r o p h i l i c character 
of the polyoxyethylene chain for nonionic surfactants. 
However, the p o s s i b i l i t y of EO group hydration 
impairment by the su l f a t e group cannot be excluded. 

Table III shows some data regarding the possible 
hydrophobic nature of ether s u l f a t e s . From several i n 
v e s t i g a t i o n s , i t i s known that, for nonionic surfac
tants with i d e n t i c a l hydrophobic groups, an increase i n 
the h y d r o p h i l i c part of the molecule causes a decrease 
in the aggregation number (28). This i s caused by the 
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F i g . 3 Surface tension of aqueous so l u t i o n s of 
C, 0H 0 C(-0-CH o-CH o-) 0S0 oNa at 25°C iz zd ζ ζ m ο 
(purity 98-99.5%) 

Π 1 1 1 1 1 1 1 1 1 1 • 

0 5 10 m 

F i g . 4 Degree of d i s s o c i a t i o n (a) of dodecyl ether 
s u l f a t e m i c e l l e s 
m = number of oxyethylene groups i n the 
molecule 
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1. S C H W U G E R Sulfated Polyoxyethylenated Alcohols 11 

increased a f f i n i t y of the polyethylene chain for water. 
Comparing the change of the micelle aggregation number 
at the t r a n s i t i o n from dodecyl s u l f a t e to dodecyl mono-
g l y c o l ether sulfate, an increase can be observed with 
and without s a l t . This corresponds to the known i n 
crease of the micelle aggregation number with i n 
creasing length of the n- a l k y l chain (29.). However, 
t h i s increase i s less pronounced i n comparison with 
dodecyl and tetrad e c y l s u l f a t e . 

TABLE III 

Mi c e l l e Aggregation Numbers at 25 °C 

Substance without with 

s a l t 0.1 η NaCl 

60 91 

72 96 

80 

C 1 2 H 2 5 O S 0 3 N a 

C 1 2 H 2 5 O C H 2 C H 2 O S 0 3 N a 

C-. ,H o n0S0 oNa 

In a d d i t i o n , there may be s t i l l another possible 
reason for the observed e f f e c t s . The hydration of the 
po l y g l y c o l portion of the micelle increases with 
increasing number of oxyethylene groups (3_1 ). The area 
demand of a molecule adsorbed at the surface, and, 
therefore, also the distances between the charged 
groups w i l l become la r g e r . Since, i n ad d i t i o n , the 
chains are more or less stretched because of the 
e l e c t r i c a l r e p u l s i o n of the terminal s u l f a t e groups, 
the distance between s u l f a t e groups also increases. 
For t h i s reason, the work to overcome the e l e c t r i c a l 
r e p u l s ion i s diminished, the c M reduced, and the 
aggregation number increased. This model was checked 
experimentally with the adsorption at the water/air 
i n t e r f a c e (21, 22). 

F i g . 5, curve 1, shows - for dodecyl ether 
s u l f a t e s - the areas occupied by a molecule at c^ as a 
function of the number, m,of EO groups. The values were 
cal c u l a t e d by the Gibbs 5 equation from the surface 
tension measurements. For 0 - m - 2 there i s an area 
increase with increasing m, however, considerably 
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weaker than for m > 2. For comparison the area values 
for dodecyl p o l y g l y c o l ethers are also given. The two 
d i f f e r e n t curves were taken from d i f f e r e n t sources 
(16, 18). With a l k y l ether s u l f a t e s the increase of 
area per molecule and, therefore, also of the distance 
between the terminal groups i n the adsorption layer i s 
smaller, at m = 0 to m = 2, and l a r g e r , at m > 2, than 
for the corresponding nonionic compounds. 

P a r a l l e l r e s u l t s were found with micelles (31). 
It was concluded from measurements of sedimentation, 
d i f f u s i o n , and v i s c o s i t y , that the hydration of the 
micelles of the dodecyl ether s u l f a t e s at m = 0 - 2 
shows only a l i t t l e increase, whereas a strong one was 
observed at m > 2. A s i m i l a r trend should also e x i s t 
with the distance of th  terminal  th  surfac
of the m i c e l l e s . 

For compounds with one and two oxyethylene groups 
in t h e i r molecule, the increase of the micelle 
formation tendency can be explained by a c o n t r i b u t i o n 
of these groups to the hydrophobic part of the mole
cule. With a longer polyoxyethylene chain in the mole
cule, however, the increased tendency to form m i c e l l e s 
i s p r i m a r i l y caused by the increased distance between 
the charged groups due to increased hydration of the 
ether groups. 

F i g . 3 shows that increase i n the number of oxy
ethylene units i n the dodecyl ether s u l f a t e molecule 
r e s u l t s i n increased adsorption at the aqueous s o l u 
t i o n / a i r i n t e r f a c e at concentrations below c^. It was 
i n t e r e s t i n g to determine whether an analogous e f f e c t 
i s shown for adsorption onto s o l i d surfaces. Measure
ments of the adsorption of Na dodecyl s u l f a t e and 
dodecyl ether s u l f a t e s onto activ a t e d carbon at the 
constant and very low surfactant concentration of 
1-10 ^ mol/1, which i s well below c M (_22, 23), show 
that the incorporation of oxyethylene groups leads to 
an increase of adsorption (Table IV). The e f f e c t , 
however of one group i s far weaker than the influence 
of an extension of the hydrocarbon chain by two Ct^ 
groups. Contrary to t h i s ( F i g . 6), the saturation 
values of adsorption onto graphon above the c r i t i c a l 
m i c e lle concentration decrease with increasing length 
of the polyoxyethylene chain, as the surface area per 
adsorbed molecule increases. This observation corre
sponds with the r e s u l t of studies on adsorption at 
the aqueous s o l u t i o n / a i r i n t e r f a c e . 
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0.6H 
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C12H25(OCH2CH2)mOS03Na, .A^C 1 2 H 2 5 (OCH 2 CH 2 ) m OH 

6 8 10 m 

F i g ο 5 Areas per molecule a t the aqueous s o l u t i o n / 
a i r i n t e r f a c e as a function of the number of 
oxyethylene groups 

n o 6 

4 Î 

3H 

2H 

3 m 

F i g . 6 Adsorption of a l k y l ether s u l f a t e s on graphon 
(plateau values) at 25°C 
(product p u r i t y 98-99.5%) 
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TABLE IV 

Adsorption of Surfactants on Active Charcoal 

Substance Q • 10 5 (mole/g) 
C 1 2 H 2 5 O S 0 3 N a 5.40 
C 1 2H 2 5(OCH 2CH 2 ) j^OSO^a 7.29 
C 1 4H 2 9OS0 3Na 8.12 
C 1 2 H 2 5 ( O C H 2 C H 2 ) 2OS0 3Na 8.82 
C 1 6H 3 3OS0 3Na 12.67 

P r a c t i c a l Results 

Washing and Cleaning Action. The properties of 
a l k y l ether s u l f a t e s , due to the good s o l u b i l i t y and 
the s p e c i a l hydrophilic/hydrophobic properties of the 
molecule, are of p a r t i c u l a r p r a c t i c a l i n t e r e s t . From 
the i n v e s t i g a t i o n s described i n sections 2 and 3, i t 
can be concluded that, i n a d d i t i o n to the decrease i n 
the K r a f f t Point, favorable p r o p e r t i e s for p r a c t i c a l 
a p p l i c a t i o n s can be expected as a r e s u l t of the i n c l u 
sion of the oxyethylene groups i n t o the hydrophobic 
part of the molecule. As i s true f o r other anionic 
surfactants, the e l e c t r i c a l double lay e r w i l l be 
compressed by the a d d i t i o n of multivalent c a t i o n s . By 
t h i s means, the adsorption at the i n t e r f a c e i s 
increased, the surface a c t i v i t y i s r a i s e d , and, 
furthermore, the c r i t i c a l m i c e l l e concentration de
creased. In the case of the a l k y l ether s u l f a t e s , 
however these e f f e c t s can be obtained without encount
e r i n g undesirable s a l t i n g out e f f e c t s . 

In F i g . 7, t h i s i s exemplified with surface ten
sion concentration curves f o r Na n-tetradecyl d i -
e t h y l e n e g l y c o l ether s u l f a t e s (33) . Less soluble 
surfactants would produce with i n c r e a s i n g water hard
ness increased formation of sparingly soluble Ca sal t s . 
Therefore, the c r i t i c a l m i c e l l e concentration would be 
s h i f t e d toward much lar g e r concentrations. 

However, i n the case of Na t e t r a d e c y l dioxy-
ethylene s u l f a t e , the surface tension and the c r i t i c a l 
m i c e l l e concentration w i l l be reduced i n the presence 
of water hardness. I f a complexing agent i s added, 
the e f f e c t i s weakened because of the complexing of the 
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multivalent a l k a l i n e earth ions. Thus a l k y l ether s u l 
fates have s p e c i a l advantages in hard water and i n 
products containing no complexing agents. 

In F i g . 8, the s o i l removal from woolens by 
various t e c h n i c a l l y important surfactants are presented 
as a function of the water hardness ( 3 4 0 · The favorable 
properties of a l k y l ether s u l f a t e s i n comparison to 
other anionic surfactants at higher water hardnesses 
are c l e a r l y evident. 

If s u f f i c i e n t amounts of complexing agents or of 
ion exchangers are added, the s o i l removal of water 
hardness-sensitive surfactants, for example LAS, 
becomes independent of the Ca ion concentration. How
ever, i n the case of a l k y l ether s u l f a t e s an increase 
in the washing e f f e c
increasing water hardnes
stronger influence of Ca anïï Mg ions than that of 
Na ions can be a t t r i b u t e d to t h e i r stronger compression 
of the e l e c t r i c a l double layer at the i n t e r f a c e . Only 
i n the lower range of hardness does the ad d i t i o n of 
sodium s u l f a t e bring a c e r t a i n advantage. In analogy to 
the surface tension measurements, there i s even a small 
d e t e r i o r a t i o n of the s o i l removal as consequence of 
complexing by Na triphosphate present i n s o l u t i o n 
( F i g . 9). 

The r e s u l t s indicate that i n detergent formula
tions without complexing agents or i o n i c exchangers, 
a l k y l ether s u l f a t e s may have d e f i n i t e advantages. 
Detailed i n v e s t i g a t i o n s of washing conditions i n the 
United States showed best r e s u l t s with te t r a d e c y l 3 EO 
su l f a t e ( 3 _ 5) . I t may be used preferably i n l i q u i d 
heavy duty detergents without phosphate ( 3 6 ) . 

TABLE V 

Foam Volume i n cm Determined with the Beating Method 
Using a Perforated Disk a f t e r 30 sec. at 40 C, 1 g/1 

Substances Water hardness Foam Decrease 
(techn.) 10 °d 17 °d % 

780 170 78 
870 145 83 

C 1 2 Sulfate (Na s a l t ) 
C12-18 S u l f a t e ( N a s a l t ) 
C 1 9 _ 1 A 4E0 Sulfate 840 560 33 

i Z i b ( N a Mg s a l t ) 
C 1 9 2E0 Sulfate 830 675 19 

i Z (Na s a l t ) 
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J [mN/m] 
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\ 
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\ \ J l ' Z ~ 

10" 

0 °d 
25 ° d / S T P 

25 °d 

10 10"3 
: [mole/l] 

F i g . 7 Surface tension of aqueous so l u t i o n s of 
sodium t e t r a d e c y l d i g l y c o l ether s u l f a t e at 
25°C (te c h n i c a l product) 

Fig. 8 Soil removal from 
W D O I by different anionic 
surfactants. Test condi
tions: temperature, 30 °C; 
time, 15 min; concentra
tion, surfactant 015 g/L 
+ Na2S04 1.5 g/L; s o i l , 
sebum/pigment mixture; sur
factant (1) C]_2_i4 aicohol 
2E0 sulfate, (2) C, "15-18 
olefinic sulfonate, (3) 
C, ̂  , 0 sulfo fatty ester, 

Lb—-Lo (4) C 1 2 - 1 8 fatty alcohol 
sulfate, (5) C23-18 a^" k^ 1 

sulfonate, (6) C, "10-13 
alkyl benzene sulfonate 

π r 
16 24 32 

Water Hardness [°d] 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



1. S C H W U G E R Sulfated Polyoxyethylenated Alcohols 17 

Cosmetic Rinse o f f Preparations. In c e r t a i n 
cosmetic products, for example h a i r shampoos, i t i s not 
possible to use complexing agents because of the i r r i 
t a t i o n of mucous membranes. Here a low s e n s i t i v i t y of 
surfactants to water hardness i s a precondition for 
t h e i r a p p l i c a t i o n . Foam formation i s generally consid
ered to be a measure of shampoo q u a l i t y (Table V). With 
increase i n water hardness the foam volume of a l k y l 
s u l f a t e s decreases very much, whereas with the corre
sponding a l k y l ether s u l f a t e s t h i s decrease i s r e l a 
t i v e l y small. For cosmetic a p p l i c a t i o n s , the good skin 
c o m p a t i b i l i t y and low i r r i t a t i o n to mucous membranes of 
a l k y l ether s u l f a t e s i s of high importance (37). 

Bulk Properties
s t a b i l i t y requirement
processing, the appearance of mesomorphous phases i n 
mixtures with water i s very important. In the case of 
dodecyl monoglycol ether s u l f a t e and dodecyl s u l f a t e , a 
highly viscous middle phase i s observed up to a concen
t r a t i o n of 80 %. For the corresponding d i g l y c o l ether 
compound, however, the middle phase i s present only i n 
a concentration range up to about 65 % (3jS) . Above t h i s 
concentration, a lamellar neat phase e x i s t s . 

The middle phase i s much more viscous than the 
neat phase, though the concentration of the l a t t e r i s 
higher. If a concentrated system of an a l k y l ether 
s u l f a t e and water e x i s t i n g i n i t i a l l y as a neat phase i s 
stepwise d i l u t e d , the range of the middle phase w i l l be 
reached. This i s accompanied by a steep increase i n 
v i s c o s i t y . The formation of the neat phase allows the 
manufacture and handling of highly concentrated f l u i d 
preparations. This property, however, can lead to 
processing problems upon d i l u t i o n . 

Table VI shows the r e s u l t s of p o l a r i z e d l i g h t 
microscopic observations. Sometimes i s o t r o p i c regions 
and the middle phase e x i s t simultaneously. The region 
of the middle phase i s marked by heavy l i n e s . The range 
of the e s p e c i a l l y viscous middle phase narrows with 
t r a n s i t i o n from two to three oxyethylene groups i n the 
surfactant molecule. Up to 27 %, the system appears 
o p t i c a l l y i s o t r o p i c . In t h i s concentration range the 
v i s c o s i t y can be increased strongly by a d d i t i o n of 
NaCl, as shown i n table VII. 

In the case of sodium dodecyl s u l f a t e , there i s no 
corresponding e f f e c t . This thickening i s at any rate 
not associated with the formation of the middle phase 
since the products remain i s o t r o p i c . However, x-ray 
d i f f r a c t i o n measurements indicate the presence of a 
c r y s t a l l i n e , randomly oriented phase (39.)· It i s s t i l l 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



18 S T R U C T U R E / P E R F O R M A N C E R E L A T I O N S H I P S IN S U R F A C T A N T S 

unsettled, whether or not thickening i s caused by the 
formation of a gel system, as described i n the l i t e r a 
ture (40). Various s a l t additions (Hoffmeister Series) 
have l i t t l e e f f e c t on the range of existence of the 
middle phase. The p o s s i b i l i t y to change the v i s c o s i t y 
by means of surfactant concentration or by e l e c t r o l y t e 
a d d i t i o n has advantages for the manufacture of f l u i d 
and gel products containing a l k y l ether s u l f a t e s . 

TABLE VI 

Phases of Concentrated Solutions of n-Dodecyl Ether 
Sulfates 

Weight 
% 0 1 2 3 

25 — -
30 - - (M) - (M) -
35 M M M (-) -
40 M M M M 
50 M M M M 
60 M M M M 
65 M (N) Ν 
70 M M Ν (M) Ν 
80 M Ν 

- o p t i c a l l y i s o t r o p i c , M middle phase, Ν neat phase 

TABLE VII 

Influence of Sodium Chloride on the V i s c o s i t y (mPa*s) 
of Surfactants 

Substance Sodium chloride a d d i t i o n % 
(techn.) 3 5 7 

C12-14 S u l f a t e < 1 0 0 < 1 0 0 < 1 0 0 

C12-14 2 E 0 S u l f a t e < 1 0 0 2,500 20,500 
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A l k y l Ether Sulfates i n Mixtures 

In most products,alkyl ether s u l f a t e s are used i n 
form of mixtures with other surfactants. A l k y l benzene 
sulfonate (LAS) i s the most important anionic surfac
tant used i n combination with a l k y l ether s u l f a t e s . 
As a r e s u l t , the properties of mixtures of a l k y l ether 
s u l f a t e s and LAS are of s p e c i a l p r a c t i c a l i n t e r e s t . 

General Remarks. In the use of products containing 
a l k y l ether s u l f a t e s , o i l y s o i l removal as w e l l as 
d i s p e r s i o n plays an important r o l e . The d r i v i n g force 
responsible for the separation of o i l y s o i l from a 
substrate ( F i g . 10) i s the wetting tension j defined by 
equation (1): 

The sketch i n F i g . 10 shows the e q u i l i b r i u m of 
forces with an obtuse contact angle i n the o i l phase 
(θ 0). In this case the wetting tension, j , of the aqueous 
phase i s p o s i t i v e , which means that the adhering o i l 
droplet i s pushed together by the aqueous phase. With 
the increase i n j the tendency of an o i l droplet to be 
cut o f f and removed from a s o l i d substrate increases. 
Because of t h i s , the impeding force for the removal of 
o i l i s the i n t e r f a c i a l tension oil/water (γ ), which 
should be minimized. By minimization of the Y n t e r f a c i a l 
tension, moreover, the requirements for e m u l s i f i c a t i o n 
and s t a b i l i z a t i o n of s o i l i n the washing and cleaning 
l i q u i d w i l l be improved. 

In general, at hydrophobic surfaces the f i n a l 
stage of the spontaneous complete o i l removal w i l l not 
be achieved, since a wetting e q u i l i b r i u m w i l l be 
reached. The necessary a d d i t i o n a l work for complete 
removal of an o i l droplet from the system must be 
added to the system i n the form of mechanical energy. 

In a p p l i c a t i o n - r e l a t e d problems the question may 
also be formulated i n terms of minimizing the 
necessary a d d i t i o n a l work. From knowledge of the i n t e r -
f a c i a l properties of surfactant mixtures the surface 
a c t i v i t y , tendency to form m i c e l l e s , adsorption, etc., 
can be increased. The following e f f e c t s may p e r t a i n : 

a) The charged i o n i c groups of a surfactant i n a 
mixed f i l m may be shielded by the incorporation of a 
nonionic surfactant. The repulsion of the s i m i l a r l y 
charged groups i s diminished and the impeding e l e c t r o 
s t a t i c forces of repulsion reduced. 

b) If the h y d r o p h i l i c head group of one surfactant 
of the mixture has a weak or strong charge opposite to 

J = Ϊ so (1) 
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S o i l removal from wool by c-j_2-14 2EO s u l f a t e 
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F i g . 10 O i l droplet on substrate i n water 
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that of the other, not only s h i e l d i n g e f f e c t s but also 
forces of a t t r a c t i o n should be considered. (For example 
in mixtures of anionic and c a t i o n i c surfactants, or 
anionic surfactants and amine oxides). 

c) I n h i b i t i o n of incorporation into an i n t e r f a c i a l 
layer may be also reduced by an enlargement of the 
distances between the h y d r o p h i l i c groups of the i n d i 
vidual surfactants. 

d) In a d d i t i o n to reduction of e l e c t r o s t a t i c 
r e p u l s i o n , i n t e n s i f i c a t i o n of e l e c t r o s t a t i c a t t r a c t i o n 
or van der Waal's forces of a t t r a c t i o n may also be 
accomplished. This occurs by means of s p e c i a l i n t e r 
a c t i o n between the hydrophobic parts of the surfactant 
molecule. Such a s p e c i a l case was already discussed. 

Selected Results
i n t e r f a c i a l e f f e c t s i s observed between Na dodecyl s u l
fate as the f i r s t member of the homologous serie s of 
dodecyl ether s u l f a t e s and LAS. In F i g . 11, the o i l / 
water i n t e r f a c i a l tensions are shown. Neither the 
e l e c t r o s t a t i c nor the van der Waal's i n t e r a c t i o n s of 
the mixtures are i n t e n s i f i e d . 

However, th i s s i t u a t i o n i s changed s i g n i f i c a n t l y 
by the incorporation of a single oxyethylene group into 
the molecule of the a l k y l s u l f a t e . This i s shown i n 
F i g . 12 for various dodecyl ether s u l f a t e s . In contrast 
to the mixtures with dodecyl s u l f a t e , a s i g n i f i c a n t 
decrease of the i n t e r f a c i a l tension with well defined 
minima at c e r t a i n LAS/alkyl ether s u l f a t e r a t i o s are 
observed. With increasing number, m, of oxyethylene 
groups, t h i s e f f e c t becomes more pronounced, and the 
minima of i n t e r f a c i a l tension are s h i f t e d strongly i n 
favour of LAS-rich s o l u t i o n s . Small additions of a l k y l 
ether s u l f a t e s to LAS improve the i n t e r f a c i a l properties 
to a s i g n i f i c a n t extent. I n t e n s i f i c a t i o n of other 
i n t e r f a c i a l properties i n LAS/alkyl ether s u l f a t e 
mixtures i s also to be expected. This i s shown i n 
F i g . 13 by means to two substrate s p e c i f i c and two 
substrate-nonspecific c r i t e r i a of importance for the 
washing process. In the series of mixtures investigated, 
properties such as wetting tension on polyester, con
tact angle on polyester, o l i v e oil/water, i n t e r f a c i a l 
tension, and e m u l s i f i c a t i o n of o l i v e o i l a l l show a 
d e f i n i t e extreme point. This corresponds to the optimum 
surfactant mixture and should be also observed under 
a p p l i c a t i o n conditions. 

In F i g . 14, the r e s u l t s of a dishwashing test 
close to p r a c t i c e are presented (41., 42). Plates s o i l e d 
with f a t are cleaned i n a detergent s o l u t i o n at 45 °C 
and the decay of previously generated foam as well as 
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ι 1 1 - τ 1 1 

0 1·10"4 2-10"4 3·10"4 4-10"4 5-10"4 SDS 
c [mole/l] 

F i g . 11 Olive oil/water i n t e r f a c i a l tension f o r 
LAS/SDS-mixtures 
Tow [mN/m] 

c [mol*/l] 
F i g . 12 Olive oil/water i n t e r f a c i a l tension f o r 

LAS/Alkyl ether s u l f a t e mixtures 
(p u r i t y : LAS- t e c h n i c a l product, ether 
s u l f a t e s 98.0-99.5%) 
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6 0 8 0 lOOfHÎCMM-iOCM.-CMjijOSOjN. 

LAS/C 1 2H 2 5(-0-CH 2-CH 2-) 2OS0 3Na mixtures 

100 80 60 40 20 0 % LAS 
0 20 40 60 80 100 % C12H25(CX:H2CH2)2OS03Na 

F i g . 14 Dishwashing by LAS/dodecyl 2EO s u l f a t e 
mixtures 
N: number of plate s washed at 45°C 
(te c h n i c a l products) 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



24 S T R U C T U R E / P E R F O R M A N C E R E L A T I O N S H I P S IN S U R F A C T A N T S 

possible deposition of f a t are evaluated. As a measure 
for the q u a l i t y of a detergent the number, N, of plates 
washed u n t i l the foam decays was used. The largest 
number of p e r f e c t l y clean dishes i s obtained i n the 
case of an equal r a t i o of LAS and dodecyl ether sulfate, 
as could be predicated from the measurement of i n t e r -
f a c i a l p r o p e r t i e s . In a d d i t i o n , s i m i l a r r e s u l t s where 
obtained i n washing experiments, where the maximum of 
s o i l removal was found to be at the same r a t i o of sur
factants ( F i g . 15). 

Physicochemical and a p p l i c a t i o n r e s u l t s show that 
mixtures of LAS and alkyl. ether s u l f a t e s have espe
c i a l l y p o s i t i v e p r o p e r t i e s . This makes i t understand
able why products containing both types of substances 
are so widely used

s[%] 

100 75 50 25 0% las 
0 25 50 75 100% 

C12H25-(O C H2C H2)~O S 03N a 

F i g . 15 S o i l removal from wool by LAS/alkyl ether 
s u l f a t e mixtures (t e c h n i c a l products) 
Test c o n d i t i o n : 
temperature: 30°C 
concentration: 5 χ 10"^ mole/1 
s o i l : sebum/pigment mixture 
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Effects of Structure on the Properties 
of Polyoxyethylenated Nonionic Surfactants 

T S U N E H I K O K U W A M U R A 

Department of Synthetic Chemistry

Data on the relationship of chemical structure to 
fundamental properties of polyoxyethylene(POE) non-
ionics in aqueous solution are reviewed. These include 
: 1) the adsorption, micelle formation and thermody
namics of a series of highly purified POE n-alkyl 
monoethers, varying systematically in chain length 
of both alkyl and POE groups, 2) the effects on the 
aqueous properties of multi-chain and alicyclic 
structure in hydrophobe, 3) the evaluation of hydro-
philicity and surface properties for a new class of 
nonionics, alkyl crown ethers, 4) the adsorption and 
dissolution behavior of long N-acyl α-amino acid POE 
monoesters having a short chain of homogeneous POE, 
R1CONR2CHR3COO(C2H4O)mH, with special reference to 
the structural effects of the α-amino acid residue. 

The c o r r e c t u n d e r s t a n d i n g of the r e l a t i o n s h i p s between c h e m i c a l 
s t r u c t u r e and p r o p e r t i e s i n s u r f a c t a n t s i s most important t o both 
t h e i r e f f e c t i v e use i n many a p p l i c a t i o n s and t o m o l e c u l a r de
s i g n i n g of new s u r f a c t a n t s . Some r e l i a b l e i n f o r m a t i o n i s a v a i l a 
b l e on v a r i o u s s t r u c t u r a l e f f e c t s i n i o n i c s u r f a c t a n t s . On the 
ot h e r hand, o n l y a l i m i t e d amount of r e l i a b l e i n f o r m a t i o n i s a-
v a i l a b l e f o r n o n i o n i c s w i t h much of the dat a i n the l i t e r a t u r e 
b e i n g i n s u f f i c i e n t both i n r e l i a b i l i t y and i n the v a r i e t y of 
s t r u c t u r e s d e a l t w i t h , m a i n l y because of the d i f f i c u l t y i n ob
t a i n i n g w e l l - c h a r a c t e r i z e d compounds. 

T h i s paper w i l l d i s c u s s d a t a from the r e c e n t l i t e r a t u r e s and 
from our l a b o r a t o r y on s t r u c t u r a l e f f e c t s f o r the u s u a l and n o v e l 
types o f polyoxyethylene(POE) n o n i o n i c s l i s t e d i n Table I . These 
w i l l be d e s c r i b e d f o r each type of n o n i o n i c i n the order l i s t e d i n 
Table I . 

0097-6156/ 84/0253-0027506.00/0 
© 1984 American Chemical Society 
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Table I . Scope o f Chemical S t r u c t u r e o f the N o n i o n i c s mentioned 
i n t h i s Paper 

No o f 
s e r i e s G eneral formula a) S t r u c t u r a l 

f e a t u r e POE b )grade 

H(CH 2) N-jO(EO) mH 

[ H ( C H 2 ) N / 2 ] 2 C H - i 0 ( E 0 ) m H 

[ H ( C H 2 ) N / 3 ] 3 C t O ( E O ) m H 

( Q H 2 ) N . , fcH40(E0)mH 

S t r a i g h t c h a i n Homogeneous 

M u l t i - c h a i n i n 
hydrophobe 

A l i c y c l i c 
hydrophobe 

Heterogeneous 
( P o i s s o n 
d i s t r i b u t i o n ) 

H ( C H 2 ) N f b) 

H(CH9).T_1CO!NCHR"ÇO 
1 N 1 R' "«EO^H 

C y c l i c ΡΟΕ 

Amido e s t e r i n 
s e r t e d between 

m " a l k y l and ΡΟΕ 

Homogeneous 

a) EO : -CH CH 0- b) Ρ0Ε : p o l y o x y e t h y l e n e V* 2 

n - A l k y l Ρ0Ε Monoethers (No 1 s e r i e s ) 

A l t h o u g h a c o n s i d e r a b l e number of r e p o r t s have been p u b l i s h e d on 
the s u r f a c e and m i c e l l a r p r o p e r t i e s o f n o n i o n i c s o f t h i s funda
mental s t r u c t u r e , t h e r e are o n l y a few i n v e s t i g a t i o n s u s i n g 
h i g h l y p u r i f i e d compounds i n which c h a i n l e n g t h o f e i t h e r a l k y l 
or Ρ0Ε group was v a r i e d s y s t e m a t i c a l l y . 

Meguro and coworkers r e c e n t l y r e p o r t e d the e f f e c t o f v a r i 
a t i o n i n a l k y l c h a i n l e n g t h ( N ) on the p r o p e r t i e s of homogeneous 
m a t e r i a l s o f s t r u c t u r e H ( C H 2 ) ^ 0 ( E 0 ) 8 H , where Ν was v a r i e d from 10 
to 15, i n c l u d i n g both even and odd c h a i n l e n g t h s (\_, 2). They 
found t h a t most of the p l o t s o f s u r f a c e t e n s i o n at 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 ( c m c ) v s . Ν at v a r i o u s temperature(15 - 40°C) 
gave a z i g - z a g l i n e , d e c r e a s i n g w i t h i n c r e a s e i n Ν and ha v i n g a 
convex break p o i n t at each odd number o f Ν· They have observed a 
s i m i l a r tendency a l s o f o r the p l o t s o f s u r f a c e a r e a per molecule 
v s . N. From these r e s u l t s , they suggest t h a t the pa c k i n g of the 
adsorbed f i l m o f the s u r f a c t a n t molecule w i t h an odd number o f 
carbons i s l o o s e r than t h a t w i t h even number o f carbons. On the 
oth e r hand, p l o t s o f the l o g o f the cmc v s . Ν gave a l i n e a r r e 
l a t i o n s h i p , i n d i c a t i n g no d i f f e r e n c e between even and odd carbon 
number compounds i n m i c e l l a r p r o p e r t i e s . 

They have s t u d i e d a l s o the Ν dependence of the thermodynamic 
parameters of m i c e l l i z a t i o n , c a l c u l a t e d from the cmc v a l u e s and 
t h e i r temperature dependence, as shown i n F i g u r e 1, where AGm i s 
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the f r e e energy, ΔΗπι the e n t h a l p y and ASm the entropy of m i c e l l i -
z a t i o n . These parameters were separated i n t o c o n t r i b u t i o n s from 
the hydrophobe and from the h y d r o p h i l e , such as AG(h) and AG(w). 
T h e i r c o n c l u s i o n s are as f o l l o w s : The hydrocarbon c h a i n i s an im
p o r t a n t f a c t o r i n m i c e l l i z a t i o n . The hydrophobic p a r t of the 
e n t h a l p y , ΔΗ(η), i s n e g a t i v e and AS(h) i s p o s i t i v e , t h e r e f o r e both 
terms j o i n t l y c o n t r i b u t e t o the n e g a t i v e v a l u e o f AGm. T h i s con
t r i b u t i o n i n c r e a s e s l i n e a r l y w i t h i n c r e a s i n g N. On the o t h e r hand, 
the POE group opposes m i c e l l i z a t i o n , due t o a l a r g e p o s i t i v e v a l u e 
of AH(w), s u g g e s t i n g d e h y d r a t i o n of the h y d r a t e d monomeric POE 

c h a i n s on m i c e l l i z a t i o n . 
Rosen and coworkers have a l s o i n v e s t i g a t e d s i m i l a r p r o p e r t i e s 

f o r a homogeneous s e r i e s of POE d o d e c y l monoethers, v a r y i n g i n the 
number o f oxyethylene(OE) u n i t s from 2 t o 8 (3^). Table I I shows a 
p a r t o f t h e i r d a t a on th  thermodynamic f m i c e l l i z a t i o n  T h e i
r e s u l t s i n d i c a t e t h a t a
l e n g t h e n i n g POE c h a i n i
ΔΗπι term, and suggest t h a t d e s o l v a t i o n of POE c h a i n oxygens i n 
m i c e l l e f o r m a t i o n i n c r e a s e s p r o g r e s s i v e l y w i t h i n c r e a s i n g OE u n i t 
number. They a l s o determined the thermodynamic parameters of 
s u r f a c e a d s o r p t i o n from cmc and s u r f a c e t e n s i o n d a t a and d i s c u s s e d 
the v a l u e o f (Δ&η - ΔGad), which i s the work i n v o l v e d i n t r a n s 
f e r r i n g the n o n i o n i c molecule from a monolayer at zero s u r f a c e 
p r e s s u r e t o the m i c e l l e . As shown i n Table I I I , the p o s i t i v e 
v a l u e f o r the work o f t r a n s f e r i n c r e a s e s w i t h i n c r e a s i n g OE u n i t 
number, m a i n l y due t o the e n t h a l p y f a c t o r . Based on the r e s u l t s , 
they suggest t h a t the motion of the a l k y l c h a i n i n the s u r f a c e 
f i l m i s not as r e s t r i c t e d as i n the i n t e r i o r o f the m i c e l l e , and 
t h a t d e h y d r a t i o n of the POE c h a i n r e q u i r e d f o r m i c e l l i z a t i o n i s 
g r e a t e r than t h a t f o r a d s o r p t i o n . 

Rosen's group r e p o r t e d a l s o the e f f e c t of POE c h a i n l e n g t h on 
w e t t i n g p r o p e r t i e s ( 4 ) . 

Table I I . Thermodynamic Parameters of M i c e l l i z a t i o n f o r N o n i o n i c 
of n - C 1 2 H 2 5 0 ( E O ) m H at 25°C, da t a from Rosen et a t . ( 3 ) 

m AG°mic/ 
( k J m o l " 1) 

AH°mic/ 
( k J m o l " 1) 

AS°mic/ 
( k J m o l " ^ " 1 ) 

2 -25.6 +4 . 2 +0.10o 
3 -24.4 +5. 9 +0. 10 2 

4 -23.9 +8. 8 +0.11 ο 
5 -23.9 +9.9 +O.II3 
7 -23.3 + 12.5 +0.12 0 

8 -22.6 + 13.2 +0. 12 0 
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Table I I I . E f f e c t s of POE Chain Length on 
A d s o r p t i o n f o r N o n i o n i c s o f n-< 
from Rosen et a l . Ο ) 

M i c e l l i z a t i o n and 
C 1 2 H 2 5 0 ( E O ) m H , data 

m AG°mic - AG°ad/ 
( k J mol"" 1) 

AH°mic - AH°ad/ 
( k J mol"" 1) 

T(AS°mic - AS°ad)/ 
( k J m o l ' 1 ) 

2 +9.6 + 5 . 6 - 3 . 9 

3 + 11.1 + 6 . 2 - 4 . 8 

4 + 12.0 +8. it - 3 . 6 

5 + 12.4 + 9 . 3 -3.0 
7 + 13.6 

8 + 14.8 9 

M u l t i - c h a i n and A l i c y c l i c Hydrophobe (No 2 and 3 s e r i e s ) 

There have been few s t u d i e s o f the p r o p e r t i e s of pure compounds i n 
these s e r i e s of n o n i o n i c s (5_, 6). In our l a b o r a t o r y , the non
i o n i c s shown i n Table IV and V have been s y n t h e s i z e d by the ad
d i t i o n o f e t h y l e n e o x i d e under the same c o n d i t i o n s t o pure e t h y l 
ene g l y c o l monoethers, r a t h e r than t o secondary or t e r t i a r y a l c o 
h o l s . T h i s method has been found t o g i v e the same P o i s s o n d i s t r i 
b u t i o n of OE u n i t s and t o be s u i t a b l e f o r e v a l u a t i n g q u a n t i t a t i v e 
l y the s t r u c t u r a l e f f e c t s o f the hydrophobe ( 7 ) . 

Table IV shows a comparison of some aqueous s o l u t i o n p r o p e r 
t i e s of n o n i o n i c s h a v i n g the same t o t a l number ( t e n ) of carbon 
atoms i n the hydrophobe and a comparable POE c h a i n l e n g t h , but 
d i f f e r e n t hydrophobe s t r u c t u r e . I t can be seen t h a t m u l t i - c h a i n 
hydrophobes b r i n g about a s t r i k i n g decrease i n the c l o u d p o i n t and 
i n the s u r f a c e t e n s i o n at the cmc, and an i n c r e a s e i n the cmc, 
w h i l e c y c l i c f i x a t i o n of the a l k y l c h a i n causes a l a r g e i n c r e a s e 
i n the c l o u d p o i n t , the cmc and i n the s u r f a c e t e n s i o n at the cmc. 

Table V shows the same s t r u c t u r a l e f f e c t s f o r the h i g h e r homo
logues o f these s e r i e s . Here, m o l e c u l a r area and cmc of the 
h i g h e s t members do not depend so much on the hydrophobe s t r u c t u r e . 

The e f f e c t c h a r a c t e r i s t i c o f a m u l t i - c h a i n hydrophobe, t h a t i s , 
i n c r e a s e i n the cmc and simultaneous decrease i n the c l o u d p o i n t , 
appears t o be i n c o n s i s t e n t w i t h the well-known HLB concept i n 
s u r f a c t a n t s . Tanford has p o i n t e d out t h a t based on geometric con
s i d e r a t i o n s o f m i c e l l a r shape and s i z e , a m p h i p h i l i c molecules 
h a v i n g a d o u b l e - c h a i n hydrophobe tend t o form a b i l a y e r m i c e l l e 
more h i g h l y packed r a t h e r than those of s i n g l e - c h a i n types (j8). In 
f a c t , a h i g h e r homologue of a , a ! - d i a l k y l g l y c e r y l p o l y o x y e t h y l e n e 
monoether has been found t o form a s t a b l e v e s i c l e or l a m e l l a r 
m i c e l l e (9). P r o b a b l y , the m u l t i - c h a i n type n o n i o n i c s l i s t e d i n 
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Table IV. E f f e c t s o f M u l t i - c h a i n and A l i c y c l i c S t r u c t u r e s o f 
Hydrocarbon Group i n R-0(EO) mH 

m 7.0 7.0 5.5 7.2 4.1 5.4 
Cp a )(°C) 75 22 17 58 80 >100 
Ycmc b )(mNm" 1) 36.0 28.3 33.9 47.3 48.0 
cmc x l O 3 0.85 6.
(mol Γ 1 ) 

a) Cp : c l o u d p o i n t b) ycmc : s u r f a c e t e n s i o n at cmc 

Table V. E f f e c t s o f M u l t i - c h a i n and A l i c y c l i S t r u c t u r e s o f 
Hydrocarbon Group i n the Higher Member of R-O(EO) Η 

Cp cmc χ 10. ycmc A x l 0 ? 

(°C) (mol 1 Ί (mNm ') (nm ) 

n ~ C 1 3 H 2 7 " 8.9 79 0.35 32.6 61 
( n - C 6 H 1 3 ) 2 C H - 9.2 35 1.3 27.9 60 
( n - C 4 H 9 ) 3 C - 9.2 34 5.8 27.5 71 

n ~ C 1 2 H 2 5 ~ 9.4 84 0.94 32.5 62 

( C ^ * 2 ^ 9.2 75 15.0 36.9 86 

n " C 1 6 H 3 3 " 12.2 97 0. 15 34.3 58 
( n - C g H 1 7 ) 2 C H - 11.6 36 0.11 28.8 63 
( n - C 5 H n ) 3 C - 12.0 48 0.72 27.3 68 

11.9 80 0.32 36.7 65 

a) A : m o l e c u l a r a r e a on the a d s o r p t i o n f i l m 

these Tables a l s o form l a m e l l a r m i c e l l e s above t h e i r cmc's, de
s p i t e t h e i r h i g h cmc v a l u e s due t o l e s s hydrophobic c h a r a c t e r o f 
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the hydrocarbon p a r t . Such m i c e l l i z a t i o n s h o u l d be accompanied 
by c l o s e r p a c k i n g of the POE moiety and g r e a t e r d e h y d r a t i o n of 
POE c h a i n than i n m i c e l l e f o r m a t i o n by the u s u a l type o f n o n i o n i c . 
T h i s seems t o be r e l a t e d t o the u n e x p e c t e d l y low c l o u d p o i n t of 
the m u l t i - c h a i n type of n o n i o n i c s . 

Higher A l k y l Crown E t h e r s (No 4 s e r i e s ) 

D u r i n g the past t e n y e a r s , t h e r e have been numerous r e p o r t s on 
the s y n t h e s i s and the a p p l i c a t i o n of crown e t h e r s of s p e c i f i c 
c h a r a c t e r t o v a r i o u s f i e l d s . There have been a l s o a few s t u d i e s 
of the s u r f a c e and m i c e l l a r p r o p e r t i e s o f crown e t h e r s w i t h hy
drophobic groups (10 - 17). The author has c a l l e d them s u r f a c e 
a c t i v e crown e t h e r s as a new c l a s s of s u r f a c t a n t p o s s e s s i n g a 
p r o m i s i n g f u n c t i o n ( 1 1 )

Okahara and coworker
of o l i g o e t h y l e n e g l y c o l (^8, J9_) and a p p l i e d i t t o the convenient 
s y n t h e s i s of crown e t h e r s w i t h h i g h e r a l k y l c h a i n s (20^, 21). 
They have prepared many s e r i e s of n - a l k y l crown e t h e r s and N - a l k y l 
monoazacrown e t h e r s v a r y i n g i n both a l k y l c h a i n l e n g t h and OE 
u n i t number, and compared t h e i r p r o p e r t i e s w i t h those of the c o r 
r e s p o n d i n g open c h a i n compounds (_14_, 15). 

F i g u r e 2 shows the p l o t s of c l o u d p o i n t v s . a l k y l c h a i n 
l e n g t h f o r these compounds h a v i n g the same number ( s i x ) o f OE 
u n i t s . I t can be seen t h a t c y c l i z a t i o n of the POE c h a i n lowers 
the c l o u d p o i n t , i n d i c a t i n g t h a t the c y c l i c POE w i t h o u t the hy-
d r o x y l group has a lower h y d r o p h i l i c i t y , and t h a t r e p l a c i n g the 
oxygen atom i n the r i n g w i t h a n i t r o g e n atom c o n s i d e r a b l y r a i s e s 
the c l o u d p o i n t , i m p l y i n g s t r o n g e r h y d r a t i o n of the amino group. 
The same c o n c l u s i o n s are a l s o reached from the r e s u l t s of the r e 
l a t i o n of c l o u d p o i n t t o OE u n i t number and from s t r u c t u r a l e f 
f e c t s on the cmc. 

Table VI shows a comparison o f the s u r f a c e p r o p e r t i e s of the 
crown and the c o r r e s p o n d i n g open c h a i n compound. The former has 
a lower aqueous s u r f a c e t e n s i o n and a l a r g e r m o l e c u l a r area than 
the l a t t e r , r e f l e c t i n g the lower h y d r o p h i l i c i t y and the g r e a t e r 
r i g i d i t y o f c y c l i c POE. 

Thus, an e s t i m a t i o n can be made of the h y d r o p h i l i c i t y of the 
crown r i n g . The a c e t a l - t y p e crown r i n g o b t a i n e d from h e x a e t h y l -
ene g l y c o l and a h i g h e r a l i p h a t i c aldehyde i s e s t i m a t e d t o be e-
q u i v a l e n t t o about f o u r OE u n i t s i n an a l k y l POE monoether, from 
our study of the c l o u d p o i n t ( 1 1 ) . M o roi et a l . c o n c l u d e d , from 
a comparison of the cmc, t h a t a diaza-18-crown-6 i s e q u i v a l e n t t o 
20 OE u n i t s i n the u s u a l type of n o n i o n i c ( 12). Okahara 1s group 
e v a l u a t e d the e f f e c t i v e HLB based on the c l o u d p o i n t , phenol 
index and p h a s e - i n v e r s i o n - t e m p e r a t u r e i n emulsion of o i l / w a t e r 
system and they concluded t h a t 18-crown-6 and monoaza-18-crown-6 
r i n g s w i t h d o d e c y l group are a p p r o x i m a t e l y e q u i v a l e n t t o 4.0 and 
4.5 u n i t s , r e s p e c t i v e l y , of OE c h a i n s w i t h the same a l k y l c h a i n 
( J 7 ) . 
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8 10 12 
NUMBER OF CARBON ATOMS IN ALKYL CHAIN 

F i g u r e 2. E f f e c t o f h y d r o p h i l e - s t r u c t u r e on c l o u d p o i n t (the d a t a 

p o i n t s from Kuo, Ikeda and Okahara, Ref. 14. and 15. 1982). 

—#— : N - a l k y l monoaza 18-crown-6, *·-·---: RN ( E 0 ) 3 H 2 > —O— : 

a l k y l 18-crown-6, — 0 — : HOCHRCH 20(EO) 5H, R0(E0) 6H 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
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Table V I . E f f e c t of the H y d r o p h i l e - S t r u c t u r e on the S u r f a c e ^ 
P r o p e r t i e s at 20°C, d a t a from Okahara et a l . ( 1 4 , 1 5 ) 

oj_ „ S u r f a c e t e n s i o n Area/molecule S t r u c t u r e R - _ j 2 2 
at cmc (mNm ) (nm χ 10 ) 

'10 
Ί2 

'10 
:12 

32.9 ( - ) 
33.0 (36.5) 
34.7 ( - ) b ) 

34.0 (36.5) 
34.0 (36.5) 

55 ( - ) 
56 (45) 
56 ( - ) 
53 (47) 
53 (45) 

b) 

a) The d a t a f o r the c o r r e s p o n d i n g p r e c u r s o r of the crown e t h e r 
are shown i n parentheses b) Measured at 10°C 

S u r f a c e - a c t i v e crown e t h e r s are d i s t i n c t l y d i f f e r from u s u a l 
type o f n o n i o n i c s i n s a l t e f f e c t on the aqueous p r o p e r t i e s , due 
t o the s e l e c t i v e complexing a b i l i t y w i t h c a t i o n s depending on the 
r i n g s i z e of the crown. As shown i n F i g u r e 3 ( 2 2 ) , the c l o u d 
p o i n t of the crowns i s s e l e c t i v e l y r a i s e d by the added s a l t s . T h i s 
i n d i c a t e s t h a t the degree o f c l o u d p o i n t i n c r e a s e i s a measure of 
the crown-complex s t a b i l i t y i n water ( 2 3 ) . 

Long N-Acyl α-Amino A c i d POE Monoesters (No 5 s e r i e s ) 

The s a l t s of l o n g N - a c y l amino a c i d s have been g a i n i n g more i n t e r ^ 
e s t and commercial use i n the f i e l d s o f d e t e r g e n t s , c osmetics and 
t o i l e t r i e s , due t o good s u r f a c e p r o p e r t i e s , m i l d n e s s t o s k i n and 
h i g h b i o d e g r a d a b i l i t y . I n o r d e r t o develope a new type o f non
i o n i c s p o s s e s s i n g noteworthy c h a r a c t e r from these m a t e r i a l s , we 
have r e c e n t l y i n v e s t i g a t e d the s y n t h e s i s and the aqueous p r o p e r 
t i e s o f homogeneous s e r i e s of o l i g o e t h y l e n e g l y c o l e s t e r s of 
v a r i o u s N - a c y l α-amino a c i d s ( 2 5 ) . 

The r e s u l t s show the e f f e c t of i n s e r t i n g t y p i c a l α-amino a c i d 
r e s i d u e s between a l o n g a l k y l group and a POE c h a i n , based on a 
comparison o f p r o p e r t i e s w i t h those o f the u s u a l type of n o n i o n i c . 

Table V I I shows t h a t g l y c i n e ( G ) , and p a r t i c u l a r l y g l y c y l -
g l y c i n e ( G 2 ) , r e s i d u e s r a i s e the m e l t i n g , K r a f f t and c l o u d p o i n t s . 
On the o t h e r hand, the m e l t i n g and K r a f f t p o i n t s o f n o n i o n i c s 
h a v i n g a G r e s i d u e s t e a d i l y decrease w i t h i n c r e a s i n g number of OE 
u n i t s . L - A l a n i n e ( L - A ) s l i g h t l y r a i s e s the m e l t i n g and K r a f f t 
p o i n t s , and s a r c o s i n e ( S ) has the l e a s t i n f l u e n c e on the p r o p e r 
t i e s . T h i s i n d i c a t e s t h a t i n t r o d u c i n g a h i g h l y hydrogen bond-
forming secondary amido l i n k a g e i n t o the n o n i o n i c molecule i n 
c r e a s e s both the c r y s t a l l i n i t y and h y d r o p h i l i c i t y o f POE n o n i o n i c . 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



36 S T R U C T U R E / P E R F O R M A N C E R E L A T I O N S H I P S IN S U R F A C T A N T S 

H 

< 
H 

Ο 

Η 

Q 
53 
< 

5Ε 
Η 

CO 
W 
Ο 

< 33 
U 

Η 53 
I—I 
Ο 
FM 

Q 33 
Ο 

Η 
ω 
53 

+8 

-0.5 +27 

+

"Π" 
-5 -6 

+6 

• ο 

- λ 5 + 7 
+4. ιΊ ι r 

I 
-3.5 U.5 

-9.5 

L i 

17.5 

Na 
ι. 

Q J)H 
2 

-18 
Κ Rb Cs MCI (1 m o l a l ) 
1 ,1 L 

I 
1 2 3 4 

IONIC DIAMETER ( A ) 

F i g u r e 3. S a l t e f f e c t s on c l o u d p o i n t s of N - a l k y l monoaza crown 

e t h e r s and the c o r r e s p o n d i n g open c h a i n d e r i v a t i v e s (from Kuo 

and Okahara, Ref. 22. 1983) 
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Table V I I . M e l t i n g P o i n t , K r a f f t 
N o n i o n i c s 

P o i n t and Cloud P o i n t o f 

Compound 3^ M e l t i n g 
point(°C) 

K r a f f t 
point(° C) 

Cloud 
point(°C) 

C 1 2 ° 2 E 6 

25 
2 1 - 2 3 

< 0 
< 0 

51 
54 

C 1 2 G E 2 5 9 - 6 1 40 78 

C 1 2 G E 3 
56 - 58 24 46 

C 1 2 G E 4 
44 - 46 < 0 74 - 76 

C 1 2 G 2 E 4 
10

C 1 2 A E 3 
3

C 1 2 S E 3 l i q . < 0 43 - 45 

a) G : -NHCH 2C00- E m : -( C 2 H 4 0 ) m H G : -
-NHCHMeCOO- ( L - a l a n i n e ) S : -NMeCH2COO-

b) C 1 2H250(C 2H t t0) 6H c) C i i H 2 3 C 0 0 ( C 2 H i t 0 ) 6 H 

•(NHCH 2C0) 20- A : 

Table V I I I . Cmc and Surf a c e P r o p e r t i e s o f N o n i o n i c s (30°C) 

Compound cmc 
(mol Γ ^ Ι Ο 4 ) 

Surface t e n s i o n 
at cmc (mNm 1 ) 

Area per molecule 
(nm 2 x l O 2 ) 

C 1 2 0 E 6 

C 1 2 ° 2 E 6 
C 1 2 G E 3 

0 . 8 0 a ) 

1.2 a ) 

2.9 

3 1 . 5 a ) 

3 1 . 5 a ) 

28.2 

5 0 a ) 

44 

C 1 2 G E 4 
3.8 29.8 51 
3.6 28.8 53 

C 1 2 S E 3 
3.0 29.6 52 

a) Measured at 20°C 

Table V I I I shows t h a t G, L-A and S r e s i d u e s cause the same de
gree of i n c r e a s e i n the cmc and o n l y s l i g h t l y a f f e c t s u r f a c e 
t e n s i o n r e d u c t i o n and m o l e c u l a r area on the a d s o r p t i o n f i l m . For 
each s e r i e s o f t h i s type o f n o n i o n i c , p l o t s of l o g cmc v s . number 
of carbon atoms(8 - 16) i n the a c y l c h a i n gave a s t r a i g h t l i n e 
w i t h a s l o p e s i m i l a r t o t h a t f o r the u s u a l type o f n o n i o n i c . How
ev e r , the former types d i f f e r d i s t i n c t l y from the l a t t e r type i n 
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Table IX. Thermodynamic Data f o r 
S u r f a c t a n t s 

M i c e l l i z a t i o n 
at 25°C 

of N o n i o n i c 

Compound -AGm 
( k J mol ) 

AHm 
( k J mol ) 

ASm . . 
( J mol *K Ί 

C 1 0 O E 5 . 7 
C 1 0 S E A 

28. 1 
24.3 

+5.12 
+2.43 

112 
90 

23.7 0.0 80 

C 1 0 G E 4 23.6 -2. 10 72 

C 1 2 O E 6 33.3 + 10.0 146 

C 1 2 S E 4 30
29.4 -3.35 88 

C 1 2 G E 4 29.7 -15.5 46 

the temperature dependence of the cmc, as shown i n F i g u r e 4. The 
n o n i o n i c s h a v i n g G, L-A or S r e s i d u e s a l l gave a l i n e w i t h nega
t i v e s l o p e and a break p o i n t . Such temperature dependence o f cmc 
has been r e p o r t e d not f o r the known POE n o n i o n i c s , but f o r the 
z w i t t e r i o n i c N - a l k y l b e t a i n e s ( 2 6 ) , the molecules of which are i n 
t e r m e d i a t e i n p o l a r i t y between i o n i c s and POE n o n i o n i c s . 

Table IX shows the thermodynamic parameters o f m i c e l l i z a t i o n , 
c a l c u l a t e d from the cmcs and t h e i r temperature dependence, f o r two 
homologues of each of these types o f n o n i o n i c s . I t can be seen 
t h a t AHm and ASm p r o g r e s s i v e l y decrease i n the or d e r : u s u a l - t y p e 
> S > L-A > G type f o r both homologous s e r i e s . T h i s suggests t h a t 
the h i g h p o l a r i t y o f the amido l i n k a g e causes e i t h e r l e s s dehy
d r a t i o n or exothermic a s s o c i a t i o n o f the h y d r o p h i l i c p a r t on 
m i c e l l e f o r m a t i o n . 

F i g u r e 5 shows p l o t s of c l o u d p o i n t v s . number o f OE u n i t s f o r 
each of these types of n o n i o n i c s . These p l o t s g i v e f o u r curves 
r o u g h l y p a r a l l e l t o one a n o t h e r , except f o r a p a r t of the G t y p e . 
From these c u r v e s , i t i s p o s s i b l e t o e s t i m a t e a c o n t r i b u t i o n of 
the i n s e r t e d r e s i d u e t o h y d r o p h i l i c i t y of the n o n i o n i c s . Namely, 
such c o n t r i b u t i o n may be r e p r e s e n t e d by the d i f f e r e n c e between 
u s u a l and o t h e r types i n OE u n i t number r e q u i r e d t o g i v e the same 
c l o u d p o i n t i n the temperature range 40 - 60°C. Thus, the e q u i v a 
l e n t number o f OE u n i t s i s about 3 f o r both G and S, and 2 f o r 
L-A, r e s p e c t i v e l y . Only the G type g i v e s an unusual curve w i t h a 
minimum, which has not p r e v i o u s l y been r e p o r t e d f o r POE n o n i o n i c s . 
A s i m i l a r u n u s u al b e h a v i o r can a l s o be observed r e g a r d i n g the a c y l 
c h a i n l e n g t h (N) dependence o f the c l o u d p o i n t , as shown i n F i g u r e 
6. Only the S t y p e , w i t h t e r t i a r y amido l i n k a g e , gave a curve de
scen d i n g w i t h i n c r e a s i n g N, l i k e the u s u a l t y p e . On the o t h e r 
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3.2 3.3 -1 3 ' 4 3 
RECIPROCAL OF TEMPERATURE(Κ χ 10 ) 

F i g u r e 4. P l o t s o f l o g cmc v s . the r e c i p r o c a l o f temperature f o r 

n o n i o n i c s 

(-*-) 

C 1 2 G E A ( - ), C 1 2 A E 4 ( - • ) , C , 2SE 4( ) and C J 2 O E 6 
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F i g u r e 5. P l o t s o f c l o u d p o i n t v s . number of oxyethylene u n i t s ( m ) 

f o r n o n i o n i c s : C 1 2 G E m ( - 0 - ) , C J 2 A E m ( - # - ) , C 1 2 S E m ( - Q - ) and 
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F i g u r e 6. P l o t s of c l o u d p o i n t v s . number of carbon atoms i n the 

a c y l or a l k y l group f o r n o n i o n i c s : C ^ E ^ C — Ο - ) , C ^ E ^ C - * — ) , 

C^SEA-O-) and C M 0 E , ( - A - ) Ν 3 Ν 6 
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hand, the curves of G and L-A types h a v i n g secondary amido 
l i n k a g e s have a sharp minimum at the same N(12). T h i s problem 
w i l l be d i s c u s s e d i n r e l a t i o n t o the phase diagram o f the G type 
and water system. 

B i n a r y phase diagram o f the G type-water system were de
termined by v i s u a l o b s e r v a t i o n s w i t h p o l a r i z i n g microscopy and by 
d i f f e r e n t i a l - s c a n n i n g - c a l o r i m e t r y . S e v e r a l p h o t o g r a p h i c i l l u s 
t r a t i o n s of the l i q u i d c r y s t a l phase o f a 50 wt% CmGE3 d i s p e r s i o n 
i n water over the temperature range 35 - 86°C are shown i n F i g u r e 
7. We can see t y p i c a l t e x t u r e s c h a r a c t e r i s t i c o f a neat phase 
above the K r a f f t point(38°C). The t e x t u r e s p a r t i a l l y d i s a p p e a r at 
63°C, but new l i q u i d c r y s t a l s appear a g a i n w i t h ascending temper
a t u r e up t o 85°C. At 86°C, a p o r t i o n of the l i q u i d c r y s t a l s b e g i n 
t o melt and phase s e p a r a t i o n o c c u r e s , but the o t h e r p o r t i o n r e 
mains up t o 97°C. 

F i g u r e 8 shows the b i n a r
system. T h i s i n d i c a t e s t h a t t h i s n o n i o n i c has no middle phase and 
has a markedly wide area o f neat phase over both c o m p o s i t i o n and 
temperature ranges. On the o t h e r hand, the S type w i t h the same Ν 
g i v e s not so wide area o f neat phase, and i t has been r e p o r t e d 
t h a t the Ci20E6~water system has middle and neat phases (27) . The 
r e s u l t s suggest t h a t G type n o n i o n i c s w i t h a secondary amido 
l i n k a g e and a l o n g c h a i n a c y l group are p a r t i c u l a r l y apt t o form a 
l a m e l l a r l i q u i d c r y s t a l s due t o h i g h l y o r i e n t i n g m o l e c u l e s . 

F i g u r e 9 shows the e f f e c t o f a c y l c h a i n l e n g t h (N) on the b i 
nary phase diagram of G type n o n i o n i c s . The a r e a of neat phase 
spreads w i t h i n c r e a s i n g Ν and the e x t e n s i o n of the area takes 
r a p i d s t r i d e s between Ν of 12 and 14. T h i s Ν i s j u s t i n a c c o r d 
w i t h t h a t of the sharp minimum i n the c l o u d p o i n t - Ν curve o f the 
G t y p e . The same t h i n g has a l s o been found f o r the r e l a t i o n be
tween the e f f e c t o f OE number on the a r e a o f the neat phase and 
the minimum i n the c l o u d p o i n t - OE number curve of C i 2 G E m (m = 2 
- 4 ) . 

These f a c t s may be e x p l a i n e d as f o l l o w s : The secondary amido 
l i n k a g e l o c a t e d near the a l k y l c h a i n c o n t r i b u t e s , t o g e t h e r w i t h 
hydrophobic bonding by the a l k y l c h a i n , t o form a t i g h t l a m e l l a r 
aggregate of the n o n i o n i c m o l e c u l e , due t o i t s i n t e r m o l e c u l a r 
hydrogen-bonding a b i l i t y . T h i s i s r e f l e c t e d i n the wide a r e a o f 
neat phase over a g r e a t range of both temperature and c o m p o s i t i o n 
f o r the h i g h e r members of the G t y p e . Consequently, d e h y d r a t i o n 
of the h y d r o p h i l i c p a r t of the n o n i o n i c f i x e d i n the l a m e l l a r 
aggregate may be s i g n i f i c a n t l y r e s t r i c t e d up t o a h i g h tempera
t u r e . T h i s r e s u l t s i n r a i s i n g the c l o u d p o i n t curve as a whole. 

Concerning the e f f e c t s of i n t r o d u c i n g amino a c i d r e s i d u e s i n t o 
POE n o n i o n i c s , i t can be concluded t h a t 1) amido groups do not 
lower s u r f a c e - a c t i v e p r o p e r t i e s , 2) amido groups g e n e r a l l y i n 
crease the h y d r o p h i l i c i t y o f n o n i o n i c s ( g i v i n g a h i g h c l o u d 
p o i n t ) , 3) secondary amido groups i n c r e a s e the c r y s t a l l i n i t y o f 
n o n i o n i c s ( g i v i n g a h i g h K r a f f t p o i n t and the a b i l i t y t o form l a 
m e l l a r l i q u i d c r y s t a l s ) . Thus, the i n s e r t i o n of amino a c i d 
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F i g u r e 7. Photomicrographs w i t h c r o s s e d p o l a r o i d s of a 50 wt% 

Cj^GE^ d i s p e r s i o n i n water over the temperature range 35 - 86°C. 

M a g n i f i c a t i o n Ca χ 100 
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F i g u r e 8. B i n a r y phase diagram of C^GE^-water system. G : g e l 

phase, Ν : neat phase, I : i s o t r o p i c s o l u t i o n , I I : two l i q u i d 

phase 
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F i g u r e 9. E f f e c t o f a c y l c h a i n l e ngth(N) on the b i n a r y phase d i a 

gram of C„GE~-water systems 
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r e s i d u e s becomes a new s t r u c t u r a l f a c t o r f o r c o n t r o l o f two im
p o r t a n t p r o p e r t i e s o f POE n o n i o n i c s , h y d r o p h i l i c i t y and c r y s t a l -
l i n i t y , which have so f a r been c o n t r o l l e d o n l y w i t h hydrocarbon 
and 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 s . 
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3 
Surface Properties of Zwitterionic Surfactants 
1. Synthesis and Properties of Some Betaines and Sulfobetaines 

M . D A H A N A Y A K E and MILTON J . ROSEN 

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

Zwitterionic surfactants of structure RN+(CH2C6H5)-
(CH3)CH2COO-, where R is an alkyl chain of 10 or 12 
carbon atoms, and RN+(CH2C6H5)(CH3)CH2CH2SO3-, where 
R is 8, 10, or 12 carbon atoms, have been synthe
sized. From surface tension-concentration curves 
in aqueous solution at 10°, 25°, and 40°C, surface 
excess concentrations and areas/molecule at surface 
saturation, critical micelle concentrations, 
efficiency and effectiveness of surface tension 
reduction, and thermodynamic parameters of adsorp
tion and micellization have been calculated. The 
areas/molecule indicate that the entire ionic head 
group in each series is lying flat in the aqueous 
solution/air interface. For the glycines, the 
standard free energies of micellization and of 
adsorption per methylene group at the aqueous 
solution/air interface are -2.80 kJ and -3.05 kJ, 
respectively; for the taurines, the standard free 
energy of adsorption per methylene is -3.15 kJ, 
all at 25°C. 

The use of zwitterionic surfactants commercially has increased drama
tically in recent years (1J because of their unique properties, such 
as compatibility and synergism when used in conjunction with most 
other types of surfactants. This type of surfactant is used in 
textile processing aids, cosmetic products, cleaning agents, and as 
antistatic agents. The sulfobetaines have been found to be very 
good lime soap disperants (2). 

In spite of this wide applicability, a survey of the literature 
reveals that, compared to ionic and nonionic surfactants, there have 
been relatively few investigations of their surface and thermodynamic 
properties. Investigation has been hampered by the nonavailability 
of pure compounds and proper analytical techniques to determine their 
concentration in solution. 

0097-6156/ 84/ 0253-0049506.00/ 0 
© 1984 American Chemical Society 
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Tori and Nakagawa ( 3 - 7 ) , in a s e r i e s o f papers, described the 
m i c e l l a r p r o p e r t i e s of C 8 , C i 0 > and C12 C - a l k y l b e t a i n e s o f the type 
(CH 3 ) 3

+ N-CH(R)C00~, and N - o c t y l b e t a i n e , C 8 Hi 7
+ N ( C H 3)2CH 2 C 0 0 - . From 

s t u d i e s of the temperature dependence of the cmc, they were able to 
c a l c u l a t e Δ Η ^ . Herrmann (8) s t u d i e d C i 0 > C i 2 , and C i 6 N - a l k y l -

s u l f o b e t a i n e s of the t y p e , R - + N ( C H 3 ) 2 ( C H 2 ) 3 S 0 3 ~ with regard to the 
chain length and i o n i c strength v a r i a t i o n on the cmc. He c a l c u l a t e d 
the standard f ree energy c o n t r i b u t i o n to m i c e l l i z a t i o n of a methylene 
group to be 0.61 kcal mol" 1 and, thereby, concluded that the i n t e r n a l 
s t r u c t u r e o f the m i c e l l e s of these z w i t t e r i o n i c s i s s i m i l a r to a l l 
other i o n i c and nonionic s u r f a c t a n t s s t u d i e d . Thermodynamic 
parameters o f m i c e l l i z a t i o n have a l s o been i n v e s t i g a t e d by Molyneux 
( 9 ) , and Swarbrick ( 1 0 ) . They were able to estimate the standard 
f ree energy c o n t r i b u t i o n to m i c e l l i z a t i o n of the head group of 
N - a l k y l and C-al kyl betaines to be +3.3 and +2.7 Kcal mol""1, 
r e s p e c t i v e l y . Molyneux e t a l . found the p l o t of l o g cmc vs. 1/T f o r 
dodecyl N-methylbetaines t
observed a minimum in the
undecyl b e t a i n e s . From these d a t a , these workers were able to 
estimate the standard e n t h a l p i e s and e n t r o p i e s of m i c e l l i z a t i o n and 
to compare these r e s u l t s with other n o n e l e c t r o l y t e amphophiles. 

In c o n t r a s t to t h i s , there i s l i t t l e information a v a i l a b l e (11) 
on the thermodynamics o f adsorpt ion o f a l k y l b e t a i n e s and no data on 
the thermodynamic parameters o f adsorption o r m i c e l l i z a t i o n f o r 
s u l f o b e t a i n e s . 

In the present work, we have synthesized two betaines and three 
s u l f o b e t a i n e s i n very pure form and have determined t h e i r surface 
and thermodynamic p r o p e r t i e s of m i c e l l i z a t i o n and a d s o r p t i o n . From 
these data on the two c l a s s e s of z w i t t e r i o n i c s , e n e r g e t i c s of 
m i c e l l i z a t i o n and adsorpt ion of the h y d r o p h i l i c head groups have been 
estimated and compared to those of nonionic s u r f a c t a n t s . 

Experimental S e c t i o n 

N - a l k y l N-benzyl N-methylglycines, C n H 2 n + 1 N + ( C H 2 C 6 H 5 ) ( C H 3 ) C H 2 C 0 0 " . 

Two homologues, i n which η = 10 (Ci 0 BMG) and 12 (Ci 2 B M G ) , were 
synthesized by r e a c t i n g N-methylbenzyl amine (3 moles) and sodium 
c h l o r o a c e t a t e (1 mole) i n 95% ethanol overnight at 40°C. The 
r e s u l t i n g s o l u t i o n was t r e a t e d w i t h 0.5 moles of N a 2 C 0 3 and steam 
d i s t i l l e d to remove the excess N-methylbenzyl ami ne. Water was 
removed by r o t a r y evaporator and the crude residue N-methylbenzyl -
g l y c i n e was r e c r y s t a l l i z e d from isopropyl a l c o h o l . 

The t e r t i a r y amine thus obtained was d i s s o l v e d i n absolute 
ethanol and was r e f l u x e d f o r two days with f i v e molar percent excess 
of the appropr iate bromoalkane (97% Humphrey Chemical, North Haven, 
Conn.). Solvent was removed and the residue i n aqueous Na 2 C0 3 

s o l u t i o n was e x t r a c t e d with hexane to remove any unreacted bromo
alkane. Next, the N - a l k y l N-benzyl N-methylglycine was e x t r a c t e d 
i n t o chloroform from the aqueous l a y e r . Solvent was s t r i p p e d o f f 
and the crude m a t e r i a l was r e c r y s t a l l i z e d t h r i c e from carbon t e t r a 
c h l o r i d e and twice from THF/CHC13 (60:40 v/v) mixture. The y i e l d s 
of the p u r i f i e d betaines were about 75% o f the t h e o r e t i c a l . 

A n a l y t i c a l data f o r the compounds were as f o l l o w s : 
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c a l c u l a t e d 
~~C H N~ 

CioBMG 75.19 10.41 4.38 

CioBMG 76.03 10.73 4.03 

found 
C Η Ν 

74.48 10.82 4.32 

75.70 10.76 3.92 

N - a l k y l N-benzyl N-methyltaurines, C n H 2 n + 1 N + ( C H 2 C 6 H 5 ) ( C H 3 ) C H 2 C H 2 S 0 3 \ 

Three homologues i n which η = 8 (C 8 BMT), 10 (CioBMT), and 12 (Ci 2 BMT) 
were synthesized by a procedure s i m i l a r to t h a t f o r the N - a l k y l -
b e t a i n e s . Here, the N-methylbenzyl amine and sodium s a l t of 2-chloro-
e t h a n e s u l f o n i c a c i d were r e f l u x e d i n 95% methanol f o r two days. 
A f t e r treatment w i t h 0.5 M N a 2 C 0 3 , the r e s u l t i n g s o l u t i o n was steam 
d i s t i l l e d to remove the excess N-methylbenzyl amine. Water was 
removed and the crude residue was r e c r y s t a l l i z e d from e t h a n o l . 

The t e r t i a r y amine thu
ethanol and r e f l u x e d f o r f i v e days w i t h f i v e molar percent excess of 
the appropriate bromoalkane. T h e r e a f t e r , the procedure was s i m i l a r 
to t h a t f o r the N - a l k y l g l y c i n e s . Crude product was r e c r y s t a l l i z e d 
t h r i c e from water and then from THF/CHC13 (50:50 v/v) mixture. 

A n a l y t i c a l data f o r the compounds were: 

c a l c u l a t e d found 

c Π I T — C Η F ~ 

CioBMT 64.99 9.55 3.79 65.20 9.92 3.74 

C i 2 BMT 66.45 9.89 3.52 66.31 10.01 3.48 

The molar a b s o r p t i v i t i e s f o r the two betaines and the three 
s u l f o b e t a i n e s i n aqueous s o l u t i o n are l i s t e d i n Table I. Before 
being used f o r s urface tension measurements, aqueous s o l u t i o n of 
s u r f a c t a n t s were f u r t h e r p u r i f i e d by repeated passage (12) through 
minicolumns (SEP-PAK C i 8 C a r t r i d g e , Waters A s s o c . , M i l f o r d Mass.) o f 
o c t a d e c y l s i l a n i z e d s i l i c a g e l . 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 
the e f f l u e n t from these columns was determined by u l t r a v i o l e t 
absorbance, using the molar a b s o r p t i v i t i e s l i s t e d in Table I. 

l a b l e I. Molar A b s o r p t i v i t i e s f o r R-N + (CH 2 C 6 H 5 )(CH 3 )CH 2 C00~ and 
R - N + ( C H 2 C 6 H 5 ) ( C H 3 ) C H 2 C H 2 S 0 3 -

Compound \nax e i d m ' m o l ^ c n f 1 χ 10" 3 ) 

CioBMG 263 3.80 

Ci 2BMG 263 3.55 

C8BMT 263 3.88 

CIOBMT 263 3.80 

C I 2 B M T 210 12.12 
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Surface tension measurements. S o l u t i o n s o f the betaines were 
prepared w i t h quartz-condensed, d i s t i l l e d water, s p e c i f i c conduct
ance, 1.1 χ 10* 6 mho cm"1 a t 25°C. A l l surface t e n s i o n measurements 
were made by Wilhelmy v e r t i c a l p l a t e technique. S o l u t i o n s to be 
t e s t e d were immersed i n a constant-temperature bath a t the d e s i r e d 
temperature ±0.02°C and aged f o r a t l e a s t 0.5 h before measurements 
were made. The pH of a l l s o l u t i o n s was > 5.0 ( u s u a l l y , i n the range 
5 . 5 - 5 . 9 ) , where surface p r o p e r t i e s show no change with pH. 

Results and Discussions 

P l o t s of surface t e n s i o n , γ , vs. the l o g of the molar c o n c e n t r a t i o n , 
C, o f the s u r f a c t a n t i n the bulk phase a t 1 0 ° , 2 5 ° , and 40°C f o r the 
N - a l k y l g l y c i n e s and the N - a l k y l t a u r i n e s are shown i n Figures 1 and 
2 r e s p e c t i v e l y . 

Surface excess c o n c e n t r a t i o n , Γ, i n mol cm" 2 , and area/molecule, 
A, i n nm 2 , at the l i q u i d / a i
r e l a t i o n s h i p s : 

Γ = ο ί ι τ ( π | τ ) τ
 a n d A = :!^r 

where ( 3 γ / 8 log C)-j- i s the slope of the γ - l o g C curve at constant 

temperature, T, R = 8.31 J m o l " 1 ^ 1 , and Ν = Avogadro's number. 
Values o f 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), minimum area per 
molecules ( A „ . ) , ττ . the e f f e c t i v e n e s s o f surface t e n s i o n reduc-π π η ' ' cmc 
t i o n ( 1 3 ) , and p C 2 0 , the e f f i c i e n c y o f surface t e n s i o n r e d u c t i o n (14), 
are l i s t e d i n Table I I . 

The CioBMG and C12BMG were found to have high s o l u b i l i t y i n 
water, whereas the corresponding N - a l k y l t a u r i n e s were s p a r i n g l y 
s o l u b l e i n water. As a r e s u l t o f the poor s o l u b i l i t y , the only cmc 
determined i n t h i s s e r i e s was f o r CioBMT at 4 0 e C . The cmc o f C8BMT 
was not determined due to i t s high cmc and i n s u f f i c i e n t m a t e r i a l . 

The areas per molecule f o r the g l y c i n e s and f o r the t a u r i n e s , 
when compared to the cross s e c t i o n a l areas o f the compounds as 
obtained from molecular models, suggest t h a t , a t the aqueous s o l u t i o n / 
a i r i n t e r f a c e , the i o n i c head groups, - N + ( C H 2 C 6 H 5 ) ( C H 3 ) C H 2 C H 2 S 0 3 " 
( i n the case of the t a u r i n e s ) and -N + (CH 2 C 6 H 5 )(CH 3 )CH 2 C00~ ( i n the 
case o f the g l y c i n e s ) , are l y i n g f l a t i n the i n t e r f a c e . 

Although the e f f i c i e n c i e s o f surface tension r e d u c t i o n , p C 2 0 , 
f o r the betaines and t h e i r corresponding s u l f o b e t a i n e s are almost the 
same, the former appear to show g r e a t e r e f f e c t i v e n e s s i n surface 
tenion r e d u c t i o n , as i n d i c a t e d by the -ncm v a l u e s . This may be due 

to the s m a l l e r areas per molecule o f the betaines as compared to the 
corresponding s u l f o b e t a i n e s . 

Standard Thermodynamic Parameters of M i c e l l i z a t i o n . Standard f r e e 
energies of m i c e l l i z a t i o n were c a l c u l a t e d by the r e l a t i o n s h i p : 

AGm-iη = RT In CMC 

Standard e n t r o p i e s and e n t h a l p i e s o f m i c e l l i z a t i o n , A S ° . and 
mi c 

A H m i c » c a n b e c a l c u 1 a t e d from the r e l a t i o n s h i p s ' : 
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4.5 3.5 2.5 1.5 
-log C 

Figure 1. Surface t e n s i o n vs. log c o n c e n t r a t i o n of CioBMG i n 

aqueous s o l u t i o n at 1 0 ° ^ r , 2 5 ° ^ , and 4 0 ° p ' ; o f C12BMG at 1 0 ° Δ , 

2 5 ° G , and 40° • . 
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Table I I . Surface P r o p e r t i e s of R - N ^ C H Z C G H S M C H S J C H Z C O O " 
R-N +(CH2CGH5)(CH 3)CH2CH2S03-

and 

Compound T ( ° C ) 

Δ 
cmc _ miη 

mole dm""3 nm2 χ 100 PC20 
π 

cmc 
mN m' 1 

CioBMG 10° 6.31 χ 10" 3 54.8 3.34 38.7 

25° 5.25 χ 10" 3 56.9 3.36 38.0 

40° 4.36 χ 10" 3 59.7 3.30 36.3 

C12BMG 10° 6.026 χ 10""* 56.2 4.42 39.7 

25° 5.49 χ 10"1* 57.6 4.42 39.0 

40° 5.25 χ 10" 4 59.7 4.32 37.6 

C8BMT 10° 

25° 60.9 2.23 --
40° 63.4 2.17 — 

CioBMT 10° 55.8 3.4 — 

25° 60.9 3.34 — 

40° 4.57 χ 10" 3 64.0 3.22 33.8 

C12BMT 10° 58.5 4.52 — 

25° 61.2 4.44 — 

40° 64.0 4.32 — 

d(AG e /dt) = - A S ° 

and ΔΗ° = AG 0 + TAS° 

The A S ° i c values i n Table I I I are a l l p o s i t i v e , i n d i c a t i n g 

increased randomness i n the system upon t r a n s f o r m a t i o n of the 
z w i t t e r i o n i c s u r f a c t a n t molecules i n t o m i c e l l e s . The v a l u e s , 

t o o , are p o s i t i v e , due to the endothermic d e s o l v a t i o n a s s o c i a t e d 
with m i c e l l i z a t i o n . S m a l l e r Δ Η ° . and A S ° . values at 25-40°C than 

mic mic 
a t 10-25° are due to the s m a l l e r hydration of the monomers at the 
higher temperatures. In the temperature range s t u d i e d , no minimum 
i n the v a r i a t i o n o f A H ° i c w i t h temperature was observed, i n agree
ment with the work of Swarbrick et a l . (10) . 

From the v a r i a t i o n o f the Δ Η ° . values f o r the two a l k y l 
mic 

b e t a i n e s , i t i s seen t h a t , f o r the s h o r t e r a l k y l chain compounds, 
the enthalpy change i s a s i g n i f i c a n t f a c t o r i n the process of 
m i c e l l i z a t i o n w h i l e , f o r the longer chain compounds, the f ree energy 
change i s due almost e n t i r e l y to the entropy change. 

From the standard f r e e energy of m i c e l l i z a t i o n of the N - a l k y l -
g l y c i n e s , the AG°^ per methylene group at 25°C i s -2.80 k J . This 
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Table I I I . Standard Thermodynamic Parameters o f M i c e ! 1 i z a t i o n f o r 
R - N + ( C H 2 C 6 H 5 ) ( C H 3 ) C H 2 C 0 0 -

Compound T ( ° C ) (kJ m o T 1 ) 
ΔΗ° 

(kJ m o l ' 1 ) (kJ π ι ο Γ ' Κ " 1 ) 

CioBMG 10 - 1 1 . 5 
+8.5 +0.070 

25 - 1 3 . 0 
+4.7 +0.044 

40 - 1 3 . 9 

C12BMG 10 - 1 7 . 4 
+4.6 +0.078 

25 - 1 8 . 6 
+0.9 +0.067 

40 

i s i n c l o s e agreement w i t h the corresponding value o f - 2 . 8 5 kJ at 
20°C obtained by Molyneux e t a l . ( 9 ) . 

Standard Thermodynamic Parameters o f A d s o r p t i o n . Table IV l i s t s the 
standard thermodynamic parameters of a d s o r p t i o n . Values have been 

Table IV. Standard Thermodynamic Parameters of Adsorption f o r 
R-N +(CH2C 6 H 5 )(CH3)CH 2 C00- and R-N + (CH 2 C 6 H 5 )(CH3)CH 2 CH 2 S03~ 

Compound T ( ° C ) 
AG° 

(kJ mol" 1 ) 
ΔΗ° 

(kJ mol" 1 ) 
Δ5° 

(kJ mol-'K" 1 ) 

C10BMG 10 - 2 4 . 7 
+0.087 

10 - 2 4 . 7 
+0.2 +0.087 

25 - 2 6 . 0 
+0.2 

40 - 2 7 . 2 
- 2 . 6 +0.078 

40 - 2 7 . 2 
- 2 . 6 +0.078 

Ci 2BMG 10 - 3 0 . 9 Ci 2BMG 

-32.1 
- 7 . 1 +0.082 

25 -32.1 
- 7 . 1 

40 - 3 3 . 2 
- 1 0 . 9 +0.071 

40 - 3 3 . 2 
- 1 0 . 9 +0.071 

C8BMT 10 - 1 8 . 7 
+5.9 +0.083 

25 - 2 0 . 0 
+5.9 

- 2 0 . 6 
- 9 . 2 +0.036 

40 - 2 0 . 6 
- 9 . 2 +0.036 

C10BMT 10 -25.1 C10BMT 
25 - 2 6 . 3 

- 2 . 7 +0.079 
25 - 2 6 . 3 

- 2 . 7 
- 2 6 . 3 

- 1 2 . 9 +0.045 
40 - 2 7 . 0 

- 1 2 . 9 

C i 2 BMT 10 - 3 1 . 5 
+0.074 

10 - 3 1 . 5 
- 1 0 . 6 +0.074 

25 - 3 2 . 6 

- 3 3 . 5 
- 1 4 . 8 +0.060 

40 - 3 3 . 5 
- 1 4 . 8 
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c a l c u l a t e d by the r e l a t i o n s h i p ( 1 5 ) : 

A G ! H = RT In CMC - π · Α , η ad cmc min 

From the d a t a , A G ° d per methylene group at 25°C i s - 3 . 0 5 kJ f o r the 

g l y c i n e s and - 3 . 1 5 kJ f o r the t a u r i n e s . These are i n agreement with 
values of - 3 . 1 5 kJ f o r l o n g - c h a i n a l c h o l s and 1 , 3 - d i o l s 0 5 ) . 

The ΔΗ® . values are l e s s p o s i t i v e than the Δ Η ° . values f o r the aa r mic 
same a l k y l g l y c i n e s . This shows l e s s dehydration o f the s u r f a c t a n t 
required f o r adsorption a t the aqueous s o l u t i o n / a i r i n t e r f a c e than 
f o r the process of mi c e l l i z a t i o n . This i s c o n s i s t e n t with previous 
observations on polyoxyethylenated nonionics and a l k y l p y r i d i n i u m 
h a l i d e s ( 1 6 , 1 7 ) . 

The A S ° d values are a l l s l i g h t l y more p o s i t i v e than the A S ° i c 

values f o r the same compound
space i n the m i c e l l e tha

The A S ° d values and A H ° d values are both more p o s i t i v e f o r the 

betaines than f o r the corresponding s u l f o b e t a i n e s . This shows t h a t 
the s u l f o b e t a i n e s r e q u i r e l e s s dehydration f o r adsorption at the 
aqueous s o l u t i o n / a i r i n t e r f a c e . 

Using A G e ( - C H 3 ) = A G ° ( - C H 2 - ) - 5.56 kJ m o l " 1 , on the b a s i s of 
s o l u b i l i t y data (9,18) f o r l i q u i d N-alkanes i n water at 25°C, 
standard f ree energies o f adsorpt ion and m i c e l l i z a t i o n , A G ° d ( - W ) and 

A G ° - C ( - W ) r e s p e c t i v e l y , f o r the h y d r o p h i l i c head groups, 

-N (CH3)(CH2C6H5)CH2CH2S03" and - N + ( C H 2 C 6 H 5 ) ( C H 3 ) C H 2 C 0 0 ~ , were c a l c u 
l a t e d . These values are l i s t e d i n Table V together w i t h the standard 
f ree energy values f o r the head groups -CH0HCH2-CH20H and 
-0CH2CH20H ( 1 9 ) . 

The AG6T̂ W) values f o r the two z w i t t e r i o n i c s are comparable to 
each o t h e r . Both the A G ° . ( - W ) and A G ° . (-W) values f o r the two 

a d v ' rmc v 

nonionics are l e s s p o s i t i v e than f o r the two z w i t t e r i o n s , p o s s i b l y 
due to the greater hydration o f the z w i t t e r i o n s than of the e t h e r 
oxygen and/or -OH groups. 

From the s o l u b i l i t y data of n-decane i n water, the enthalpy f o r 
the process n-decane (H 2 0) •> n-decane (pure) at 25°C has been 
estimated by Boddard et a l . (20) to be - 5 . 8 5 kJ m o l " 1 . S u b s t r a c t i n g 
t h i s value from the c a l c u l a t e d AH°(25°c) values f o r CioBMG and Ci 2BMT, 
i n Tables I I I and IV, the AH e(-W) values f o r m i c e l 1 i z a t i o n and f o r 
adsorption at the aqueous s o l u t i o n / a i r i n t e r f a c e a t 25°C can be 
e s t i m a t e d . Values are shown i n Table V. 

From the A H ° d ( - W ) term f o r the two types of h y d r o p h i l i c groups, 
i t i s evident t h a t there i s an exothermic e f f e c t i n the t r a n s f e r of 
the -N + (CH 2 C 6 H 5 )(CH 3 )CH2CH2S0 3 " from aqueous medium to the i n t e r f a c e . 
This exothermic enthalpy term, together w i t h a l a r g e r negative 
entropy term f o r the N - a l k y l t a u r i n e head group, i s p o s s i b l y due to 
the p a r t i a l n e u t r a l i z a t i o n of the o p p o s i t e l y charged groups i n the 
h y d r o p h i l i c heads due to t h e i r arrangement i n checkerboard fashion 
aqeuous s o l u t i o n / a i r i n t e r f a c e s suggested by Beckett and Woodward 
(21). In the case of the N - a l k y l g l y c i n e s , endothermic dehydration of 
the h y d r o p h i l i c head may outweigh the n e u t r a l i z a t i o n e f f e c t , thus 
making Δ° ,(-W) p o s i t i v e . 
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4 
Surface Properties of Zwitterionic Surfactants 
2. Effect of the Microenvironment on Properties of a Betaine 

MILTON J. ROSEN and BU YAO Z H U 1 

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

The effect of pH and electrolyt  th  surfac  propertie
of a betaine surfactant
were studied. The
the betaine and of the cationic protonated betaine were 
calculated. Surface activity decreases slightly with 
decrease in pH. As expected, the cationic form has 
somewhat lower surface activity than the zwitterionic 
form. Although the pKa of the protonated betaine is 2.8, 
the properties of both the zwitterionic betaine and the 
cationic protonated betaine determine the surface pro
perties, even in distilled water (pH = 5.85). At pH = 
5.85, the betaine interacts more strongly with Na2SO4 
than with NaCl or CaCl2; anionic surfactants also show 
stronger interaction with the betaine than do cationic 
surfactants. These effects cannot be attributed to the 
zwitterion, but to the presence of the protonated 
cationic form in equilibrium with the zwitterion. 

There has been a recent revival of interest in zwitterionic surfact
ants (1̂ 4) because of certain useful properties shown by these 
molecules, including: 1) mild behavior on the skin, 2) compatability 
with both anionics and cationics, 3) adsorption onto skin and hair, 
and 4) lime soap dispersing ability. Although this type of surfact
ant has been produced and used industrially for the last few decades, 
there have been few studies of the properties of well purified 
surfactants of this type (5-11) and almost all of these have been 
concerned with the micellar properties of these compounds rather than 
with their behavior at interfaces. 

One of the problems associated with the study of the physico-
chemical properties of these materials is the lack of analytical 
methods of determining accurately their concentrations in dilute 
solution. In order to permit such determinations, an N-betaine type 
surfactant was synthesized with a benzyl group attached to the 
quaternary nitrogen. This permitted analysis of dilute aqueous 

1Current address: Colloid Chemistry Laboratory, Department of Chemistry, Peking 
University, Beijing, People's Republic of China 

0097-6156/ 84/0253-0061 $06.00/0 
© 1984 American Chemical Society 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



62 S T R U C T U R E / P E R F O R M A N C E R E L A T I O N S H I P S IN S U R F A C T A N T S 

s o l u t i o n s of the compounds by u l t r a v i o l e t spectrometry. The present 
work d e s c r i b e s the e f f e c t o f pH and var ious e l e c t r o l y t e s on the 
surface p r o p e r t i e s of the b e t a i n e , N-dodecyl-N-benzyl -N-methylgly
c i n e , Ci 2 H 2 5N + (CH3)(CH2C 6 H5)CH 2 C00-(Ci2BMG). 

Experimental 

The s y n t h e s i s and p u r i f i c a t i o n o f Ci 2BMG by the r e a c t i o n of N-methyl-
benzylamine w i t h sodium c h l o r o a c e t a t e f o l l o w e d by the q u a t e r n i z a t i o n 
of the r e s u l t i n g t e r t i a r y ammonioacetate w i t h 1-bromododecane i s 
described elsewhere (12). P u r i f i c a t i o n of aqueous s o l u t i o n s of the 
s u r f a c t a n t f o r surface t e n s i o n measurements and determination o f the 
surface t e n s i o n of the s o l u t i o n s by the Wilhelmy method using a sand
b l a s t e d platinum blade were by techniques p r e v i o u s l y described (12). 
The c o n c e n t r a t i o n o f Ci 2BMG i n aqueous s o l u t i o n was determined by 
measuring i t s absorbance a t 263 nm (ε = 3 5 0 . 5 ) . 

The i o n i z a t i o n c o n s t a n t
Ci 2 H 2 5 N + ( C H 3 ) ( C H 2 C 6 H 5 ) C H

an aqueous h y d r o c h l o r i c a c i d s o l u t i o n of hydrogen ion c o n c e n t r a t i o n 
C£j+, i n moles d m - 3 , to Vg ml o f the s u r f a c t a n t betaine s o l u t i o n o f 

c o n c e n t r a t i o n a t a pH o f 5-6 and measuring the hydrogen ion 

c o n c e n t r a t i o n , [ H + ] , of the r e s u l t i n g mixture w i t h a pH meter. The 
i o n i z a t i o n constant was c a l c u l a t e d by use o f the f o l l o w i n g r e l a t i o n 
s h i p : 

The average of 10 d i f f e r e n t measurements was 1.6 ± 0 . 2 χ 10" 3 (pK = 
2 . 8 ) . The Ki of N - p r o p y l g l y c i n e i s 4.46 χ 10" 3 ( 1 J ) . 

Results and D i s c u s s i o n 

E f f e c t of pH. Surface t e n s i o n ( γ ) as a f u n c t i o n of l o g o f the molar 
concentrat ion o f Ci 2BMG ( l o g Cg) i n aqueous s o l u t i o n (25°C) at 

various pHs i s shown i n Figure 1. Table I shows the e f f e c t of change 
i n the pH of the s o l u t i o n on the surface p r o p e r t i e s of the b e t a i n e . 
With decrease in the pH of the s o l u t i o n , the m a t e r i a l which, at a pH 
of 5 . 8 5 , i s 99.9 mole percent i n the z w i t t e r i o n i c form, B 1 , i s 
converted more and more to the c a t i o n i c protonated form, B H + . From 
the K a value of B H + , i t s s o l u t i o n phase c o n c e n t r a t i o n w i l l exceed 
t h a t o f the z w i t t e r i o n , B±

9 when the pH of the s o l u t i o n i s below 2 . 8 . 
However, the c a t i o n , B H + , i s l e s s s u r f a c e - a c t i v e than the z w i t t e r i o n , 
B ± , (see below) as i s to be expected, and t h e r e f o r e there i s l i t t l e 
change i n some of the surface p r o p e r t i e s o f the mixture u n t i l a pH 
c o n s i d e r a b l y below t h a t value i s reached. The s m a l l e r 
a c t i v i t y of B H + , compared to B 1 , at the aqueous s o l u t i o n / a i r 
i n t e r f a c e i s i n d i c a t e d by the steady decrease i n the pC 2 0 > the bulk 
phase molar concentrat ion of s u r f a c t a n t r e q u i r e d to produce a surface 

K a = [ H + ] χ 
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p r e s s u r e , π , o f 20 mN m"1) w i t h increase i n the H + content of the 
s o l u t i o n . At constant s u r f a c e area per molecule, the pC 2o value i s 
a l i n e a r f u n c t i o n of the - A G ° d o f the mixture (15). 

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 ( c . m . c . ) o f the m a t e r i a l 
increases w i t h decrease i n pH of the s o l u t i o n below 5 , as i s to be 
expected as the r a t i o o f BH + to B± i n c r e a s e s . The increase i n the 
c.m.c. i s somewhat g r e a t e r than the increase i n the C20 value w i t h 
pH decrease as shown by the cmc/C2o r a t i o , i n d i c a t i n g somewhat 
g r e a t e r i n h i b i t i o n of m i c e l l i z a t i o n than of adsorpt ion at the aqueous 
s o l u t i o n / a i r i n t e r f a c e as the BH + /B ± r a t i o i n c r e a s e s . This may r e 
f l e c t some s t e r i c i n h i b i t i o n of m i c e l l i z a t i o n r e s u l t i n g from the 
increased s i z e o f the protonated h y d r o p h i l i c head. 

On the other hand, the value o f T m a x shows no s i g n i f i c a n t change 

i n the pH range i n v e s t i g a t e d . Since an increase i n the BH^B* r a t i o 
at the aqueous s o l u t i o n / a i r i n t e r f a c e would be expected to cause an 
increase i n the surface are
t r i c a l r e p u l s i o n between th
change must be due to a compensatory compression o f the e l e c t r i c a l 
double l a y e r surrounding these groups as a r e s u l t o f the increase i n 
the i o n i c strength of the s o l u t i o n w i t h decrease i n the pH. 

From molecular model s s the minimum o r o s s - s e c t i o n a l area o f 
the Ci 2BMG molecule with an o r i e n t a t i o n normal to the i n t e r f a c e i s a 
t r a p e z o i d of 0.41 nm 2 . The minimum r e c t a n g u l a r area i s 0.54 nm 2 . 
The l a t t e r value agrees w e l l with the experimental values shown i n 
Tables I and I I . Tor i (2) obtained a value of 0.54 nm2 f o r the 
C-dodecyl b e t a i n e , C i 2 H 2 5 C H ( C 0 0 " ) N + ( C H 3 ) 3 i n water at 27°C. 

The value o f π „ shows almost no change u n t i l pH 1 i s reached, cmc 3 

Since the value o f π i s determined by the values of r m a x and the 

cmc/C 2 0 r a t i o (16) and there i s no change i n Γ v w i t h change i n pH, — max 
the i n c r e a s e i n 7 r c m c r e f l e c t s the sharp increase i n the cmc/C2o r a t i o 

at pH 1. 

TABLE I. E f f e c t of pH on the Surface P r o p e r t i e s o f Ci 2BMG 

pH 

cmc 

(mol dm 

χ 1 0 4 ) 

Γ 
max 

-2 
(mol dm 

x l O 1 0 

A min 

(nm2 

χ 1 0 2 ) 

cmc 

(mN m"1) p C 2 0 

cmc 
C 2 0 

5.85* 5.11 2.96 56.1 39.0 4.45 14.2 

5.0 5.11 2.96 56.1 39.0 4.45 14.2 

4.0 5.33 3.00 55.3 39.2 4.43 14.4 

3.0 5.78 2.96 56.1 39.1 4.41 14.8 

2.0 6.37 2.94 56.4 39.2 4.37 14.8 

1.0 7.71 2.94 56.4 40.1 4.32 16.1 

* Data at pH = 9.0 i n d i c a t e no change i n surface 
p r o p e r t i e s above pH = 5 . 8 5 . 
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E f f e c t of E l e c t r o l y t e . Surface t e n s i o n - l o g 0 β curves i n s o l u t i o n s of 

d i f f e r e n t e l e c t r o l y t e s a t pH = 5.85 and pH = 3.0 (25°C) are shown i n 
Figure 2 and 3 , r e s p e c t i v e l y . Table II shows the e f f e c t of var ious 
e l e c t r o l y t e s on the surface p r o p e r t i e s o f the betaine at the two 
d i f f e r e n t pHs. From the d a t a , i t i s apparent t h a t , a t both pHs, the 

TABLE I I . E f f e c t on E l e c t r o l y t e on the Surface P r o p e r t i e s of C12BMG 

e l e c t r o 
l y t e 
cone. pH 

cmc 

(mol dm 

χ 10 4 ) 

Γ 
max 

(mol dm 

χ 1 0 1 0 ) 

A min 

(nm2 

χ 1 0 2 ) 

Π „ cmc 

(mN m"1) PC20 
cmc 
C20 

0 5.85 5.11 2.96 56.1 39.0 4.45 14.2 

0.1 Ν 
NaCl 5.85 4.24 

0.1 Ν 
C a C l 2 5.85 4.24 3.00 55.3 39.2 4.54 14.6 

0.1 Ν 
NazSO^ 5.85 4.04 3.00 55.3 39.3 4.58 15.2 

0 3.0 5.78 2.96 56.1 39.1 4.41 14.8 

0.1 Ν 
NaCl 3.0 4.21 3.10 53.6 40.2 4.58 14.9 

0.1 Ν 
CaCl 2 3.0 4.21 3.10 53.6 40.2 4.58 14.9 

0.1 Ν 
Na 2 S0 l t 3.0 3.86 3,10 53.6 40.3 4.62 15.1 

a d d i t i o n of e l e c t r o l y t e increases the surface a c t i v i t y of the 
m a t e r i a l , i . e . , i t decreases the c.m.c. and i n c r e a s e s both the pC2o 
value and π . However, the e f f e c t of e l e c t r o l y t e on the surface 

p r o p e r t i e s of the product i s g r e a t e r a t the lower pH where the BH + /B ± 

r a t i o i s l a r g e r . There i s a l a r g e r decrease i n the c . m . c , a l a r g e r 
increase i n ? m x 9 and a l a r g e r increase i n ^ c m c . The g r e a t e r e f f e c t 

of e l e c t r o l y t e i n depressing the cmc o f C - o c t y l betaine 
C 8 H i 7 C H ( C 0 0 - ) N + ( C H 3 ) 3 , a t a lower pH was noted by Tor i ( 9 ) . 

In c o n t r a s t to the e f f e c t o f HC1 i n the absence of other added 
e l e c t r o l y t e , d iscussed above, the a d d i t i o n o f e l e c t r o l y t e at constant 
pH r e s u l t s i n a decrease i n the surface area per molecule at the 
aqueous s o l u t i o n / a i r i n t e r f a c e , presumably due to compression of the 
e l e c t r i c a l double l a y e r surrounding the i o n i c head groups. The 
e f f e c t i s more pronounced a t pH 3 the at pH 5 . 8 5 . This s l i g h t l y 
l a r g e r r _ v at pH 3 i n the presence o f e l e c t r o l y t e accounts f o r the max 
higher ^ c m c value under those c o n d i t i o n s , s i n c e the cmc/C2o r a t i o i s 

v i r t u a l l y unchanged. 
A noteworthy feature i s t h a t , i n t h e i r e f f e c t s on a l l these 

p r o p e r t i e s , e q u i v a l e n t amounts of NaCl and CaCl2 are i d e n t i c a l , 
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whereas an e q u i v a l e n t amount o f Na2S0i* has a g r e a t e r e f f o r t . This 
i n d i c a t e s t h a t the b e t a i n e , a t both pHs, shows a stronger e l e c t r o 
s t a t i c i n t e r a c t i o n w i t h anions than with c a t i o n s . The greater 
e f f e c t o f Na2S0if compared to NaCl or C a C l 2 on the c.m.c. o f 
C - o c t y l b e t a i n e , i s seen a l s o i n the data o f Tor i (9 ) . 

This g r e a t e r i n t e r a c t i o n of the betaine w i t h anions than with 
c a t i o n s i s seen a l s o i n i t s i n t e r a c t i o n w i t h other s u r f a c t a n t s (17) 
as measured by the molecular i n t e r a c t i o n parameter f o r mixed mono
l a y e r f o r m a t i o n , 3 , using n o n - i d e a l s o l u t i o n theory (18) . 
Whereas the degree o f i n t e r a c t i o n o f Ci 2BMG w i t h the c a t i o n i c 
s u r f a c t a n t , C i 2 H 2 5 N ( C H 3 ) 3 B r , y i e l d s a value of 3 = - 1 . 3 , not much 
qreater than t h a t w i t h the nonionic s u r f a c t a n t , C i 2 H 2 5 ( 0 C 2 F U ) 8 0 H , 
(3 = - 0 . 6 0 ) , i t s i n t e r a c t i o n w i t h the a n i o n i c s u r f a c t a n t , Ci 2 S03Na, 
i s c o n s i d e r a b l y greater (3 ~~5»7) and increases w i t h decrease i n the 
pH of the s o l u t i o n . 

I t i s b e l i e v e d t h a t t h i s g r e a t e r i n t e r a c t i o n of Ci 2BMG w i t h + 

anions than w i t h c a t i o n s
but to the c a t i o n i c protonate
Although the c o n c e n t r a t i o n o f BH  a t pH = 5.8 i s very s m a l l , i t i s 
f e l t t h a t strong e l e c t r o s t a t i c i n t e r a c t i o n between i t and an anion 
can d i s p l a c e the z w i t t e r i o n - c a t i o n e q u i l i b r i u m s u f f i c i e n t l y to cause 
an appreciable e f f e c t . 

Bulk and Surface Phase Concentrations o f B* and B H + . The mole 

f r a c t i o n s o f the z w i t t e r i o n , Xg+, and o f the protonated b e t a i n e , XgH+, 

i n the t o t a l s u r f a c t a n t i n the bulk phase were c a l c u l a t e d by 
combining 

C H + x C B ± 

C B H + 

(1) 

and 

from which, 

and 

B-

X b 

x b + = BH 

C B ± + C B H + 

c H + 

Values of x|jH+ as a f u n c t i o n o f pH are t a b u l a t e d below: 

(2) 

(3) 

(4) 

pH 5.85 5.0 4.0 3.0 2.0 1.0 

BH + 
0.0009 0.006 0.059 0.385 0.86 0.984 

S Β 1 

The surface phase mole f r a c t i o n s of z w i t t e r i o n , Χ β ± (= - jr—), 
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and of protonated b e t a i n e , Χ β Η + (= -ψ-), where Γ β ± , Γ β Η + , and r t are 
t _̂  

the sur fac e (excess) c o n c e n t r a t i o n s of B~, B H +
S and t h e i r mixture at 

the aqueous s o l u t i o n / a i r i n t e r f a c e were c a l c u l a t e d from surface 
t e n s i o n data a t constant 0 β ± at pH < 3 . The Gibbs absorpt ion equa
t i o n f o r a mixture of B* and BH + i n d i l u t e HC1 s o l u t i o n at constant 
C B ± i s : 

-dy = R T ( r B H + d In 0 β Η + + r H + d In C H + + r c l _ d In C c l _ ) (5) 

Since H + i s a n o n - s u r f a c e - a c t i v e ion of s i m i l a r charge to B H + , we can 
assume t h a t Γ^+d In ~ 0. I f we assume t h a t Γ β ^ + = Γ ^ . to 

maintain e l e c t r o n e u t r a l i t y , then 

-dy = R T r ( d In C  + d In C - ) (6) 

|_|-r ν 1 · c · 9 α u 1 vvv pi ι / j VJ in V̂ Q-J When C B ± « CH+ ( i . e . , a t low pH), d In C c l - = d In CH+. 

at constant 0 β ± , from equation ( 1 ) , d In 0 β Η + = d In C H +. 

-dy = 2 R T r B H + d In 0 β Η + 

r - 1 

BH + 7KT \î In C B H + / C 

o r 

Moreover, 

Therefore, 

(7) 

(8) 

and BH + 

BH + 

r - 1 ( - f r , Ν 
A t ~" W{d In C J 

PH 

(9) 

(10) 

where 0 β i s the t o t a l c o n c e n t r a t i o n of C12BMG i n the aqueous phase. 

Χ β Η + c a n , consequently, be determined from the data i n Figure 1 by 

s e l e c t i n g from the curves at pHs 1, 2 , and 3 , p o i n t s at constant 0 β ± , 

c a l c u l a t i n g 0 β Η + and p l o t t i n g γ versus 0 β Η + . 

Values of X BH + 
and X B H + at pHs 1 and 2 are t a b u l a t e d below: 

PH 1 2 

BH + 
0.984 0.86 

BH + 
0.345 0.257 
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I t i s apparent from these values t h a t BH + i s c o n s i d e r a b l y l e s s 
s u r f a c e - a c t i v e than Β*· 

Standard Free Energies o f Adsorption of B 1 and B H + . The standard 
f r e e energy of adsorption of Ci 2BMG was c a l c u l a t e d from the surface 
t e n s i o n data i n Figures 1 and 2 by use o f the e q u a t i o n : 

*U = R T l n C B " Λ π η 

where 0 β i s the bulk phase c o n c e n t r a t i o n of C12BMG to produce a given 
surface p r e s s u r e , π, i n the region j u s t below the c.m.c. where the 
γ - l o g C curve i s e s s e n t i a l l y l i n e a r . The standard s t a t e f o r the 
surface phase i s a h y p o t h e t i c a l monolayer at i t s c l o s e s t packing 
(A = A m i n ) and at zero surface pressure ( ] 5 ) . 

The standard f r e e energy o f adsorption o f the z w i t t e r i o n , 
A G a d B ± J w a s c a ^ c u ^ a t e d f r o

where the concentrat ion o

at 25°C i s -32.04 kJ m o l ' 1 from the data i n water and - 3 2 . 1 0 kJ mol" 1 

from the data i n 0.1 Ν NaCl. The A G ° d f o r a s e r i e s of n o n i o n i c s , 

C i 2 H 2 5 ( 0 C 2 H O x 0 H , c o n t a i n i n g the same ( C i 2 H 2 5 ) hydrophobic group as 
C i 2 B M G , ranges from - 3 5 . 2 (x = 2} to - 3 7 . 4 (x = 8) kJ m o l - 1 , using 
the same standard s t a t e f o r the surface phase ( 1 3 ) . 

The standard f r e e energy o f adsorpt ion o f the protonated betaine, 
A G ° d B H + , was c a l c u l a t e d from the surface t e n s i o n data a t pHs 1 and 2 

by use o f the r e l a t i o n s h i p s : 

A G a d " X B H ^ A G l d , BH+ + X i ± ' A G a d , B ± <12> 

The average value o f A G ° d β Η + was - 2 9 . 8 kJ mol" 1 i n aqueous hydro

c h l o r i c a c i d s o l u t i o n of 0.1 Ν t o t a l i o n i c strength (pH = 1 ) . 
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5 
Effect of Structure on Activity at the Critical Micelle 
Concentration and on the Free Energy of Micelle 
Formation 
Ionic and Nonionic Surfactants 

M . N A K A G A K I and T. H A N D A 

Faculty of Pharmaceutical Sciences, Kyoto University, Kyoto, 606 Japan 

The slope of th
between log cm
in the chain, nc, is -0.5 for nonionic and 
zwitterionic surfactants, whereas the 
slopes are -0.3 and -0.25 for univalent 
and bivalent ionic surfactants, respectively. 
When the act iv i ty of the surfactants at 
cmc, cma, is used instead of cmc, the 
slopes are - 0 . 5 — - 0 . 5 8 irrespective of 
head group. This results in a value of 
-680—-777 cal/mol for the free energy 
of micelle formation per CH2 group. 
Furthermore, the linear relationship 
between log cmc and log[counter ion] shows 
a slope of -0.6 for potassium dodecanoate, 
-0.67 for sodium dodecyl sulfate, and -0.95 
for disodium dodecyl phosphate. When the 
critical micelle ac t iv i ty , cma, is used 
instead of cmc, the slopes are -0.9 for 
the univalent surfactants and -1.8 for the 
bivalent surfactants. These results 
indicate that the cma is substantially 
constant regardless of the counter ion 
concentration. 

P e r f o r m a n c e o f s u r f a c t a n t s i s c l o s e l y r e l a t e d t o 
s u r f a c e a c t i v i t y a n d t o m i c e l l e f o r m a t i o n . B o t h t h e s e 
a r e d u e t o a m p h i p h i l i c n a t u r e o f t h e s u r f a c t a n t 
m o l e c u l e . The m o l e c u l e c o n t a i n s a n o n p o l a r h y d r o p h o b i c 
p a r t , u s u a l l y , a h y d r o c a r b o n c h a i n , a n d a p o l a r 
h y d r o p h i l i c g r o u p , w h i c h may be n o n i o n i c , z w i t t e r i o n i c , 
o r i o n i c . When t h e h y d r o p h o b i c g r o u p i s a l o n g 
s t r a i g h t c h a i n o f h y d r o c a r b o n , t h e m i c e l l e h a s a s m a l l 
l i q u i d l i k e h y d r o c a r b o n c o r e ( l , 2 ) . The p r i m a r y d r i v i n g 

0097-6156/ 84/ 0253-0073506.00/ 0 
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f o r c e f o r m i c e l l e f o r m a t i o n h a s b e e n c o n s i d e r e d t o be 
t h e h y d r o p h o b i c e f f e c t ( 1 — 4 ) , t h a t i s > t h e t e n d e n c y o f 
t h e h y d r o c a r b o n c h a i n s t o a s s o c i a t e t o g e t h e r w i t h t h e m 
s e l v e s r a t h e r t h a n t o r e m a i n i n t h e a q u e o u s p h a s e . A 
t h e r m o d y n a m i c e q u i l i b r i u m i s e s t a b l i s h e d b e t w e e n 
m i c e l l a r a n d m o n o m e r i c s t a t e s . 

To u n d e r s t a n d m i c e l l e f o r m a t i o n q u a n t i t a t i v e l y , 
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) h a v e t o be 
d e t e r m i n e d f o r a l a r g e n umber o f s u r f a c t a n t s ( 5 _ ) . When 
t h e cmc v a l u e s o f t h e s u r f a c t a n t s w i t h t h e same 
h y d r o p h i l i c g r o u p ( a h o m o l o g o u s s e r i e s ) a r e e x a m i n e d , 
a n e a r l y 3 - f o l d d e c r e a s e i n cmc i s o b s e r v e d f o r 
n o n i o n i c a n d z w i t t e r i o n i c s u r f a c t a n t s ( 1 , 2 ) u p o n t h e 
a d d i t i o n o f a m e t h y l e n e g r o u p i n t o t h e h y d r o c a r b o n 
c h a i n , w h e r e a s , a 2 - f o l
cmc c a n be o b s e r v e d
i o n i c s u r f a c t a n t s , r e s p e c t i v e l y . 

I n t h i s w o r k , t h e c r i t i c a l m i c e l l e a c t i v i t y , cma, 
w h i c h i s t h e a c t i v i t y o f t h e s u r f a c t a n t a t t h e cmc, i s 
i n t r o d u c e d a n d u s e d i n s t e a d o f t h e cmc t o i n v e s t i g a t e 
t h e f r e e e n e r g y o f m i c e l l e f o r m a t i o n . I t i s f o u n d t h a t 
u p o n t h e a d d i t i o n o f an e x t r a m e t h y l e n e g r o u p i n t o t h e 
h y d r o c a r b o n c h a i n , an a p p r o x i m a t e l y 3 - f o l d r e d u c t i o n i n 
cma i s o b s e r v e d , i r r e s p e c t i v e o f t h e h y d r o p h i l i c h e a d 
g r o u p . The e f f e c t o f a d d e d e l e c t r o l y t e on cmc i s a l s o 
e x a m i n e d by t h e u s e o f cma. 

E x p e r i m e n t a l 

M a t e r i a l s a n d M e t h o d . A q u e o u s s o l u t i o n s o f d i s o d i u m 
a l k y l p h o s p h a t e s w e r e p r e p a r e d by d i s s o l v i n g t h e 
c o r r e s p o n d i n g a c i d s i n s o d i u m h y d r o x i d e s o l u t i o n s . The 
a l k y l p h o s p h o r i c a c i d s w e r e s y n t h e s i z e d by t h e r e a c t i o n 
o f p y r o p h o s p h o r i c a c i d w i t h t h e r e s p e c t i v e a l c o h o l i n 
b e n z e n e a t r o o m t e m p e r a t u r e f o r 4 d a y s . D e t a i l s o f t h e 
p u r i f i c a t i o n p r o c e d u r e s a r e g i v e n e l s e w h e r e ( 7 ) . 

The c a p i l l a r y - r i s e m e t h o d was e m p l o y e d t o m e a s u r e 
t h e s u r f a c e t e n s i o n o f a q u e o u s s o l u t i o n s o f d i s o d i u m 
a l k y l p h o s p h a t e a t 25 °C. The cmc v a l u e s o f t h e 
s o l u t i o n s w e r e o b t a i n e d f r o m t h e d i s c o n t i n u i t y i n t h e 
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 c u r v e s ( 7 ) . 

O t h e r cmc d a t a t h a n t h o s e o f d i s o d i u m a l k y l 
p h o s p h a t e s i n v e s t i g a t e d i n t h i s s t u d y a r e t a k e n f r o m 
t h e e x t e n s i v e t a b l e s by M u k e r j e e a n d M y s e l s ( 5 ) . 

T h e o r e t i c a l B a c k g r o u n d 

N o n i o n i c M i c e l l e F o r m a t i o n . M i c e l l e f o r m a t i o n i n 
a q u e o u s s o l u t i o n was f i r s t c o n s i d e r e d t o be an 
e q u i l i b r i u m b e t w e e n monomer a n d m i c e l l e ( 1 ) . The l a w 
o f mass a c t i o n c o n t r o l s t h e e q u i l i b r i u m 
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η L < » M ( 1 ) 

w h e r e L i s t h e s u r f a c t a n t monomer, M i s t h e m i c e l l e , 
a n d η e x p r e s s e s t h e number o f monomers a s s o c i a t e d i n 
t h e m i c e l l e ( t h e a s s o c i a t i o n n u m b e r ) . The e q u i l i b r i u m 
c o n s t a n t , K, f o r t h e p r o c e s s c a n be w r i t t e n a s 

Κ = f M [ M ] / ( f L [ L ] ) n ( 2 ) 

H e r e f>i and f L a r e t h e a c t i v i t y c o e f f i c i e n t s o f m i c e l l e 
a n d monomer. The f r e e e n e r g y o f m i c e l l e f o r m a t i o n AG 
i s , t h e r e f o r e , 

AG = - ( R T / n ) I n K ( 3 ) 

an d f r o m e q u a t i o n 2

AG = - ( R T / n ) l n ( f M [ M ] ) + RT l n ( f L [ L ] ) ( 4 ) 

A t 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 , [ L ] = cmc. The 
f i r s t t e r m o f t h e r i g h t h a n d s i d e o f e q u a t i o n 4 i s 
u s u a l l y n e g l i g i b l e when η i s l a r g e ( n = 50 1 0 0 ) . I f 
fyi a n d Î L a r e r e g a r d e d t o be u n i t y , E q u a t i o n 4 r e d u c e s 
t o 

AG = RT l n [ L ] = RT I n cmc ( 5 ) 

E q u a t i o n s 4 a n d 5 a r e d e r i v e d by c o m p l e t e l y i g n o r i n g 
e l e c t r o s t a t i c c o n t r i b u t i o n s t o m i c e l l e f o r m a t i o n , a n d 
c a n be a p p l i e d o n l y t o n o n i o n i c a n d z w i t t e r i o n i c 
m i c e l l e f o r m a t i o n . 

On t h e o t h e r h a n d , m i c e l l e f o r m a t i o n h a s s o m e t i m e s 
b e e n c o n s i d e r e d t o be a p h a s e s e p a r a t i o n o f t h e 
s u r f a c t a n t - r i c h p h a s e f r o m t h e d i l u t e a q u e o u s s o l u t i o n 
o f s u r f a c t a n t . The m i c e l l a r p h a s e a n d t h e monomer i n 
s o l u t i o n a r e r e g a r d e d t o be i n p h a s e e q u i l i b r i u m a n d 
cmc c a n be c o n s i d e r e d t o be t h e s o l u b i l i t y o f t h e 
s u r f a c t a n t . When t h e a c t i v i t y c o e f f i c i e n t o f t h e 
monomer i s a s s u m e d t o be u n i t y , t h e f r e e e n e r g y o f 
m i c e l l e f o r m a t i o n , AG, i s c a l c u l a t e d by an e q u a t i o n 
s i m i l a r t o e q u a t i o n 5 (8 11) . D e t a i l e d e x a m i n a t i o n s o f 
m i c e l l e f o r m a t i o n h a v e i n d i c a t e d t h e p h a s e s e p a r a t i o n 
m o d e l t o be o n l y a n a p p r o x i m a t i o n ( 4 , 1 2 ) . 

I n F i g u r e 1, t h e l o g o f t h e cmc i s shown as a 
f u n c t i o n o f t h e number o f c a r b o n a t o m s i n t h e h y d r o 
c a r b o n c h a i n , n c . I t i s c l e a r t h a t t h e n o n i o n i c 
s u r f a c t a n t s ( h e x a e t h y l e n e g l y c o 1 a l k y l e t h e r s ) a n d t h e 
z w i t t e r i o n i c s u r f a c t a n t s ( N - a l k y l b e t a i n e s ) e x h i b i t 
l i n e a r r e l a t i o n s w i t h s i m i l a r s l o p e s o f a b o u t -0.5 
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( h e x a e t h y l e n e g l y c o l a l k y l e t h e r s : - 0 . 5 1 7 ; N - a l k y l 
b e t a i n e s : - 0 . 4 9 ) , w h i l e t h e i o n i c s u r f a c t a n t s w i t h o u t 
a d d e d e l e c t r o l y t e show d i f f e r e n t s l o p e v a l u e s . 

The f r e e e n e r g y o f m i c e l l e f o r m a t i o n o f a 
m e t h y l e n e g r o u p , 2 l ^ G ( C H 2 ) , i s 

AAG(CE2) = ^ G ( C n H 2 n + l - Y ) - AG(C 
n - l H 2 n - l ~ Y ) 

= 2.303 R T X ( s l o p e o f l o g cmc v s . n c ) ( 6 ) 
^ 4 G ( C H 2 ) t h u s c a l c u l a t e d i s -705 c a l / m o l and -657 
c a l / m o l f o r h e x a e t h y l e n e g l y c o l a l k y l e t h e r s and N - a l k y l 
b e t a i n e s , r e s p e c t i v e l y , as shown i n T a b l e 1. 

F o r t h e t r a n s f e r o f one m e t h y l e n e g r o u p i n a 
h y d r o c a r b o n c h a i n f r o m a q u e o u s t o h y d r o c a r b o n l i q u i d 
e n v i r o n m e n t , t h e f r e
be -825 c a l / m o l ( a t 25°C
( a d s o r p t i o n ) o f t h e same g r o u p f r o m t h e a q u e o u s p h a s e t o 
a i r - w a t e r a n d h y d r o c a r b o n - w a t e r i n t e r f a c e s ( s p a r s e l y 
c o v e r e d i n t e r f a c e s ) , t h e f r e e e n e r g i e s a r e -620 a n d 
- 8 2 0 c a l / m o l , r e s p e c t i v e l y ( 1 3 ) . The f r e e e n e r g y g a i n e d 
by r e m o v i n g a m e t h y l e n e g r o u p i n t h e h y d r o c a r b o n c h a i n 
o f t h e s u r f a c t a n t f r o m t h e a q u e o u s p h a s e a n d p l a c i n g i t 
i n t h e m i c e l l e may be l e s s t h a n t h a t o f c o m p l e t e 
t r a n s f e r t o b u l k l i q u i d h y d r o c a r b o n , b e c a u s e one e n d o f 
t h e h y d r o c a r b o n c h a i n i s a n c h o r e d t o t h e h y d r o p h i l i c 
h e a d g r o u p i n t h e m i c e l l a r s u r f a c e a n d t h e r e i s 
r e s t r i c t e d f r e e d o m o f m o t i o n i n s i d e t h e m i c e l l e ( 3 ) . 
V a l u e s o f Δ AG(C Η 2) o b t a i n e d h e r e f o r n o n i o n i c a n d 
z w i t t e r i o n i c m i c e l l e f o r m a t i o n a r e , t h e r e f o r e , 
r e a s o n a b l e . V a l u e s b e t w e e n -650 and -720 c a l / m o l a r e 
i n d i c a t e d by M u k e r j e e ( 4 ) a n d a l s o by T a n f o r d ( 3 ) . V a l u e s 
o f A AG(CH2) f o r v a r i o u s t r a n s f e r s a r e shown i n F i g u r e 2. 

I o n i c M i c e l l e F o r m a t i o n . E v e n f o r i o n i c m i c e l l e 
f o r m a t i o n , t h e f r e e e n e r g y o f t r a n s f e r o f one m e t h y l e n e 
g r o u p t o a m i c e l l e s h o u l d h a v e a v a l u e s i m i l a r t o t h o s e 
f o r n o n i o n i c a n d z w i t t e r i o n i c m i c e l l e f o r m a t i o n . The 
n e g a t i v e s l o p e o f l o g cmc v s . n c i s , h o w e v e r , s m a l l e r 
f o r n o n i o n i c s u r f a c t a n t s , as shown i n F i g u r e 1. The 
u n i v a l e n t i o n i c s u r f a c t a n t s , a l k y k t r i m e t h y l a m m o n i u m 
b r o m i d e , s o d i u m a l k y l s u l f a t e , a n d s o d i u m a l k y l 
c a r b o x y l a t e g i v e s l o p e s οf a b o u t - 0 . 3 . The b i v a l e n t 
a n i o n i c s u r f a c t a n t , d i s o d i u m a l k y l p h o s p h a t e h a s t h e 
s l o p e o f - 0 . 2 5 . T h e s e v a l u e s c o r r e s p o n d t o t h e 3-, 2-, 
a n d 1 . 8 - f o l d l o w e r i n g o f t h e cmc f o r n o n i o n i c a n d 
z w i t t e r i o n i c , u n i v a l e n t i o n i c , a n d b i v a l e n t i o n i c 
s u r f a c t a n t s , r e s p e c t i v e l y , u p o n a d d i t i o n o f one 
m e t h y l e n e g r o u p t o t h e h y d r o c a r b o n c h a i n . 

The d i r e c t a p p l i c a t i o n o f E q u a t i o n 6 t h e r e f o r e 
r e s u l t s i n J 4 G ( C H 2 ) v a l u e s o f -400 c a l / m o l f o r u n i -
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8 10 12 14 16 

Figure 1. Log cmc vs. n c 

AIR - WATER INTERFACE HYDROCARBON - WATER INTERFACE 

Figure 2. The free energy of t r a n s f e r of a methylene group 
i n a hydrocarbon chain 
* The value for the adsorption to the sparsely 
covered surface. 
** The value for the adsorption to the monolayer 
at i t s minimum surface area per molecule (17). 
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v a l e n t a n d - 3 5 0 c a l / m o l f o r b i v a l e n t i o n i c s u r f a c t a n t s . 
T h e s e d i f f e r e n c e s c o u l d be due t o e l e c t r i c a l i n t e r 
a c t i o n s i n i o n i c m i c e l l e f o r m a t i o n . The e x a c t 
e v a l u a t i o n o f t h e e l e c t r o s t a t i c p a r t o f t h e f r e e e n e r g y 
o f m i c e l l e f o r m a t i o n i s c o n s i d e r e d t o be a v e r y 
c o m p l i c a t e d p r o b l e m a n d o u r p r e s e n t p o s i t i o n seems t o 
be f a r r e m o v e d f r o m t h a t n e c e s s a r y t o o f f e r a w e l l 
f o u n d e d c a l c u l a t i o n o f i t ( 3 , 4 ) . 

We may b e g i n t h e e x a m i n a t i o n o f i o n i c m i c e l l e 
f o r m a t i o n by r e v i e w i n g t h e m a i n t h e o r i e s a l r e a d y 
p r e s e n t e d . F i r s t o f a l l , t h e mass a c t i o n l a w i s 
e x t e n d e d t o i o n i c m i c e l l e f o r m a t i o n ( 14 1 6 ) a s 

n L " + m X +
< ^ M ( n ~ m ) ~ ( 7 ) 

C o n s i d e r a t i o n s a n a l o g o u
o f E q u a t i o n 5 l e a d t o E q u a t i o n 8, i f Î L a n d ίχ a r e 
a s s u m e d t o be u n i t y . 

AG = RT l n [ L ] + — RT l n [ X ] ( 8 ) η 
H e r e , X i n d i c a t e s t h e c o u n t e r i o n s o f t h e i o n i c s u r f a c 
t a n t . When t h e r e i s no a d d e d e l e c t r o l y t e , [ L ] = [ X ] = 
cmc a n d 

AG = ( 1 + — ) RT I n cmc ( 9 ) η 
A l t h o g h , AG e v a l u a t e d by E q u a t i o n 9 t a k e s i n t o 

a c c o u n t t h e l o s s i n t r a n s l a t i o n a l e n t r o p y o f c o u n t e r 
i o n s u p o n m i c e l l a r a s s o c i a t i o n ( 3 , 4 ) , i t i s d o u t f u l l t h a t 
t h e t e r m (m/n) RT l n [ X ] , c a n i n c l u d e a l l t h e e f f e c t s o f 
i n t e r i o n i c i n t e r a c t i o n i n m i c e l l e f o r m a t i o n . 

On t h e b a s i s o f E q u a t i o n 9 , J ^ l G ( C H 2 ) i s d e r i v e d as 

AdG(CHo) = 2 . 303 ( 1 + — ) R T X ( s l o p e o f l o g cmc v s . n c ) 
n ( 1 0 ) 

To o b t a i n -650 720 c a l / m o l f o r ^ G ( C H 2 ) f r o m t h e 
c a l c u l a t i o n w i t h t h e s l o p e o f - 0 . 3 , t h e v a l u e o f (m/n) 
s h o u l d be i n t h e r a n g e b e t w e e n 0.62 a n d 0.80. The 
v a l u e s o f (m/n) ( t h e d e g r e e o f a s s o c i a t i o n o f c o u n t e r 
i o n ) h a v e b e e n e x p e r i m e n t a l l y d e t e r m i n e d f r o m t h e 
m e a s u r e m e n t s o f e l e c t r o m o t i v e f o r c e ( 1 8 2 2 ) , e l e c t r i c 
c o n d u c t i v i t y ( 2 3 ) , a n d l i g h t s c a t t e r i n g ( 2 4 , 2 5 ) o f 
m i c e l l a r s o l u t i o n . T h o u g h , t h e s e m e a s u r e m e n t s g a v e 
0.75 0.85 f o r t h e d e g r e e o f a s s o c i a t i o n o f c o u n t e r 
i o n , ( m / n ) , t h e t h e o r e t i c a l v a g u e n e s s i n h e r e n t i n 
E q u a t i o n s 8 a n d 9 h a v e n o t b e e n s e t t e l e d y e t . 

I n c o n t r a s t t o E q u a t i o n s 7 a n d 8, b a s e d on t h e 
b i n d i n g o f c o u n t e r i o n t o m i c e l l e , an e q u a t i o n 
i n c l u d i n g a f o r m f o r t h e e l e c t r o s t a t i c p a r t o f f r e e 
e n e r g y o f m i c e l l e f o r m a t i o n , F e i , e v a l u a t e d f r o m d o u b l e 
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l a y e r t h e o r y , h a s b e e n u s e d t o c a l c u l a t e Aï. I n t h i s 
m e t h o d , t h e e q u i l i b r i u m b e t w e e n m i c e l l a r a n d monmer 
s t a t e s i s r e p r e s e n t e d as 

η I T > M n" ( 1 1 ) 
The f r e e e n e r g y o f m i c e l l e f o r m a t i o n , AG, i s w r i t t e n 
A S AG = RT I n cmc - F p 1 ( 1 2 ) 

The phase s e p a r a t i o n m o d e l f o r n o n i o n i c m i c e l l e 
f o r m a t i o n h a s b e e n m o d i f i e d f o r i o n i c m i c e l l e f o r m a t i o n 
t o g i v e an e q u a t i o n c l o s e t o E q u a t i o n 12 f o r A& (2_6) . 
I n t h i s m o d i f i c a t i o n , t h e i o n i c m i c e l l e h a s b e e n 
c o n s i d e r e d a s t h e c h a r g e d p h a s e , w h i c h h a s d i f f i c u l t i e s 
f r o m t h e t h e r m o d y n a m i
m e a s u r e m e n t o f t h e s u r f a c
d o d e c y l s u l f a t e s o l u t i o n s r e v e a l e d t h e c o t i n u o u s d e
c r e a s e o f s u r f a c e t e n s i o n a b o v e t h e cmc a n d i n d i c a t e d 
t h a t t h e c h a r g e d p h a s e s e p a r a t i o n m o d e l i s n o t c o r r e c t 
( 2 7 ) . 

H o bbs (2 8 ) , a n d l a t e r , S h i n o d a ( 2 6) i n v e s t i g a t e d Fe± 
by a s s u m i n g t h e c h a r g e d m i c e l l a r s u r f a c e t o be f l a t . 
The a s s u m p t i o n o f v e r y h i g h e l e c t r i c a l p o t e n t i a l g a v e 
r i s e t o t h e r e l a t i o n s h i p b e t w e e n cmc a n d c o u n t e r i o n 
c o n c e n t r a t i o n , [ X ] : 

l o g cmc = - l o g [ X ] + k ( 1 3 ) 
The d i r e c t a p p l i c a t i o n o f E q u a t i o n 13 d i d n o t e x p l a i n 
e x p e r i m e n t a l r e s u l t s . H o b b s , a n d a l s o S h i n o d a , 
i n t r o d u c e d a f a c t o r , K g , w h o s e m e a n i n g h a s n o t b e e n 
t h e o r e t i c a l l y e l u c i d a t e d ( 2 6 , 2 8 ) , y i e l d i n g 

l o g cmc = - K g l o g [ X ] + k ( 1 4 ) 

T a n f o r d e x a m i n e d t h e a p p l i c a t i o n o f D e b y e - H u c k e l 
t h e o r y a n d f o u n d t h e t h e o r y n o t t o be v a l i d b e c a u s e t h e 
h i g h c h a r g e d e n s i t y g e n e r a t e d b y t h e c l o s e l y s p a c e d h e a d 
g r o u p s l e a d s t o s u b s t a n t i a l c h a r g e n e u t r a l i z a t i o n by 
c o u n t e r i o n s ( 3 ) . A l t e r n a t i v e l y , he e q u a t e d t h e w o r k o f 
c o m p r e s s i o n o f t h e c h a r g e d s u r f a c t a n t m o n o l a y e r a t a 
h y d r o c a r b o n - w a t e r i n t e r f a c e t o F e l ( 2 9 ) . 

L a t e r , S t i g t e r e v a l u a t e d F e l on t h e b a s i s o f t h e 
S t e r n - G b u y m o d e l o f i o n i c d o u b l e l a y e r w i t h a 
s u b s t a n t i a l p a r t o f t h e c o u n t e r i o n s i n a r e g u l a r 
d i s t r i b u t i o n b e t w e e n i o n i c h e a d g r o u p s an d t h e r e m a i n i n g 
c o u n t e r i o n s i n a d i f f u s e l a y e r . I n t h i s c a l c u l a t i o n , 
he a l s o i n t r o d u c e d t h e c o r r e c t i o n f o r t h e d i s c r e t e n e s s 
o f c h a r g e a t t h e m i c e l l a r s u r f a c e . F i n a l l y , t h e f r e e 
e n e r g y o f m i c e l l e f o r m a t i o n c o n t r i b u t e d b y h y d r o p h o b i c 
i n t e r a c t i o n was r e l a t e d t o t h e c h a n g e o f h y d r o c a r b o n -
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w a t e r c o n t a c t a r e a i n m i c e l l e f o r m a t i o n a n d t h e v a l u e 
o f ^ 4 G ( C H 2 ) was e s t i m a t e d a s -740 c a l / m o l ( 3 0 , 3 1 ) . 

As m e n t i o n e d a b o v e , a s u b s t a n t i a l p a r t o f t h e 
e l e c t r i c a l c h a r g e o f t h e m i c e l l e s u r f a c e h a s b e e n shown 
t o be n e u t r a l i z e d by t h e a s s o c i a t i o n o f t h e c o u n t e r 
i o n s w i t h t h e m i c e l l e . I n t h e c a l c u l a t i o n b a s e d on 
E q u a t i o n 1 2 , h o w e v e r , t h e l o s s i n e n t r o p y a r i s i n g f r o m 
t h i s c o u n t e r i o n a s s o c i a t i o n i s n o t t a k e n i n t o a c c o u n t . 
T h i s i s by no means i n s i g n i f i c a n t i n c o m p a r i s o n t o F e ± 
o f E q u a t i o n 12 ( 4 ) . A m a j o r p a r t o f t h e c o u n t e r i o n s 
a r e c o n d e n s e d on t h e i o n i c m i c e l l e s u r f a c e a n d c o u n t e r 
a c t t h e e l e c t r i c a l e n e r g y a s s i g n e d t o t h e a m p h i p h i l i c 
i o n s on t h e m i c e l l a r s u r f a c e . The m i n o r p a r t o f t h e 
c o u n t e r i o n s , i n t h e d i f f u s e d o u b l e l a y e r , a r e a l s o 
r e s t r i c t e d t o t h e v i c i n i t

M o r e c o m p l e t e n e u t r a l i z a t i o
s o m e t i m e s b e e n o b s e r v e d i n m i c e l l a r s o l u t i o n s w i t h 
a d d e d e l e c t r o l y t e ( 3 2 ) . I n e x p l a i n i n g t h e s p e c i f i c 
b i n d i n g o f c o u n t e r i o n s , S t i g t e r h a s u s e d t h e " i m a g e 
f o r c e 1 1 r e s u l t i n g when t h e c o u n t e r i o n a p p r o a c h s t h e 
m i c e l l a r c o r e w h i c h h a s a l o w d i e l e c t r i c c o n s t a n t ( 3 0 ) . 
On t h e o t h e r h a n d , L i n d m a n p r o p o s e d h y d r o g e n b o n d i n g 
b e t w e e n ( p o l a r i z e d ) w a t e r m o l e c u l e s i n t h e p r i m a r y 
h y d r a t i o n s h e a t h o f t h e b o u n d c o u n t e r i o n a n d t h e h e a d 
g r o u p o f t h e s u r f a c t a n t t o a c c o u n t f o r t h e s e q u e n c e o f 
c o u n t e r i o n b i n d i n g t o m i c e l l e ( 3 3 , 3 4 ) . 

A p p l i c a t i o n o f A c t i v i t y a t cmc. The a b o v e c o n s i d e r a t i o n 
s u g g e s t e d u s t o p r o p o s e a new t r e a t m e n t f o r i o n i c 
m i c e l l e f o r m a t i o n . A c c o r d i n g t o t h e r m o d y n a m i c s , t h e 
m i c e l l e - m o n o m e r e q u i l i b r i u m i s a c h i e v e d when t h e 
c h e m i c a l p o t e n t i a l o f s u r f a c t a n t i n t h e m i c e l l e i s 
e q u a l t o t h a t i n t h e b u l k s o l u t i o n . The f r e e e n e r g y o f 
m i c e l l e f o r m a t i o n c a n be r e p r e s e n t e d b y t h e u s e o f t h e 
c r i t i c a l m i c e l l e a c t i v i t y , cma, w h i c h i s t h e a c t i v i t y 
o f s u r f a c t a n t a t t h e cmc, as 

AG = RT I n cma ( 1 5 ) 
The cma i s c a l c u l a t e d a s 

cma = a ± ^ = [L]U~ [X]U+ ( 1 6 ) 

w h e r e \J- a n d U+ a r e t h e numbers o f a n i o n s a n d c a t i o n s i n 
t h e s u r f a c t a n t m o l e c u l e , V (= U+ + ) i s t h e t o t a l 
n umber o f i o n s i n t h e s u r f a c t a n t m o l e c u l e , a n d a + i s 
t h e mean i o n i c a c t i v i t y o f t h e s u r f a c t a n t a t t h e cmc. 
A c c o r d i n g t o E q u a t i o n 1 5 , 

AG = L/RT I n f + + L/-RT l n [ L ] + \J+RT l n [ X ] ( 1 7 ) 
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I f of i s t h e c o n c e n t r a t i o n o f a d d e d e l e c t r o l y t e 
t h a t h a s t h e same c a t i o n a s t h e s u r f a c t a n t , t h e cma i s 
e x p r e s s e d a s f o l l o w s 

cma = f £ cmc^" ( cmc + c' ) ^ + ( 1 8 ) 

E o r u n i v a l e n t i o n i c s u r f a c t a n t s , e . g . , a l k y l t r i m e t h y l -
ammonium b r o m i d e a n d c h l o r i d e , s o d i u m a l k y l s u l f a t e , 
a n d s o d i u m a l k y l c a r b o x y l a t e , 

cma = f J cmc ( cmc + of ) ( 1 8 a ) 

a n d f o r b i v a l e n t i o n i c s u r f a c t a n t , e . g . , d i s o d i u m a l k y l 
p h o s p h a t e 

3 9 cma = f + cmc (

I n E q u a t i o n s 16 1 8 , f + r e p r e s e n t s t h e mean i o n i c 
a c t i v i t y c o e f f i c i e n t o f t h e s u r f a c t a n t a n d may be 
c a l c u l a t e d a c c o r d i n g t o t h e G u n t e l b e r g a p p r o x i m a t i o n o f 
t h e D e b y e - H u c k e l e q u a t i o n ( 6 , 7 ) , 

l o g f ± = - I ' z + ( 1 9 ) 

w h e r e 
A = 1 . 825 Χ 1 0 6 * ( D T ) 3 / 2 ( 2 0 ) 

H e r e , I i s t h e i o n i c s t r e n g t h b a s e d on t h e f r e e i o n s i n 
t h e m i c e l l a r s o l u t i o n a n d D i s t h e d i e l e c t r i c c o n s t a n t 
o f s o l v e n t . 

On t h e b a s i s o f E q u a t i o n 1 5 , t h e i n c r e m e n t i n AG 
by t h e a d d i t i o n o f a m e t h y l e n e g r o u p t o t h e h y d r o c a r b o n 
c h a i n o f s u r f a c t a n t , ^ 1 ^ G ( C H 2 ) , i s w r i t t e n as 

4 ^ G ( C H 2 ) = 2 . 303RT X ( s l o p e o f l o g cma v s . n c ) ( 2 1 ) 

i n w h i c h cmc i n t h e E q u a t i o n 6 h a s b e e n r e p l a c e d w i t h 
cma. 

R e s u l t s a n d D i s c u s s i o n 

I n F i g u r e 3, t h e l o g a r i t h m o f cma i s r e p r e s e n t e d a s a 
f u n c t i o n o f t h e n u mber o f c a r b o n a t o m s i n t h e h y d r o 
c a r b o n c h a i n , n^. I t i s f o u n d t h a t t h e l o g cma v a l u e s 
f o r t h e v a r i o u s s u r f a c t a n t s a t t h e same n c v a l u e , 
e x c e p t N - a l k y l b e t a i n e , become c l o s e r c o m p a r e d t o 
l o g cmc, a n d AG c a l c u l a t e d by E q u a t i o n 15 i s - 4 . 9 1 
-6.54 c a l / m o l f o r n c = 1 2 . F o r N - a l k y l b e t a i n e s , h i g h e r 
v a l u e s o f AG c o m p a r e d t o o t h e r s u r f a c t a n t s h a v e b e e n 
r e c o g n i z e d i n t h e l i t e r a t u r e a n d w e r e a s c r i b e d t o t h e 
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o r d e r i n g o f t h e z w i t t e r i o n i c h e a d g r o u p on t h e m i c e l l a r 
s u r f a c e ( 3 5 , 36) . A l s o t h e c o n t a c t o f t h e h y d r o c a r b o n 
c h a i n w i t h w a t e r m o l e c u l e s a t t h e m i c e l l a r s u r f a c e h a s 
b e e n c o n s i d e r e d t o be an i m p o r t a n t f a c t o r ( 3 , 3 0 , 3 1 ) . 

On t h e o t h e r h a n d , t h e s l o p e s o b t a i n e d w e r e -0.5 
f o r d i s o d i u m a l k y l p h o s p h a t e , -0.54 f o r a l k y l t r i m e t h y l -
a m m o n i u m c h l o r i d e , - 0 . 5 2 f o r s o d i u m a l k y l c a r b o x y l a t e , 
a n d - 0 . 5 8 f o r s o d i u m a l k y l s u l f a t e . T h e s e v a l u e s a r e 
c l o s e t o t h o s e f o r n o n i o n i c a n d z w i t t e r i o n i c s u r f a c 
t a n t s , o b t a i n e d f r o m t h e l i n e a r r e l a t i o n o f l o g cmc a n d 
n c . The Δ AG(CH2) v a l u e s c a l c u l a t e d f r o m E q u a t i o n 21 
a r e i n t h e r a n g e o f -708 777 c a l / m o l a n d h a v e g o o d 
a g r e e m e n t w i t h t h e v a l u e s f o r n o n i o n i c a n d z w i t t e r i o n i c 
s u r f a c t a n t s , a s shown i n T a b l e 1. 

I n t h e c a l c u l a t i o
v a l u e s f o r a h o m o l o g o u
e v a l u a t e d a t d i f f e r e n t i o n i c s t r e n g t h s a n d t h e r e s u l t s 
o b t a i n e d f o r Δ AG(CH2),therefor,indicate t h a t AG t h u s 
c a l c u l a t e d i s i n d e p e n d e n t o f t h e i o n i c s t r e n g h t o f t h e 
m i c e l l a r s o l u t i o n . E q u a t i o n 1 7 , d e r i v e d f r o m E q u a t i o n 
15 , i s r e w r i t t e n as 

/ / . l o g cmc + l o g f + = - ( J Z T > 1 ο § [ χ ] 

+ G/(2 . 303//_RT) ( 2 2 ) 

I n F i g u r e 4, t h e v a l u e s o f l o g cmc a r e p r e s e n t e d a s a 
f u n c t i o n o f t h e l o g a r i t h m o f t o t a l c o n c e n t r a t i o n o f 
c o u n t e r i o n , l o g [ X ] . The s l o p e s o f t h e s e p l o t s a r e 
-0.67 f o r s o d i u m d o d e c y l s u l f a t e , -0.6 f o r p o t a s s i u m 
d o d e c a n o a t e , a n d -0.9 f o r d i s o d i u m d o d e c y l p h o s p h a t e . 
I n a c c o r d a n c e w i t h E q u a t i o n 2 2 , t h e v a l u e s o f l o g cmc + 
(UIU-) l o g f + a r e a l s o p l o t t e d a g a i n s t l o g [ X ] i n t h e 
same f i g u r e . T h e l i n e a r r e l a t i o n s o b t a i n e d now g i v e 
s l o p e s o f -0.9 f o r s o d i u m d o d e c y l s u l f a t e a n d p o t a s s i u m 
d o d e c a n o a t e , a n d -1.8 f o r d i s o d i u m d o d e c y l p h o s p h a t e , 
w h i c h a r e i n f a i r l y g o o d a g r e e m e n t w i t h t h e t h e o r e t i c a l 
v a l u e s o f -1 a n d - 2 , r e s p e c t i v e l y . The r e s u l t s 
o b t a i n e d h e r e s u g g e s t t h a t t h e c o n d e n s a t i o n o f c o u n t e r 
i o n s on t h e i o n i c m i c e l l a r s u r f a c e a n d t h e r e d u c t i o n o f 
e l e c t r o s t a t i c e n e r g y p l a y i m p o r t a n t r o l e s i n t h e i o n i c 
m i c e l l e f o r m a t i o n . 

The a p p l i c a t i o n o f t h e a c t i v i t y o f t h e s u r f a c t a n t 
h a s b e e n e x a m i n e d a l s o f o r t h e s u r f a c e t e n s i o n a n d 
a d s o r p t i o n o f d i s o d i u m a l k y l p h o s p h a t e ( 6 , 7 ) , s o d i u m 
d o d e c y l s u l f a t e ( 3 7 ) , a l k y l t r i m e t h y l a m m o n i u m b r o m i d e ( 3 5 
) , a n d s o d i u m p e r f l u o r o o c t a n o a t e ( 1 3 ) s o l u t i o n s . T h e s e 
s t u d i e s show t h a t t h e s u r f a c e t e n s i o n a n d theadsorρtion 
amount a r e c o n t r o l l e d by t h e a c t i v i t y o f s u r f a c t a n t , 
i r r e s p e c t i v e o f t h e a d d e d e l e c t r o l y t e c o n c e n t r a t i o n . 
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I t i s a l s o n o t e w o r t h y t h a t t h e s u r f a c e t e n s i o n o f m i x e d 
s o l u t i o n s o f a n i o n i c a n d c a t i o n i c s u r f a c t a n t s i s 
c o n t r o l l e d by t h e a c t i v i t y o f t h e s a l t ( 3 8 ) . T h e s e 
r e s u l t s i n d i c a t e t h a t , i n a d s o r p t i o n o f an i o n i c 
s u r f a c t a n t a t t h e s o l u t i o n s u r f a c e , t h e a c c o m p a n y i n g 
a d s o r p t i o n o f t h e c o u n t e r i o n a l s o p l a y s a n i m p o r t a n t 
r o l e . 

I n c o n c l u s i o n , m i c e l l e f o r m a t i o n o f a n i o n i c 
s u r f a c t a n t i s f o u n d t o t a k e p l a c e a t a c o n s t a n t 
activity,i·e., c r i t i c a l m i c e l l e a c t i v i t y , cma, i r r e 
s p e c t i v e o f c o u n t e r i o n c o n c e n t r a t i o n . 
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6 
Relationship of Solubilization Rate to Micellar 
Properties 
Anionic and Nonionic Surfactants 

Y. C. C H I U , Y. C. H A N , and H . M. C H E N G 

Department of Chemistry, Chung Yuan Christian University, Chung-Li, Taiwan 320, 
Republic of China 

This paper presents a new finding that the oil solu
bilization rate i  functio f surfactant aggregat
size. Light scatterin
were used in the experiments. Alcohol ethoxylates 
and SDS were used as surfactants. The aggregate size 
was changed by changing the surfactant structure or 
by adding chemicals. The solubilization rate shows 
a maximum at a certain aggregate size for a given sur
factant and a given oi l . Thus, we have found a meas
urable and controllable factor (size) in the process 
of oil solubilization. A theory was proposed to re
late solubilization rate with micellar properties and 
surfactant structure. By using this theory, we can 
explain the performance of petroleum sulfonate in en
hanced oil recovery and improve current formulation 
in achieving ultra-low interfacial tension. We can 
also explain the nonionic detergent performance as 
a function of surfactant structure. 

This paper presents a new finding that the oil solubilization rate 
is a function of the surfactant aggregate size. This idea origi
nated from ChiuTs observation on solubilization phenomena in ter
tiary oil recovery. 

During experiments with petroleum sulfonates in surfactant 
flooding, it was found that the surfactant solutions in the optimum 
electrolyte region, contaning large surfactant aggregates, are 
effective in oil recovery (1). These solutions give fast solubi
lization of oil and exhibit ultralow interfacial tension when they 
are in contact with oil (1). A theory was proposed that the large 
surfactant aggregates are important in obtaining rapid solubiliza
tion and ultralow interfacial tension (1). In order to test this 
theory, medium molecular weight alcohols were used to replace 
electrolyte in increasing surfactant aggregate size. The resulting 
solutions also gave good oil recovery (2_) . This theory has been 

0097-6156/84/0253-0089$08.00/0 
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used to e x p l a i n the d e t e r g e n t performance of a l c o h o l e t h o x y l a t e s 
w i t h r e s p e c t t o s u r f a c t a n t s t r u c t u r e ( 3 ) . 

Alt h o u g h the proposed th e o r y has been used e f f e c t i v e l y i n 
s e v e r a l p r a c t i c a l a p p l i c a t i o n s , no e x p e r i m e n t a l proof has been 
g i v e n t h a t the o i l s o l u b i l i z a t i o n r a t e i s a f u n c t i o n of s u r f a c t a n t 
aggregate s i z e . I n view of the importance of s o l u b i l i z a t i o n and 
the e x i s t e n c e of p r a c t i c a l methods of measuring and c o n t r o l l i n g 
s u r f a c t a n t aggregate s i z e , we de c i d e d to c o r r e l a t e the s o l u b i l i 
z a t i o n r a t e w i t h m i c e l l a r p r o p e r t i e s f o r some 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 . 

A l t h o u g h s o l u b i l i z a t i o n (4) has been a s u b j e c t of many i n v e s 
t i g a t i o n s , most of the s t u d i e s were made on the f i n a l e q u i l i b r i u m 
s o l u b i l i z a t i o n . Only a few s t u d i e s concern about the k i n e t i c s 
and mechanism. I n r e c e n t p u b l i c a t i o n s , C a r r o l (_5) measured s o l u 
b i l i z a t i o n r a t e of nonpola
u s i n g a m i c r o s c o p i c o b s e r v a t i o
a d h e r i n g on a f i b e r . Chan et a l (6,7) s t u d i e d the k i n e t i c s and 
mechanism of s o l u b i l i z a t i o n i n d e t e r g e n t s o l u t i o n s by r a d i o t r a c e r 
t e c h n i q u e . These methods a r e e i t h e r t e d i o u s or r e q u i r i n g s a f e t y 
p r e c a u t i o n . For l a r g e s c a l e l a b o r a t o r y o p e r a t i o n u s i n g s i m p l e 
equipments, we have developed a l i g h t s c a t t e r i n g technique to 
measure the s o l u b i l i z a t i o n r a t e and p a r t i c l e s i z e . 

E x p e r i m e n t a l 

L i g h t s c a t t e r i n g t e c h n i q u e was used i n d e t e r m i n i n g the o i l s o l u b i 
l i z a t i o n r a t e . Debye's e q u a t i o n (8) was used i n the i n t e r p r e t a 
t i o n . The b a s i c p r i n c i p l e i n v o l v e s the measurement of the s u r 
f a c t a n t aggregate s i z e d u r i n g the s o l u b i l i z a t i o n . As the o i l goes 
i n t o the s u r f a c t a n t m i c e l l e , the i n c r e a s e d s i z e w i l l be r e f l e c t e d 
by the t u r b i d i t y of the s o l u t i o n . 

The i n s t r u m e n t used i n the t u r b i d i t y measurement was Hatch 
Model 2100 A T u r b i d i m e t e r . A Hotech Shaker Bath, Model 901 
(Hotech Instruments Corp.) was used i n m i x i n g the o i l and s u r 
f a c t a n t s o l u t i o n . The n o n i o n i c s u r f a c t a n t s , Newcol 1102, 1103 and 
1105 were produced by Sino-Japan Chemical Co., L t d . The a c t i v e 
i n g r e d i e n t i s dodecanol e t h o x y l a t e . Sodium d o d e c y l s u l f a t e (SDS, 
No. L. 5750, Sigma Chemical Co. 95% a c t i v e , c o n t a i n i n g 65% C - ^ J 
27% C-̂ 4 and 6% C-^) was used as the a n i o n i c s u r f a c t a n t . O l e i c 
A c i d ( E x t r a pure r e a g e n t , Kanto Chemical Co., Tokyo, Japan), 
T r i o l e i n ( g l y c e r o l t r i o l e a t e ( C 1 7 H 3 3 C O O ) 3 C 3 H 5 , T e c h n i c a l , BDH 
Chemicals, England) and n-decane (E. Merck, G.C., 95%) were used 
as o i l . Sodium c h l o r i d e (E. Merck, p u r i t y 100 ± 0.05%) was used 
as e l e c t r o l y t e . 

The experiment was done by adding a g i v e n amount of o i l to 
14.0 g of 0.05% 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 . The o i l was f i r s t 
added to the s u r f a c t a n t s o l u t i o n and d i s p e r s e d i n t o t i n y d r o p l e t s 
by hand and was then mixed w i t h the s u r f a c t a n t s o l u t i o n by the 
Hotech Shaker a t 120 c y c l e s / m i n f o r 20 minutes. The t u r b i d i t y of 
the s o l u t i o n was measured. The s o l u t i o n was shaken and t u r b i d i t y 
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was measured r e p e a t e d l y u n t i l the t u r b i d i t y reached a c o n s t a n t 
v a l u e . For a n i o n i c s u r f a c t a n t experiments, 15.0 g of 0.5% s u r 
f a c t a n t s o l u t i o n was used and the sh a k i n g time was 5 minutes. 

Some experiments c o n c e r n i n g the s o l u b i l i z a t i o n of t r i o l e i n 
i n SDS s o l u t i o n s were done by adding t r i o l e i n dropwise to the s u r 
f a c t a n t s o l u t i o n . 15.0 g of 0.5% SDS s o l u t i o n was used. One drop 
of t r i o l e i n (0.006 ± 0.001 g) was added to the s u r f a c t a n t s o l u t i o n . 
The o i l was d i s p e r s e d , shaken and t u r b i d i t y measured as i t was 
mentioned above. When t u r b i d i t y reached a c o n s t a n t v a l u e , another 
drop of t r i o l e i n was added and the process repeated u n t i l the 
t u r b i d i t y v a l u e d i d not change w i t h the a d d i t i o n of t r i o l e i n . 

I t s h o u l d be mentioned here t h a t the 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 s were used w i t h i n 1-10 days a f t e r the p r e p a r a t i o n . The 
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 were used a f t e r a g i n g f o r two days. 

A l l experiments wer

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

A Proposed Theory. I n e a r l i e r p u b l i c a t i o n s ( 1 - 3 ) , a t h e o r y was 
proposed to c o r r e l a t e s o l u b i l i z a t i o n r a t e , i n t e r f a c i a l t e n s i o n 
and s i z e of the s u r f a c t a n t aggregate: (1) the i n t e r f a c i a l t e n s i o n 
l o w e r i n g between the o i l - s u r f a c t a n t s o l u t i o n i n t e r f a c e i s a 
f u n c t i o n of the r a t e of s o l u b i l i z a t i o n of o i l , and (2) the r a t e of 
s o l u b i l i z a t i o n (AS/At) i s a f u n c t i o n of the e f f e c t i v e volume f o r 
s o l u b i l i z a t i o n : 

AS/At = k η V c . (1) e r r 
c o n s t a n t . 
number of aggregates i n u n i t volume of s u r f a c t a n t 
s o l u t i o n . 
e f f e c t i v e volume f o r s o l u b i l i z a t i o n by an aggregate, 
f ( a c c e s s i b l e volume of the hydrocarbon c o r e , 
c h e m i c a l n a t u r e of the s u r f a c t a n t m o l e c u l e , c h e m i c a l 
n a t u r e of the o i l ) . 

The e f f e c t i v e volume f o r s o l u b i l i z a t i o n may or may not be 
p r o p o r t i o n a l to the g e o m e t r i c a l s i z e of the aggregate. I t depends 
on the p a c k i n g of the molecules i n the aggregate and the mutual 
c o m p a t i b i l i t y of the s u r f a c t a n t and o i l m o l e c u l e s . I n most c a s e s , 
V e f ξ i s p r o p o r t i o n a l to the s i z e of the m i c e l l e ( o r a g g r e g a t e ) . 
When the aggregate s i z e i s too l a r g e and the p a c k i n g of monomer 
becomes too t i g h t , V e f £ may decrease w i t h the aggregate s i z e . 

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 . We used Debye's e q u a t i o n (8) 
f o r m i c e l l a r s o l u t i o n as a b a s i s f o r the l i g h t s c a t t e r i n g 
measurement: 

Where k 
η 

V e f f 

% ( %r)Z M (C-C 0) (2) 
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Where τ = T u r b i d i t y . 
μ = r e f r a c t i v e i ndex of the s o l u t i o n . 
μ 0= r e f r a c t i v e i n d e x of the s o l v e n t . 
C = c o n c e n t r a t i o n (g/ml). 
C Q= c r i t i c a l m i c e l l a r c o n c e n t r a t i o n (CMC). 
M = aggregate weight. 
Ν = Avogadro's number. 
λ = wave l e n g t h of the l i g h t . 

2 
When (dy/dC) (C-C Q) becomes c o n s t a n t , τ would be p r o p o r t i o n a l to 
M. For n o n i o n i c s u r f a c t a n t , we used Newcol 1102, 1103 and 1105. 
These s u r f a c t a n t s c o n t a i n dodecanol e t h o x y l a t e . The l a s t d i g i t i n 
the Newcol number r e p r e s e n t s the e t h y l e n e o x i d e (EO) number. The 
CMC v a l u e s f o r pure dodecanol e t h o x y l a t e (3) w i t h EO number from 
3 to 5 a r e i n the c o n c e n t r a t i o
our experiment i s 0.05%
c o n s t a n t . Values (3) of μ as a f u n c t i o n of C a l s o show t h a t dy/dC 
i s almost c o n s t a n t . Thus i n the n o n i o n i c s u r f a c t a n t measurement 
i n t h i s paper, τ i s c o n s i d e r e d to be p r o p o r t i o n a l t o M. 

For a n i o n i c s u r f a c t a n t , we used sodium d o d e c y l s u l f a t e (SDS). 
The CMC v a l u e s were measured by conductance method. The CMC 
v a l u e s were taken from the breaks of curves from p l o t s of K/C 
ve r s u s N"2. Where Κ i s the s p e c i f i c conductance, C i s molar con
c e n t r a t i o n and Ν i s the e q u i v a l e n c e . F i g u r e 1 shows the CMC 
v a l u e s of SDS a t 25 °C. The curve showing i n the lower l e f t s i d e 
r e p r e s e n t s d a t a taken from l i t e r a t u r e f o r pure SDS. The curve 
showing i n the upper r i g h t s i d e r e p r e s e n t s measurements f o r our 
impure sample. Table I shows some v a l u e s of (dy/dC) (C-C Q) f o r 
pure SDS a t 25 °C. The v a l u e s f o r NaCl c o n c e n t r a t i o n s of 0.03 M 
to 0.50 M a r e not f a r from c o n s t a n t . T h e r e f o r e , i n t h i s concen
t r a t i o n r e g i o n , τ i s a l s o c o n s i d e r e d to be p r o p o r t i o n a l to M. 
The C v a l u e used i n our experiments i s 0.5% (0.0171 M, average 
m o l e c u l a r weight was taken as 293). 

Table I . Some SDS P r o p e r t i e s a t 25 °C 

Data from F i g . l Data from Ref.12 
System Lower L e f t : Curve λ = 4358 ( d y / d C ) 2 ( C - C 0 ) 

c - c 0 ( d y / d C ) 2 

H 20 0.0091 0.01426 0.000130 
0.03M NaCl 0.0141 0.01421 0.000200 
0.20M NaCl 0.0163 0.01339 0.000218 
0.50M NaCl 0.0162 0.01199 0.000194 
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F i g u r e 1. CMC V a l u e s of SDS a t 25 C. 
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D u r i n g the s o l u b i l i z a t i o n experiment, o i l c o n t i n u e s to s o l u b i -
l i z e i n the s u r f a c t a n t m i c e l l e and the M v a l u e c o n t i n u e s to 
i n c r e a s e . The change of M i s r e f l e c t e d by the change of τ. And 
dx/dt ( t = time) i s taken as the r a t e of s o l u b i l i z a t i o n i n our 
experiments. 

The c o n t r i b u t i o n to τ by e m u l s i f i e d o i l i n our experiments i s 
c o n s i d e r e d n e g l i g i b l e i n the 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 s due to 
the v e r y low CMC v a l u e s . I n SDS s o l u t i o n s , the e m u l s i f i c a t i o n 
o c c u rs a t the v e r y b e g i n n i n g when no NaCl i s added to the s o l u t i o n 
and the t u r b i d i t y i n t r o d u c e d by e m u l s i f i c a t i o n does not change 
w i t h time. When NaCl i s added to SDS s o l u t i o n s , the CMC becomes 
low and e m u l s i f i c a t i o n becomes unimportant as i t w i l l be shown i n 
the f o l l o w i n g s e c t i o n s . 

S o l u b i l i z a t i o n i n N o n i o n i
l i z a t i o n of o l e i c a c i d i
was p l o t t e d a g a i n s t s h a k i n g time. The f i r s t number on the curve 
r e p r e s e n t s the s u r f a c t a n t . 1102 means dodecanol e t h o x y l a t e 
c o n t a i n i n g 2 EO. The second number on the curve r e p r e s e n t s the 
amount of o l e i c a c i d added to the s u r f a c t a n t s o l u t i o n . 

For dodecanol e t h o x y l a t e , when EO number i s l a r g e r than 8, the 
aggregate weight decreases w i t h the i n c r e a s e i n EO number ( 1 3 ) . 
For the low EO members, water s o l u b i l i t y becomes low. For example, 
when EO = 4, the c l o u d p o i n t (3) i s about 8 °C. When EO = 5, the 
c l o u d p o i n t (3) i s about 30 °C. I n F i g u r e 2, the t u r b i d i t y i n 
zero s h a k i n g time r e f l e c t s the aggregate weight i n the s u r f a c t a n t 
s o l u t i o n b e f o r e the a d d i t i o n of o i l . The t u r b i d i t y i s v e r y h i g h 
i n 1102 i n d i c a t i n g l a r g e aggregates i n the s o l u t i o n . The t u r b i d i t y 
f o r the o r i g i n a l s o l u t i o n i s s l i g h t l y h i g h e r f o r 1103 than 1105 
i n d i c a t i n g l a r g e r aggregates e x i s t i n g i n 1103 s o l u t i o n . 

dx/dt ( s l o p e of the curve) i n F i g u r e 2 r e p r e s e n t s s o l u b i l i 
z a t i o n r a t e and the steady t u r b i d i t y showing a t the end of each 
curve s i g n i f i e s the s o l u b i l i z a t i o n of o i l a t t h a t p a r t i c u l a r 
c o n d i t i o n . Among these 6 c u r v e s , the 1102 curve s h o u l d be d i s 
cussed s e p a r a t e l y . S i n c e our experiments were c a r r i e d out a t 
25 °C, the temperature i s f a r above the 1102 c l o u d p o i n t . A l 
though the aggregate s i z e i s l a r g e , the aggregate i s packed t i g h t 
and s h o u l d have low s o l u b i l i z a t i o n volume. The a d d i t i o n of a 
s m a l l amount of o l e i c a c i d (0.002 g) i n c r e a s e s the aggregate s i z e 
tremendously. F u r t h e r a d d i t i o n of o l e i c a c i d r e s u l t s i n c o a g u l a 
t i o n and decreases t u r b i d i t y . For curves r e p r e s e n t i n g Newcol 1103 
and 1105, s e v e r a l t r e n d s a r e shown i n F i g u r e 2: (1) f o r s u r f a c t a n t 
s o l u t i o n s c o n t a i n i n g the same amount of o l e i c a c i d , dx/dt i s 
h i g h e r f o r 1103 than 1105, showing good agreement w i t h E q u a t i o n 1 
and (2) when the same s u r f a c t a n t i s used, dx/dt i s h i g h e r f o r more 
o i l a d d i t i o n . T h i s i s expected from k i n e t i c s r u l e s . 

F i g u r e 3 shows the s o l u b i l i z a t i o n of t r i o l e i n i n Newcol s u r 
f a c t a n t s . F i g u r e 4 shows the s o l u b i l i z a t i o n of n-decane i n the 
same s u r f a c t a n t s o l u t i o n s . The g e n e r a l c h a r a c t e r i s t i c s of the 
curves i n F i g u r e s 3 and 4 a r e the same as those shown i n F i g u r e 2. 
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From the lower t u r b i d i t y v a l u e s shown i n F i g u r e s 3 and 4, one may 
es t i m a t e t h a t the s o l u b i l i z a t i o n of o l e i c a c i d i s h i g h e r than 
t r i o l e i n or n-decane i n Newcol s u r f a c t a n t s o l u t i o n s . I t i s d i f f i 
c u l t to make f u r t h e r d i s t i n c t i o n between t r i o l e i n and n-decane 
from F i g u r e s 3 and 4. 

S o l u b i l i z a t i o n i n A n i o n i c S u r f a c t a n t . F i g u r e s 5 and 6 show the 
s o l u b i l i z a t i o n of o l e i c a c i d i n SDS s o l u t i o n s . The s u r f a c t a n t 
aggregate s i z e i s v a r i e d by changing NaCl c o n c e n t r a t i o n i n the 
s u r f a c t a n t s o l u t i o n . Table I I shows the a g g r e g a t i o n number of SDS 
m i c e l l e s a t 25°C as r e p o r t e d by v a r i o u s a u t h o r s . The a g g r e g a t i o n 
number i s i n g e n e r a l i n c r e a s e s w i t h the NaCl c o n c e n t r a t i o n . When 
the NaCl c o n c e n t r a t i o n i s above 0.4M, the a g g r e g a t i o n number i n 
c r e a s e s more r a p i d l y . The m i c e l l a r shape changes from s p h e r i c a l 
to rod (14,15). 

Table I I . A g g r e g a t i o n Number of SDS M i c e l l e s a t 25°C 

Ag g r e g a t i o n Number 
Ref. 14 S o l u t i o n Ref .9 Ref. 10 Ref. 12 Ref. 14 

Water 80 - 62 -
0.01M NaCl - 70-77 - -
0.02M NaCl 94 - - -
0.03M NaCl 100 - 72 -
0.1OM NaCl 112 97-101 - -
0.15M NaCl - - - 90 
0.20M NaCl 118 - 101 -
0.30M NaCl - - - 110 
0.40M NaCl 126 - - -
0.45M NaCl - - - 200 
0.50M NaCl - 148 142 -
0.55M NaCl - - - 600 
0.60M NaCl - 174-528 - 940 
0.80M NaCl - 1630 - -

The t u r b i d i t y v a l u e s a t zero s h a k i n g time r e f l e c t s the 
t u r b i d i t y f o r the SDS s o l u t i o n s b e f o r e the a d d i t i o n of o i l . 
U s u a l l y , hand d i s p e r s i o n of o i l does not i n c r e a s e t u r b i d i t y of 
the s u r f a c t a n t s o l u t i o n . T u r b i d i t y i n c r e a s e s o n l y when mech a n i c a l 
shak i n g i s a p p l i e d . But i n SDS s o l u t i o n s when no NaCl i s added, 
the d i s p e r s i o n of o l e i c a c i d by hand i n c r e a s e s t u r b i d i t y and 
subsequent m e c h a n i c a l s h a k i n g causes no f u r t h e r change. The 
i n i t i a l t u r b i d i t y f o r SDS s o l u t i o n c o n t a i n i n g 0-0.4 M NaCl b e f o r e 
the a d d i t i o n of o i l ranges from 1-3 and i s h a r d l y d i s t i n g u i s h a b l e 
i n the drawing. F i g u r e s 5 and 6 show s i m i l a r c h a r a c t e r i s t i c s . 
Each curve i n F i g u r e 5 r e p r e s e n t s the s o l u b i l i z a t i o n of 0.050 g 
o l e i c a c i d i n SDS s o l u t i o n c o n t a i n i n g the s p e c i f i e d NaCl. I n 
F i g u r e 6, 0.062 g o l e i c a c i d i s used. I n g e n e r a l , h i g h e r t u r b i 
d i t y i s observed i n F i g u r e 6 than i n F i g u r e 5. 
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Among the SDS s o l u t i o n s w i t h d i f f e r e n t NaCl c o n c e n t r a t i o n s , 
the m i c e l l a r p r o p e r t i e s i n these s o l u t i o n s r e q u i r e some d i s c u s s i o n . 
From F i g u r e 1, one can see the CMC v a l u e s of our SDS s o l u t i o n s i n 
the upper r i g h t s i d e . S i n c e the conductance method f o r CMC 
d e t e r m i n a t i o n can be used o n l y i n e l e c t r o l y t e c o n c e n t r a t i o n of not 
more than 0.1 M, we may use the v a l u e s o b t a i n e d o n l y i n t h i s con
c e n t r a t i o n r e g i o n . I n SDS s o l u t i o n w i t h o u t N a C l , the CMC v a l u e i s 
0.56-0.60%. For NaCl c o n c e n t r a t i o n of 0.025-0.1 M, CMC v a l u e s a r e 
around 0.15%. From l i t e r a t u r e data showing i n the same f i g u r e , 
one may p r e d i c t o n l y s m a l l decrease of CMC would occur i n NaCl 
c o n c e n t r a t i o n range of 0.1-0.4 M. I n the SDS s o l u t i o n s we used i n 
the experiments, the 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 0.5%. T h i s v a l u e 
l i e s below the CMC when no NaCl i s added. I n the presence of 
0.1-0.4 M NaCl, 70% of the s u r f a c t a n t w i l l be i n the m i c e l l a r 
form. 

When no NaCl i s adde
i n c r e a s e w i t h s l i g h t d i s p e r s i o n of o l e i c a c i d i s p r o b a b l y due t o 
the monomer e m u l s i f i c a t i o n of the o l e i c a c i d . The process does 
not seem to r e q u i r e as much time and energy as s o l u b i l i z a t i o n . 
I n the SDS s o l u t i o n s c o n t a i n i n g 0.1-0.4 M NaCl, the t u r b i d i t y 
i n c r e a s e i s m a i n l y due t o m i c e l l a r s o l u b i l i z a t i o n . The s o l u b i 
l i z a t i o n r a t e (dx/dt) of the s o l u t i o n s seems t o be i n t h i s o r d e r : 
0 . 1 M > 0 . 2 M > 0 . 3 M > 0 . 4 M NaCl. The f i n a l s o l u b i l i z a t i o n o f 
the s o l u t i o n s i s a l s o i n the same o r d e r . The s i z e of the pure 
SDS m i c e l l e s i n s o l u t i o n s c o n t a i n i n g NaCl has been shown t o 
i n c r e a s e w i t h the NaCl c o n c e n t r a t i o n (Table I I ) . Our ins t r u m e n t 
i s not s e n s i t i v e enough to d i s t i n g u i s h the s i z e between these 
s m a l l m i c e l l e s a t d i f f e r e n t NaCl c o n c e n t r a t i o n s . I n the s o l u b i 
l i z a t i o n of o l e i c a c i d i n 0.5% SDS s o l u t i o n s , the maximum V e f f 
seems to occur when the NaCl c o n c e n t r a t i o n i s around 0.1 M. 
The maximum may occur i n NaCl c o n c e n t r a t i o n below 0.1 M or between 
0.1 M and 0.2 M which we have not s t u d i e d . 

F i g u r e 7 shows some t u r b i d i t y d a t a as a f u n c t i o n of t r i o l e i n 
a d d i t i o n i n SDS s o l u t i o n s c o n t a i n i n g v a r y i n g amount of NaCl. Each 
p o i n t was taken from experiments such as d e s c r i b e d i n the e x p e r i 
mental s e c t i o n by dropwise a d d i t i o n of t r i o l e i n . The t u r b i d i t y 
i n c r e a s e s w i t h the a d d i t i o n of t r i o l e i n to a steady v a l u e f o r a l l 
SDS s o l u t i o n s c o n t a i n i n g d i f f e r e n t amount of NaCl. The h i g h e s t 
t u r b i d i t y (or the h i g h e s t s o l u b i l i z a t i o n ) and the h i g h e s t s o l u b i 
l i z a t i o n r a t e (dx/dt) occur a t 0.5 M NaCl. At h i g h e r NaCl concen
t r a t i o n s , c o a g u l a t i o n o c c u r s w i t h s h a k i n g and t u r b i d i t y d e c r e a s e s . 
F i g u r e 7 a l s o shows some d a t a taken from experiments performed i n 
the same way as d e s c r i b e d above f o r the s o l u b i l i z a t i o n of o l e i c 
a c i d i n SDS s o l u t i o n s . I n these experiments, 0.050 g t r i o l e i n 
was added to the SDS s o l u t i o n c o n t a i n i n g a s p e c i f i e d amount of 
NaCl. The f i n a l t u r b i d i t y v a l u e s were p l o t t e d a l o n g the l i n e 
c o r r e s p o n d i n g t o 0.050 g t r i o l e i n a d d i t i o n w i t h the s p e c i f i e d 
NaCl c o n c e n t r a t i o n . These v a l u e s a r e not too f a r from the v a l u e s 
o b t a i n e d by dropwise a d d i t i o n of t r i o l e i n as shown i n the same 
diagram. 
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Up t o t h i s moment we have s t u d i e d the s o l u b i l i z a t i o n r a t e of 
s e v e r a l o i l y m a t e r i a l s i n some 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 s . 
I n g e n e r a l we found t h a t the o i l s o l u b i l i z a t i o n r a t e i s a f u n c t i o n 
of the s u r f a c t a n t aggregate s i z e . The maximum V e££ f o r a s e r i e s 
of s u r f a c t a n t s o l u t i o n s seems to occur a t the c o n d i t i o n t h a t the 
s u r f a c t a n t a s s o c i a t e s to the maximum aggregate volume w i t h o u t 
i n c r e a s i n g the d e n s i t y of the aggregate. The V e £ £ v a l u e seems 
to p a r a l l e l the f i n a l s o l u b i l i z a t i o n v a l u e of the s u r f a c t a n t . 

A l l the r e s u l t s we o b t a i n e d a re q u a l i t a t i v e i n n a t u r e . The 
m a t e r i a l s used i n the experiments a r e m o s t l y not 100% pure but 
should be u s a b l e i n comparing performance r e s u l t of i n d u s t r i a l 
a p p l i c a t i o n s . And the c o n c l u s i o n s we obt a i n e d do not have the 
l i m i t a t i o n of a pure o i l (or s u r f a c t a n t ) o r a p a r t i c u l a r o i l (or 
s u r f a c t a n t ) . One important f a c t o r we have not d i s c u s s e d i s the 
e l e c t r i c a l e f f e c t . T h i s may c o n t r i b u t e s i g n i f i c a n t l y i n 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 w i t h p o l a r o i l . We have n e i t h e r 
d i s c u s s e d the mechanis
of a c e r t a i n o i l to a c e r t a i
such s p e c i f i c e f f e c t s and to d e r i v e more q u a n t i t a t i v e r e l a t i o n s 
g o verning the r e s u l t of s o l u b i l i z a t i o n , we are p l a n n i n g to conduct 
f u t u r e experiments w i t h pure sample. 

R e l a t i o n Between S t r u c t u r e and Performance of S u r f a c t a n t s . I n a 
det e r g e n t paper ( 3 ) , we have repeated the detergency work of The 
P r o c t o r and Gamble Company of some narrow range dodecanol 
e t h o x y l a t e s w i t h EO number from 2 to 8. A detergency maximum a t 
EO number 4 f o r 24 °C (at EO number 5 f o r 38 °C) was found f o r 
t r i o l e i n removal. For o l e i c a c i d removal, a steady i n c r e a s e of 
detergency was found f o r dodecanol e t h o x y l a t e s from EO number 2 
to EO number 5 a t 38 °C and no s i g n i f i c a n t change from EO number 5 
to EO number 8. From c l o u d p o i n t measurement, i t was found t h a t 
the temperature a t which the i n d i c a t e d s u r f a c t a n t showing the 
maximum detergency i s 7-15 °C above the s u r f a c t a n t c l o u d p o i n t . 
S i n c e t r i o l e i n i s r e l a t i v e l y n o n - p o l a r , i t s removal depends 
m a i n l y on s o l u b i l i z a t i o n . The l a r g e aggregates formed a t tem
p e r a t u r e somewhat above the c l o u d p o i n t a r e o b v i o u s l y v e r y 
e f f e c t i v e i n s o l u b i l i z a t i o n . We have a t t r i b u t e d t h i s to the 
i n c r e a s e of s o l u b i l i z a t i o n r a t e w i t h the s u r f a c t a n t aggregate 
s i z e . The evidence has been shown by t h i s paper. 

C a r r o l l (5) s t u d i e d the k i n e t i c s of s o l u b i l i z a t i o n of nonpolar 
o i l by 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 s and found t h a t the s o l u b i l i 
z a t i o n r a t e i s s t r o n g l y temperature dependent i n the r e g i o n of 
the n o n i o n i c c l o u d p o i n t : 15 °K below the c l o u d p o i n t , the r a t e 
i s e x tremely s m a l l r e l a t i v e to t h a t a t the c l o u d p o i n t . Nakagawa 
and T o r i (16) have found a tremendous i n c r e a s e i n aggregate weight 
f o r n o n i o n i c s u r f a c t a n t s near the c l o u d p o i n t and the i n c r e a s e i n 
aggregate weight c o r r e l a t e d w i t h i n c r e a s e d s o l u b i l i z a t i o n of l o n g 
c h a i n a l k y l compounds a t co n s t a n t 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 . 
These independent s t u d i e s show more evidences to what we have 
j u s t d e s c r i b e d i n t h i s paper. 
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S i n c e o l e i c a c i d i s r e l a t i v e l y p o l a r , i t may become e m u l s i f i e d 
by the s u r f a c t a n t monomer. The removal of o l e i c a c i d comes m a i n l y 
from two c o n t r i b u t i o n s : monomer e m u l s i f i c a t i o n and m i c e l l a r s o l u 
b i l i z a t i o n . A l t h o u g h the V ef£ has been decreased w i t h i n c r e a s i n g 
EG number i n dodecanol e t h o x y l a t e s , i n h i g h e r EO numbers than 5, 
t h i s f a c t o r has been compensated by the i n c r e a s e of monomer w i t h 
i n c r e a s i n g EO number (CMC decreases w i t h EO number). The l e v e l l i n g 
of detergency of dodecanol e t h o x y l a t e s from EO number 5 to EO 
number 8 has been i n t e r p r e t e d by these reasons. The monomer 
e m u l s i f i c a t i o n of o l e i c a c i d has been c l e a r l y shown i n t h i s paper 
i n SDS s o l u t i o n . The n o n i o n i c s u r f a c t a n t s we used here have low 
EO numbers and show m a i n l y the e f f e c t of s o l u b i l i z a t i o n . 

I t a l s o appears t h a t l a r g e r s o l u b i l i z a t e p r e f e r s l a r g e r 
m i c e l l e s f o r s o l u b i l i z a t i o n . T h i s i s shown i n the SDS s o l u b i 
l i z a t i o n . T r i o l e i n s o l u b i l i z e  e f f e c t i v e l  i  s o l u t i o n
c o n t a i n i n g h i g h e r NaCl c o n c e n t r a t i o
b e t t e r i n lower NaCl c o n c e n t r a t i o n
p r e f e r e n c e between d i f f e r e n t s o l u b i l i z a t e s i s not so obvious i n 
the 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 s r e p o r t e d here. With EO number 
between 2-5, the s i z e s of the n o n i o n i c s u r f a c t a n t aggregates a r e 
so much l a r g e r than the SDS m i c e l l e s (or the o i l m o l e c u l e s ) t h a t 
even the s m a l l e s t n o n i o n i c aggregates a r e more e f f e c t i v e s o l u b i -
l i z e r s than the SDS m i c e l l e s . Thus they show a l e v e l l i n g e f f e c t 
f o r the d i f f e r e n t s o l u b i l i z a t e s . The e l e c t r i c a l charge on a n i o n i c 
s u r f a c t a n t s may a l s o have some c o n t r i b u t i o n to the d i f f e r e n c e i n 
s o l u b i l i z a t i o n of o l e i c a c i d and t r i o l e i n . 

Another example showing the p r e f e r e n c e f o r l a r g e s u r f a c t a n t 
aggregates i s demonstrated i n t e r t i a r y o i l r e c o v e r y ( 1 ) . When a 
5% B r y t o n 430 petroleum s u l f o n a t e s o l u t i o n was used, the u l t r a l o w 
i n t e r f a c i a l t e n s i o n between o i l and water and f a s t s o l u b i l i z a t i o n 
of crude o i l appeared around 0.3 M NaCl. By C o u l t e r counter 
measurement, s u r f a c t a n t aggregates around 1 μ i n s i z e was found. 
Below 0.3 M N a C l , the aggregate s i z e s were s m a l l e r and the s o l u b i 
l i z a t i o n r a t e s were sl o w e r . Above 0.3 M NaCl, the aggregates 
became u n s t a b l e and tended toward s e p a r a t i o n from water. We have 
not had an o p p o r t u n i t y to measure the s o l u b i l i z a t i o n r a t e of 
petroleum s u l f o n a t e s o l u t i o n s . The statement made here i s m a i n l y 
from o b s e r v a t i o n . The o i l s o l u b i l i z a t i o n i n 5% B r y t o n 430 con
t a i n i n g 0.3 M NaCl i s too f a s t to be measured by o r d i n a r y methods. 
I n o r d e r to b r i n g the s o l u b i l i z a t i o n r a t e i n a measurable range, 
we used much s m a l l e r s u r f a c t a n t aggregates (SDS) i n the e x p e r i 
ments. The phenomenon e x h i b i t e d by t r i o l e i n s o l u b i l i z a t i o n 
resembled the phenomenon observed i n B r y t o n 430 except the r a t e 
was much sl o w e r . 

I t i s w e l l known t h a t SDS and many commercial s u r f a c t a n t s can 
not be used to r e c o v e r o i l . I n our o p i n i o n these s u r f a c t a n t s can 
not a s s o c i a t e to form l a r g e enough aggregates i s one important 
reason. I n most c a s e s , when e l e c t r o l y t e i s added to the s u r 
f a c t a n t s o l u t i o n to i n c r e a s e the s i z e of the aggregate, s u r f a c t a n t 
s e p a r a t i o n o c c u r s b e f o r e l a r g e enough aggregates can be b u i l t up. 
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T h i s paper p r e s e n t s a v e r y b a s i c p r i n c i p l e i n s u r f a c t a n t 
s o l u b i l i z a t i o n . More q u a n t i t a t i v e measurement i n c o r r e l a t i n g 
s o l u b i l i z a t i o n r a t e w i t h m i c e l l a r p r o p e r t i e s and more a p p l i c a t i o n s 
of t h i s p r i n c i p l e to improve performance of v a r i o u s s o l u b i l i z a t i o n 
p r ocesses remain the s u b j e c t of our i n v e s t i g a t i o n . 

Acknowledgments 

Shu-Mei Ann, V e n i c e Hu, Dao-Shinn Hwang, P e t e r Hwang, J i n g - M i n g 
Hsu, T i a n - T s a i n Wu, Huann-Jang Hwang and Ruey-Jing Cheng have 
made c o n t r i b u t i o n to t h i s paper. 

Literature Cited 

1. Chiu, Y. C. in "Solutio  Behavio f Surfactants  Theoretical 
and Applied Aspects"
Plenum: New York, 1982; Vol. II, pp. 1415-1440. 

2. Chiu, Y. C. Oilfield and Geothermal Chemistry Symposium, 
Denver, Co., U.S.A., June 1-3, 1983; SPE paper 11783. 

3. Benson, H.L.; Chiu, Y. C. "Relationship of Detergency to 
Micellar Properties for Narrow Range Alcohol Ethoxylates", 
Technical Bulletin, SC: 443-80, Shell Chemical Co. Houston, 
Texas, U.S.A., 1980. 

4. McBain, M.E.; Hutchinson, E. "Solubilization and Related 
Phenomena"; Academic Press: New York, 1955. 

5. Carroll, B. J. J. Colloid and Interface Sci. 1981, 79, 126. 
6. Chan, A. F.; Evans, D. F.; Cussler, E. L. AICHE 1976, 22, 1006. 
7. Shaeiwitz, J. Α.; Chan, A. F-C.; Cussler, E. L.; Evans, D. F. 

J. Colloid and Interface Sci. 1981, 84, 47. 
8. Debye, P. Ann. Ν. Y. Acad. Sci. 1949, 51, 575. 
9. Phillips, J. N. Trans. Faraday Soc. 1955, 51, 561. 

10. Hayashi, S.; Ikeda, S. J. Phys. Chem. 1980, 84, 744. 
11. Emerson, M. F.; Holtzer, A. J. Phys. Chem. 1967, 71, 1898. 
12. Mysels, K. J.; Princen, L. H. J. Phys. Chem.1959, 63, 1696. 
13. Becher, P. J. Colloid Sci. 1961, 16, 49. 
14. Mazer, Ν. Α.; Benedek, G. B.; Carey, M. C. J. Phys. Chem. 

1976, 80, 1075. 
15. Missel, P. J . ; Mazer, Ν. Α.; Benedek, G. B.; Young, C. Y.; 

Carey, M. C. J. Phys. Chem. 1980, 84, 1944. 
16. Nakagawa, T.; Tori, K. Koll . Z. 1960, 168, 132. 

RECEIVED January 20, 1984 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



7 
Hydrotropic Function of a Dicarboxylic Acid 

STIG E. F R I B E R G and TONY D. F L A I M 

Chemistry Department, University of Missouri-Rolla, Rolla, MO 65401 

The hydrotropic actio
discussed agains  genera  hydro
tropic action; the liquid crystal/isotropic solution 
equilibrium. It is shown that the hydrotropic action 
of the dicarboxylic acid in question, 8-[5(6)-carboxy-
4-hexyl-cyclohex-2-enyl] octanoic acid, depends on its 
conformation at an interface. 

The word hydrotrope was introduced 67 years ago by Neuberg (1). 
In his treatment and in the subsequent ones the hydrotropes were 
investigated for their solubilizing power in aqueous solutions 
(2-6). 

A change in the perception of their mechanism of action came 
in the sixties when Lawrence (7) pointed out that short chain sur
factants would delay the gelling to a liquid crystalline phase 
which takes place at high surfactant concentrations. Friberg and 
Rydhag (8) showed that hydrotropes, in addition, prevent the for
mation of lamellar liquid crystals in combinations of surfactants 
with hydrophobic amphiphiles, such as long chain carboxylic acids 
and alcohols. The importance of this finding for laundry action 
was evident. 

The hydrotropes in this era were short chain aromatic sulfo
nates, with the p-xylene sodium sulfonate as a typical example. 
Their action is preventing the formation of liquid crystals is 
easily understood from a direct comparison of their molecular 
geometry (Fig. 1). 

The short bulky aromatic compound does not pack well in a 
lamellar liquid crystalline structure, the mutual stabilizing 
action of the straight hydrocarbon chains is lost, and instability 
results. 

0097-6156/ 84/ 0253-0107S06.00/ 0 
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D u r i n g the 1 9 7 0 ? s , a new k i n d of h y d r o t r o p e was i n t r o d u c e d , 
WESTVACO DIACID® ( 9 ) , ( F i g . 2 ) . I t i s a d i c a r b o x y l i c a c i d w i t h a 
t o t a l of twenty-one carbon atoms. I t s b a s i c p r o p e r t i e s have been 
i n v e s t i g a t e d by M a t i j e v i c and c o l l a b o r a t o r s ( 1 0 ) , who determined 
i t s cmc and the a s s o c i a t i o n c o n s t a n t s f o r the d i a c i d i n w a t e r . 

T h i s new h y d r o t r o p e posed an i n t r i g u i n g problem; the e x p l a 
n a t i o n of the h y d r o t r o p i c a c t i o n of such a l o n g c h a i n d i c a r b o x y l i c 
a c i d . The problem was s o l v e d i n a s e r i e s o f a r t i c l e s (11-14) 
which c o n t a i n the e s s e n t i a l e x p e r i m e n t a l i n f o r m a t i o n f o r t h i s 
a r t i c l e . These a r t i c l e s each p r o v i d e d a p a r t of the t o t a l frame
work o f the problem and we c o n s i d e r e d a u n i f i e d treatment e s s e n 
t i a l i n o r d e r t o p r e s e n t a s y s t e m a t i c p a t t e r n f o r the d i f f e r e n t 
a s p e c t s i n v o l v e d . 

The a n a l y s i s o f h y d r o t r o p i c a c t i o n i s c o n v e n i e n t l y d i v i d e d 
i n t o two p a r t s : (1) Th
e q u i l i b r i u m between e s s e n t i a
mechanism f o r the i n f l u e n c e of the h y d r o t r o p e on the e q u i l i b r i u m . 

The I s o t r o p i c L i q u i d / L i q u i d C r y s t a l l i n e E q u i l i b r i u m 

Hydrotropes w i t h t h e i r g e l - p r e v e n t i o n a c t i o n a r e an e s s e n t i a l p a r t 
of l i q u i d c l e a n e r s f o r w h i ch they p r o v i d e two e s s e n t i a l f u n c t i o n s : 
(a) they a l l o w h i g h 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 the f o r m u l a t i o n 
by p r e v e n t i n g i t s g e l l i n g a t the low water c o n c e n t r a t i o n s employed, 
and (b) they prevent g e l f o r m a t i o n i n e x t r e m e l y w a t e r - r i c h systems 
under l a u n d e r i n g c o n d i t i o n s . 

Low Water Content 

The g e l - p r e v e n t i o n a c t i o n i n the water-poor p a r t o f the system i s 
i l l u s t r a t e d by a comparison between the d i c a r b o x y l i c a c i d and a 
m o n o c a r b o x y l i c a c i d of a p p r o x i m a t e l y the same c a r b o x y l i c / m e t h y l e n e 
group r a t i o . 

The c a r b o x y l i c a c i d s were combined w i t h hexylamine and water 
i n o r d e r t o study the a s s o c i a t i o n s t r u c t u r e s formed. The h e x y l 
amine was chosen because i t d i d not by i t s e l f form a l i q u i d c r y s t 
a l l i n e phase w i t h w a t e r , F i g . 3A. Water d i s s o l v e s i n the amine 
to a maximum of 60% to form an i s o t r o p i c s o l u t i o n . The l i q u i d 
c r y s t a l i s formed f i r s t a t a c e r t a i n o c t a n o i c a c i d : amine r a t i o , 
a p p r o x i m a t e l y 0.1. The l i q u i d c r y s t a l l i n e phase forms a l a r g e 
r e g i o n r e a c h i n g t o a weight f r a c t i o n of 0.61 of the a c i d , c o r r e 
sponding t o a 1:1 molar r a t i o of the two s p e c i e s . 

The c o m b i n a t i o n of the hexylamine w i t h the d i c a r b o x y l i c a c i d 
on the o t h e r hand, F i g . 3B, does not g i v e a l i q u i d c r y s t a l l i n e 
phase f o r any c o m b i n a t i o n between the a c i d and the amine or the 
w ater. The e n t i r e a r e a , F i g . 3B, i s an i s o t r o p i c l i q u i d . 
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SODIUM OCTANOATE 

SODIUM XYLENE SULFONATE 

F i g u r e 1. The s t r u c t u r e o f a c o n v e n t i o n a l h y d r o t r o p e ( r i g h t ) 

i n h i b i t s the f o r m a t i o n of a l a m e l l a r s t r u c t u r e 

w i t h the common s t r a i g h t - c h a i n s u r f a c t a n t s . 

H 3C-CH 2-CH 2-CH 2-CH 2-C1I 2- •CH 2-CH 2-CH 2-CH 2-CH -CH2-CH2-COOH 

NC00H 

H 3C-CH 2-CH 2-CII 2-CH 2-CH^ ^-CH 2-CH 2-CH 2-CH 2-CH 2-CH 2-CH 2-COO N a + 

COOH 

F i g u r e 2. The s t r u c t u r e o f 8 - [ 5 - c a r b o x y - 4 - h e x y l - c y c l o h e x - 2 -

e n y l ] o c t a n o i c a c i d (top) and i t s monosoap 

(bottom) . 
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These r e s u l t s showed an impor t a n t f e a t u r e o f the d i c a r b o x y l i c 
a c i d i n q u e s t i o n . C o n t r a r y t o the c o r r e s p o n d i n g m o n o c a r b o x y l i c 
a c i d , i t p r e v e n t s the f o r m a t i o n of a l i q u i d c r y s t a l l i n e phase i n 
water-poor systems. The i m p l i c a t i o n s of t h i s f a c t f o r the formu
l a t i o n s of l i q u i d c l e a n e r s i s o b v i o u s . 

High Water Content 

The q u e s t i o n of g e l l i n g i n the w a t e r - r i c h systems, which a r e 
t y p i c a l of l a u n d e r i n g c o n d i t i o n s , was probed u s i n g a s i m p l i f i e d 
model system. The s u r f a c t a n t used was of s h o r t e r c h a i n l e n g t h 
than n o r m a l l y a p p l i e d under l a u n d r y c o n d i t i o n s . The e i g h t carbon 
c h a i n of sodium octano a t e g i v e s a cmc c o n s i d e r a b l y h i g h e r than 
t h a t o f the n o r m a l l y used tw e l v e t o e i g h t e e n carbon c h a i n v a r i e 
t i e s . The c h o i c e was mad
p e r i m e n t a l s i t u a t i o n . Th
c e n t r a t i o n s below become s i m p l e r t o e v a l u a t e w i t h a w i d e r con
c e n t r a t i o n range t o e x p l o r e . O c t a n o l was used as a model f o r o i l y 
d i r t , f o l l o w i n g the use of dec a n o l i n a r e c e n t c o n t r i b u t i o n from 
U n i l e v e r ( 1 5 ). 

The phase c o n d i t i o n f o r c o n c e n t r a t i o n s i n the range c l o s e t o 
the cmc a r e found i n F i g . 4A. For the lowest soap c o n c e n t r a t i o n s , 
a l i q u i d i s o t r o p i c a l c o h o l s o l u t i o n s e p a r a t e d , when the s o l u b i l i t y 
l i m i t of the a l c o h o l was exceeded. T h i s was changed a t concent
r a t i o n s a p p r o x i m a t e l y one h a l f the cmc, when a l a m e l l a r l i q u i d 
c r y s t a l l i n e phase appeared i n s t e a d . A f t e r the r e l a t i v e l y narrow 
three-phase r e g i o n had been t r a n s v e r s e d , t h i s l i q u i d c r y s t a l l i n e 
phase was the o n l y phase i n e q u i l i b r i u m w i t h the aqueous s o l u t i o n . 
S o l u b i l i z a t i o n of the l o n g c h a i n a l c o h o l i n c r e a s e d a t the cmc, as 
expected. 

R e p l a c i n g p a r t of the soap w i t h the d i c a r b o x y l i c a c i d a t a 
s u f f i c i e n t l y h i g h pH v a l u e t o ensure i t s complete i o n i z a t i o n gave 
the r e s u l t s i n F i g . 4B. A t the s i t e f o r the onset of the 3-phase 
ar e a i n F i g . 4A w i t h the l i q u i d c r y s t a l , the a l c o h o l and the 
aqueous s o l u t i o n , s o l u b i l i z a t i o n of the a l c o h o l now showed a 
sudden maximum. 

The r e s u l t s a r e s t r a i g h t forward and the i n t e r p r e t a t i o n 
immediately e v i d e n t . The l i q u i d c r y s t a l l i n e phase formed i n 
these e x t r e m e l y water r i c h systems was d e s t a b i l i z e d by the d i 
c a r b o x y l i c a c i d and tran s f o r m e d to an i s o t r o p i c s o l u t i o n . The 
c o n c l u s i o n t h a t the h y d r o t r o p i c a c t i o n of the d i c a r b o x y l i c a c i d 
i s i n t i m a t e l y r e l a t e d t o i t s c a p a c i t y t o d e s t a b i l i z e a l i q u i d 
c r y s t a l l i n e phase a l s o under the w a t e r - r i c h c o n d i t i o n s d u r i n g 
a c t u a l l a u n d e r i n g c o n d i t i o n s appears w e l l j u s t i f i e d . 
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0:l ' «« 

F i g u r e 4. A d d i t i o n of the d i c a r b o x y l i c a c i d t o a w a t e r / 

d e t e r g e n t c o m b i n a t i o n p r e v e n t s (B) the g e l l i n g 

caused by a model d i r t ( o c t a n o l , CgOH) below the 

cmc ( A ) • A The model d i r t o c t a n o l (CgOH) forms a 

l i q u i d c r y s t a l l i n e phase w i t h water and sodium 

o c t a n o i a t e (CgOOH a t pH 10) i n a r e a 3 and 4 

P a r t i a l s u b s t i t u t i o n of the sodium o c t a n o a t e w i t h 

the d i a c i d soap (pH 10) l e a d s t o an i n c r e a s e of 

s o l u b i l i z a t i o n of the o c t a n o l ( B ) . 1: aqueous 

s o l u t i o n , 2: two-phase r e g i o n of 1 + o c t a n o l 

s o l u t i o n , 3: three-phase r e g i o n of 1 + a l c o h o l 

s o l u t i o n + l a m e l l a r l i q u i d c r y s t a l and 4: two-

phase r e g i o n of 1 + l a m e l l a r l i q u i d c r y s t a l . 
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The M o l e c u l a r Mechanism F o r The H y d r o t r o p i c A c t i o n 

The r e m a i n i n g problem of the m o l e c u l a r mechanisms of t h i s a c t i o n 
was judged t o be r e l a t e d t o the c o n f o r m a t i o n o f the d i c a r b o x y l i c 
a c i d a t the i n t e r f a c e . T h i s c o n f o r m a t i o n i s u s u a l l y determined 
d i r e c t l y w i t h the use o f a Langmuir t r o u g h (16-18). The d i s 
advantage o f such a method f o r the p r e s e n t problem l i e s w i t h the 
r e s t r i c t i o n s of the environment of the m o l e c u l e t o be i n v e s t i g a t e d . 
The b a s i c requirement i s t h a t the m o l e c u l e must be v i r t u a l l y i n 
s o l u b l e i n the l i q u i d s u b s t r a t e on which the monolayer i s sup
p o r t e d . For the d i c a r b o x y l i c a c i d i n q u e s t i o n , t h i s meant a pH 
v a l u e as low as 2 and a l s o a h i g h e l e c t r o l y t e c o n t e n t i n the 
aqueous s u b s t r a t e . 

A l t h o u g h i t may be argued t h a t the c o n f o r m a t i o n o f the d i 
c a r b o x y l i c a c i d under suc
t i f i c i n t e r e s t , s e v e r a l
The i n t e r e s t i n the c o n f o r m a t i o n o f the h y d r o t r o p e i s p r i m a r i l y 
r e l a t e d t o i t s b e h a v i o r a t an o i l / w a t e r i n t e r f a c e i n c o n j u n c t i o n 
w i t h s u r f a c t a n t m o l e c u l e s . I n a d d i t i o n , m o l e c u l e s from an n o i l y 
d i r t T f may be p r e s e n t . F i n a l l y , i t i s e s s e n t i a l t o r e a l i z e t h a t 
the a c t i o n of the h y d r o t r o p e i s to d e s t a b i l i z e a l i q u i d c r y s t a l 
l i n e phase and t r a n s f o r m i t t o an i s o t r o p i c l i q u i d . 

W i t h these f a c t o r s i n mind, a new method t o e v a l u a t e the 
c o n f o r m a t i o n o f an a m p h i p h i l i c m o l e c u l e a t the s i t e o f i n t e r e s t 
was i n t r o d u c e d . The method i s b u i l t on the f a c t t h a t the d e t e r m i 
n a t i o n of i n t e r l a y e r s p a c i n g s of a l a m e l l a r l i q u i d c r y s t a l u s i n g 
low a n g l e X-ray d i f f r a c t i o n methods i n c o m b i n a t i o n w i t h d e n s i t y 
measurements w i l l p r o v i d e s u f f i c i e n t i n f o r m a t i o n t o c a l c u l a t e the 
c r o s s - s e c t i o n a l a reas o c c u p i e d by each a m p h i p h i l e ( 1 9 ) . 

T h i s means t h a t the p a r t i a l molar a r e a may d i r e c t l y be d e t e r 
mined from the change i n m o l e c u l a r a r e a , when an a m p h i p h i l i c mole
c u l e i s i n t r o d u c e d i n t o a h o s t l i q u i d c r y s t a l l i n e p a t t e r n . Of 
co u r s e , t h i s a r e a i s the change of a r e a per m o l e c u l e a t the i n t r o 
d u c t i o n o f one m o l e c u l e o f the substance i n q u e s t i o n and may be 
i n f l u e n c e d by the i n t e r a c t i o n between the host m o l e c u l e s and the 
guest m o l e c u l e s . S i n c e t h i s i n t e r a c t i o n i s an e s s e n t i a l p a r t of 
the p r e s e n t problem, i t appears obvious t h a t the method e x a c t l y 
meets the r e q u i r e m e n t s . 

The h o s t l i q u i d c r y s t a l l i n e m a t r i x was composed of wat e r , 
sodium o c t a n o a t e and o c t a n o l . T h i s c o m b i n a t i o n was chosen i n 
o r d e r t o c r e a t e an environment as c l o s e l y matching the s p e c i f i c 
r e quirements o f the problem as p o s s i b l e . I n the f i r s t i n s t a n c e , 
the s u r f a c t a n t was i d e n t i c a l t o the one used f o r the s o l u b i l i 
z a t i o n d e t e r m i n a t i o n s (12) and the a l c o h o l was p r e s e n t i n o r d e r 
t o resemble a c t u a l l a u n d e r i n g c o n d i t i o n s w i t h " o i l y d i r t " mole
c u l e s p r e s e n t ( 1 2 ) . 
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The c o n f o r m a t i o n a l d i s t i n c t i o n w hich was sought was the 
l o c a t i o n o f the middle c a r b o x y l i c group r e l a t i v e t o the i n t e r f a c e . 
I f t he m i d d l e c a r b o x y l i c group were found a t the i n t e r f a c e , the 
i n t e r l a y e r s p a c i n g as i n f l u e n c e d by the d i c a r b o x y l i c a c i d would 
be comparable t o the one from sodium o c t a n o a t e . A s t r a i g h t con
f o r m a t i o n of the d i a c i d , on the o t h e r hand, would g i v e an i n c r e 
ment t o the i n t e r l a y e r s p a c i n g s i m i l a r t o the one from sodium 
o l e a t e . 

The i n f l u e n c e of sodium o l e a t e on the i n t e r l a y e r s p a c i n g i s 
found i n F i g . 5A. The d i s t a n c e between l a y e r s i s i n c r e a s e d by an 
average o f 2.5A and 0.5 moles of the sodium o l e a t e a r e added t o 
the l i q u i d c r y s t a l . The co r r e s p o n d i n g a d d i t i o n of the monosoap 
of the d i c a r b o x y l i c a c i d g i v e s o n l y an i n s i g n i f i c a n t i n c r e a s e of 
the d i s t a n c e ( F i g . 5B). T h i s r e s u l t shows the l e n g t h o f the 
monosoap of the d i a c i d t
a c i d . 

The e v a l u a t i o n of the c o n f o r m a t i o n of the d i a c i d monosoap 
from these r e s u l t s i s unambiguous. Both the p o l a r groups of the 
monosoap a r e l o c a t e d a t the water s u r f a c e , g i v i n g a co n f o r m a t i o n 
such as the one i n F i g . 6. T h i s c o n f o r m a t i o n r e a d i l y p r o v i d e s an 
e x p l a n a t i o n f o r the h y d r o t r o p i c a c t i o n o f the d i c a r b o x y l i c a c i d . 
When a c t i n g a t an i n t e r f a c e , the m o l e c u l e does not posess the 
extended c o n f o r m a t i o n of F i g . 2; i t s c o n f o r m a t i o n i s as shown i n 
F i g . 6. Hence, the d e s t a b i l i z i n g a c t i o n may be i n t u i t i v e l y under
st o o d i n the same manner as f o r the t r a d i t i o n a l a r o m a t i c hydro
t r o p e , F i g . 1. 

33' 33' 3.8 4.6 5.4 3.8 4.6 5.4 
MOLES OF WATER/FUNCTIONAL GROUP MOLES OF WATER/FUNCTIONAL GROUP 

F i g u r e 5. Sodium o l e a t e (A) added t o a l a m e l l a r l i q u i d 

c r y s t a l l i n e phase o f water, sodium o c t a n o a t e , and 

o c t a n o l (0) i n c r e a s e s the i n t e r l a y e r s p a c i n g ( A ) . 

A d d i t i o n of the d i c a r b o x y l i c a c i d monosoap (X) 

does not g i v e the same change ( B ) . 
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8 
Aqueous Solution Properties of a Fatty Dicarboxylic 
Acid Hydrotrope 

A. B E L L 

Westvaco Corporation, Charleston Research Center, North Charleston, SC 29406 

K. S. BIRDI 
Fysisk-Kemisk Institut, Technical University of Denmark, DK-2800 Lyngby, Denmark 

Aqueous solutio
carbon dicarboxyli
2-cyclohexene-1-yl octanoic acid (C21-DA) in 
salt form - alone and in the presence of a 
nonionic, anionic or cationic detergent - are 
reported. Membrane osmometry results indicate 
that C21-DA alkali salt forms low molecular 
weight aggregates or micelles, its aggregation 
behavior appearing to resemble that of certain 
polyhydroxy bile salts. In the presence of 
detergent, small aggregates are also formed 
provided the weight fraction of C21-DA salt in 
the micelles exceeds ca. 0.5. Phase 
equilibrium studies show that C21-DA (as the 
dipotassium or full triethanolamine salt) acts 
as a hydrotrope above certain concentration 
levels in concentrated detergent solutions, 
retarding build-up of anisotropic aggregates 
responsible for mesophase formation, in 
accordance with previous investigations by 
Friberg and co-workers. 

In recent studies, Friberg and co-workers (J_,2) showed that the 
21 carbon dicarboxylic acid 5(6)-carboxyl-4-hexyl-2-cyclohexene-
1-yl octanoic acid (C21-DA, see Figure 1) exhibited hydrotropic 
or solubilizing properties in the multicomponent system(s) 
sodium octanoate (decanoate)/n-octanol/C2i-DA aqueous disodium 
salt solutions. Hydrotropic action was observed in dilute 
solutions even at concentrations below the critical micelle 
concentration (CMC) of the alkanoate. Such action was also 
observed in concentrates containing pure nonionic and anionic 
surfactants and C21-DA salt. The function of the hydrotrope was 
to retard formation of a more ordered structure or mesophase 
(liquid crystalline phase). 

0097-6156/84/0253-0117S06.00/0 
© 1984 American Chemical Society 
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As is well known, hydrotropes are incorporated in liquid 
detergent formulations in order to produce transparent 
(isotropic) solutions at high solids concentrations which will 
be stable under varying conditions of temperature and 
composition. Depending upon its structure, the hydrotrope may 
also assist in solubilizing components added in small amounts 
(e.g., perfumes, colorants, bactericides) and, depending upon 
the nature of the soil, enhance detergency. 

In order to better understand the molecular basis of hydrotropic 
action, i t is useful to investigate phase properties of 
multicomponent regions of interest, specifically the micellar or 
isotropic regions. Recently, a powerful technique has again 
emerged for characterizing micellar formation in detergent 
solutions - membrane osmometr  (3-6)  With thi  technique  th
effect of additives (electrolytes
also be explored (7,8)

Here, utilizing membrane osmometry, we report on micelle 
formation in solutions of C21-DA alone (in dilute electrolyte) 
and in the presence of surface active ingredients incorporated 
in commercial liquid detergent formulations. Phase diagrams of 
3-component blends (detergent/C2i-DA salt/H20) are also 
presented. 

Experimental 

Materials. The dicarboxylic acid was Westvaco DIACID R 1550, or 
H-240, its partially neutralized 40Î solids aqueous potassium 
salt solution (9.>1Q.) · Linear fatty alcohol ethoxylate (LE-9), 
prepared from alcohols containing 12-15 carbon atoms and 
containing an average of 9 ethylene oxide groups per molecule, 
was obtained commercially. Sodium dodecylbenzenesulfonate 
(SDBS, technical grade) and cetyltrimethylammonium bromide 
(CTAB) were obtained from Fluka, triethanolamine (TEA) from 
Fisher. Inorganic chemicals were reagent grade. Water was 
Milli-Q R deionized. 

Membrane Osmometry. The apparatus has been described in detail 
elsewhere (5)· The concentration of detergent in the solution 
compartment was many times the CMC (10 to 100) whereas the 
concentration in the solvent compartment was somewhat above 
(i.e., 5 to 10 times) the CMC. Under these conditions, the 
following limiting equation applies (3-6): 
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where 7Γ is the osmotic pressure, C the detergent concentration 
in the solution compartment, C the detergent concentration in 
the solvent compartment, R the universal gas constant, Τ the 
absolute temperature, Mn the number average molecular weight, 
and Β the second v i r i a l coefficient. As shown previously ( 3-5), 
the term involving Β is small compared to RT/Mn, and thus a plot 
of 7Γ /RT(C-C ) versus (C-C1) gives the value 1/Mn at the 
intercept. Recent fluorescent probe studies (JM_) indicate that 
in pure detergent solutions, Mn does not change appreciably in 
dilute electrolyte medium as concentration is increased well 
above the CMC. This suggests that in aqueous micellar regions 
containing mixtures of C21-DA salt, detergent and dilute 
electrolyte, the micellar aggregation number should remain 
essentially constant (except perhaps near phase boundaries) at a 
given weight ratio o
investigation by Kratohvi
concentration-dependent aggregation of conjugated bile salts 
(especially taurodeoxycholate) in concentrated electrolyte media 
(> 0.1M NaCl), however, appears to indicate otherwise. 

CMC values were obtained from dye (azobenzene) 
solubilization and surface tension measurements. Values of if 
used in the above equation were obtained via extrapolation 
(4-5). For very low values of Mn, there is concern about 
leakage through the membrane ( J 3 . ) . Assuming that leakage did 
occur within the timeframe of the measurements, Mn (and hence 
Nn) values would be lower than those calculated. For this 
reason, a l l values of Mn and N n are reported as being apparent. 

Phase Regions. Phase regions were determined by visual 
inspection of blended components stored in tightly capped vials. 
The blends were prepared by mixing the components together, with 
stirring, at 60-100°C, followed by cooling in air to 25°C. The 
C21-DA dipotassium salt was fully neutralized (with 45$ KOH) 
Westvaco H-240 (acid value equivalent), the final solids content 
being ca. 45Î by weight. Higher concentrations of this salt 
were obtained via evaporation at 90-100°C. Anhydrous C21-DA 
f u l l triethanolamine salt is an isotropic liquid at 25°C. 
Anisotropic regions were determined by viewing the samples 
between crossed polarizers (J.,2) or under a polarizing 
microscope. In the vicinity of phase boundaries, many weeks 
were often required before equilibrium was attained. 

Results 

CMC values in 0.05M electrolyte at pH 10 are given in Table I. 
Apparent number average molecular weights Mn of aqueous 
detergent mixtures in the same medium are listed in Table II. 
The maximum concentration of surface active agents in any given 
system was 50 g/1. Figure 2 is a plot of 77VRT(C-Cf) versus 
(C-C ) for the system CTAB:C21-DA salt. Figure 3 shows the 
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variation of Nn, the apparent micellar aggregation number 
(calculated by dividing Mn by the average molecular weight of 
the detergent mixture), as a function of weight fraction of 
detergent in the micelle, assuming that the ratio of detergent 
to C21-DA salt in the micelle is equal to that of the overall 
surfactant inventory. This assumption is essentially valid well 
above the CMC of the mixture (14). 

Results of phase equilibrium studies are shown in Figures 
4-6. 

Table I. Results of CMC Determinations (0.05M NaCl or NaBr, 
pH 10, 25°C) 

Weight Ratio CM
Detergent in Solution

LE-9 SDBS CTAB 
0.00 0.4 0.4 0.4 
0.25 0.4 0.25 0.3 
0.50 0.3 0.15 0.2 
0.75 0.25 0.25 0.15 
1.00 0.2 0̂ 2 0.1 

Table II. Results of Membrane Osmometry (0.05M NaCl or NaBr, 
pH 10, 25°C) 

Weight Ratio Apparent Mn Values 
Detergent in Micelle (g/mol) 

LE-9 SDBS CTAB 
0.00 2400 2400 2400 
0.25 3000 3100 2700 
0.50 2600 3000 6800 
0.75 7000 10800 14400 
1.00 48000 14000 90000 

Discussion 

The aggregation behavior of C21-DA salt in dilute electrolyte 
medium appears to resemble that of certain polyhydroxy bile 
salts (15,16). That C21-DA, with a structure quite different 
from bile acids, should possess solution properties similar to, 
e.g., cholic acid is not entirely surprising in light of recent 
conductivity and surface tension measurements on purified (i.e., 
essentially monocarboxylate free) disodium salt aqueous 
solutions, and of film balance studies on acidic substrates 
(J7.). The data in Figure 3 suggest that C21-DA salt micelles 
incorporate detergents - up to an approximate weight fraction of 
0.5 -much like cholate incorporates lecithin or soluble 
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CHCH„ CH„ CH. CH^CH 
3 2 2 2 2 2 

0 

CH CH CHCHCHCHCHJ-OH 
2 2 2 2 2 2 2 

OH 

Figure 1. Structure of the dicarboxylic acid 5-carboxy-4-hexyl-
2-cyclohexene-1-octanoic acid (C21-DA). 

2 0 
(C-C')(9/l) 

4 0 

Figure 2. Plots of /RT(C-Cf) vs. (C-C») for mixtures of 
cetyltrimethylammonium bromide (CTAB) and C21-DA alkali salt in 
0.05M NaBr, pH 10, 25°C. Weight ratio CTAB:C2<|-DA salt 0:1 (0); 
1:3 ( A ) ; 1:1 ( t ); 3:1 (• ); 1:0 ( A ) . 
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Figure 3. Apparent aggregation number (Nn) of mixed micelles 
containing detergent and/or C21-DA alkali salt. Aqueous medium: 
0.05 M NaCl or NaBr, pH 10, 25°C LE-9, linear fatty alcohol 
ethoxylate; SDBS, sodium dodecylbenzenesulfonate; CTAB, 
cetyltrimethylammonium bromide. 
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amphiphiles (e.g., oleate, monolein) in micellar solutions 
( 1 5 , 2 8 ) . As the weight fraction of detergent approaches unity, 
the size (and presumably the shape) of the aggregates is 
altered, reflecting the influence of the main constituent. 

It is probable that at higher weight fractions of C21-DA 
salt, the shape of the mixed micelles is roughly spherical at 
concentrations not too far removed from the CMC (_̂ 6). However, 
as the weight fraction of detergent and/or total solids 
concentration is increased, i t is likely that the shape changes. 
Whether Small's model (j_5) (wherein a l l the C21-DA salt 
molecules would be at the micelle exterior) or the "mixed-disc" 
model (Jj3) (wherein some C21-DA salt molecules would also enter 
the interior of the micelle) is not known. In the case of bile 
salt(cholate)/detergent micelles, recent calorimetric studies 
(19) suggest that th
hydrogen bonding takin
applies to detergent/  1-DA salt micelles (with accompanying 
hydrogen bonding), the less acidic C21-DA secondary carboxyl 
group (20) should be only partially ionized within the micelle. 

Concentrated systems are now considered. Here, we define a 
hydrotrope as a substance capable of increasing the absolute 
amount of detergent in an isotropic formulation. For both the 
nonionic (Figure 4) and anionic (Figure 5 ) systems, addition of 
C21-DA K2 salt to the onset of the water-rich liquid crystalline 
region (composition a) results in an increase of solubilized 
detergent up to a point where the weight ratio detergent: C21-
DA salt is ca. 1:1 (composition b). (Note that at composition 
ç, obtained via extrapolation of the line joining a and b, the 
ratio is also ca. 1:1). Comparison with the results of membrane 
osmometry (Table II) suggests that there is a correlation 
between dilute solution properties and the tendency to form 
anisotropic aggregates or raesophases in water-rich concentrated 
systems. 

In the nonionic system (Figure 4), C21-DA K2 salt also acts 
as hydrotrope in the water-poor (reversed) micellar region 
(i.e., in the vicinity of composition d). Indeed, in this 
region, its efficiency appears to be greater than in the water-
rich region. 

As might be expected, there is a greater interaction in 
concentrated systems between cationic detergent (CTAB) and the 
negatively charged C21-DA K2 salt, resulting in a diminution of 
the isotropic region or in the case of the f u l l TEA salt, 
formation of an anisotropic phase within the region (Figure 6). 
The maximum hydrotropic action is observed when the ratio 
detergent :C2i-DA salt is ca. 0.8:1, again in line with 
osmometry results (Table II). 

Employing x-ray methods, Flaim and Friberg (21_) studied the 
conformation of C21-DA as the acid or monosoap in a lamellar 
liquid crystalline matrix. At low water concentrations, the 
conformations are the same (extended). At somewhat higher water 
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concentrations, the monosoap becomes coiled, occupying a larger 
area within the matrix, thus tending to disrupt close packing; 
under similar conditions, the acid remains extended. These 
findings point to the influence of structure on hydrotropic 
action. 

Summarizing, past and present investigations indicate that 
C21-DA salt acts as a hydrotrope in both concentrated and dilute 
systems by retarding build-up of anisotropic aggregates or 
micelles responsible for mesophase formation (J_, 2,21_). 
Hydrotropic action appears to be pronounced in the system 
containing nonionic detergent (water-rich and water-poor 
regions). In liquid systems containing both anionic and 
cationic detergents, C21-DA salt could serve to enhance 
compatibility, especially near phase boundaries, as a result of 
its unusual hydrotropi
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9 
Interaction of Long Chain Dimethylamine Oxide 
with Sodium Dodecyl Sulfate in Water 

DAVID L. CHANG and HENRI L. ROSANO 
Department of Chemistry, City College, City University of New York, New York, NY 10031 

Lauryl, myristy  cetyl d steary-dimethylamin
oxide (LDAO) aqueou
bination with sodiu  dodecy  (SDS)
been investigated by surface tension, viscosity 
and pH measurements. 1) LDAO solutions: At any 
particular pH, the amine oxide is in equilibrium 
with its protonated form. The viscosity of the 
solution depends strongly on the degree of ioniza
tion (β) and maximum viscosity was observed when 

β = 0.5, due to the formation of elongated struc
ture. 2) LDAO/SDS solutions: Progressive addi
tion of SDS to dodecyl or myristyl DAO results in 
pH and viscosity increases, both values reach 
their maximum values at a 3:1 LDAO/SDS molar ratio. 
However, the change in pH remains constant over a 
wide range of molar ratios, while the viscosity 
value depends strongly on that ratio. The viscous 
mixture is non-Newtonian in nature, and exhibits 
liquid crystalline behaviour. In the case of 
cetyl- and stearyl-DAO/SDS mixtures, solutions are 
turbid with low viscosity. This difference in 
behaviour is attributed, in part, to the compati
bility in chain length of the LDAO and SDS. 

Binary mixtures of surfactant solutions have been studied exten
sively (1-5). Such mixtures can exhibit appreciable surface and 
bulk synergistic effects. In general, cationic/anionic surfac
tant mixtures produce the largest effects. Surface activity 
related synergistic phenomena are of technological and marketing 
interests (6). In the present study, the interaction between a 
long chain dimethylamine oxide (LDAO) and sodium dodecyl sulfate 
(SDS) in aqueous solution has been investigated. 

The aggregation characteristics of LDAO in aqueous solu
tions (7-12) and their interaction with anionic surfactants 

0097-6156/ 84/0253-0129506.00/ 0 
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(1,2,13) have been s t u d i e d p r e v i o u s l y . Goddard and Kung (14) 
have i n v e s t i g a t e d the monolayer p r o p e r t i e s of d o c o s y l d i m e t h y l 
amine o x i d e . LDAO, a weak base h a v i n g about the same b a s i c i t y 
as the a c e t a t e a n i o n ( 1 5 ) , can e x i s t i n bot h n o n i o n i c and 
c a t i o n i c form depending upon the pH of the s o l u t i o n . At any 
p a r t i c u l a r pH, an e q u i l i b r i u m i s e s t a b l i s h e d between the 
c a t i o n i c and n o n i o n i c form, v i z . , 

LDA0H + = LDAO + H + [1] 

A c c o r d i n g t o Kolp e t a l . (_1 ) , K a, the monomeric e q u i l i b r i u m 
c o n s t a n t has been determined by p o t e n t i o m e t r i c t i t r a t i o n t o be 

Κ = [H +ItLDA0] = 1 0 - 4 . 9 [ 2 ] 

a (LDA0H

where the q u a n t i t i e s i
i n d i c a t e d s p e c i e s r e l a t i v e t o a s t a n d a r d s t a t e such t h a t , a t 
i n f i n i t e d i l u t i o n , the a c t i v i t y e q u a l s the molar c o n c e n t r a t i o n . 

Tokiwa and Ohki (10) have shown t h a t 1) the K a v a l u e o f 
the m i c e l l i z e d LDAO i s d i f f e r e n t from the m o l e c u l a r form, v i z . , 
1Q -5 .9 2) w h i l e the v a l u e s of K a a r e independent of the degree 
of p r o t o n a t i o n ( 3 ) 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 
(CMC), they a r e dependent on 3 a t c o n c e n t r a t i o n s above the CMC. 
These a u t h o r s d i d not e x p l a i n why the m i c e l l a r pKa (5.9) a t 
3 = 0 i s d i f f e r e n t from the m o l e c u l a r v a l u e (pKa = 4.9). 

D i f f e r e n c e between m i c e l l a r and m o l e c u l a r pKa's has been 
r e p o r t e d f o r o t h e r systems (16,17), however, no e x p l a n a t i o n s 
were p r o v i d e d . R e c e n t l y , M i l l e (18) has concluded from a 
t h e o r e t i c a l approach t h a t f o r the case of LDAO, assuming o n l y a 
charge-charge i n t e r a c t i o n i n the n e a r e s t - n e i g h b o r model can not 
e x p l a i n the d i f f e r e n c e i n pKa's s a t i s f a c t o r i l y and t h a t a d d i 
t i o n a l a t t r a c t i v e i n t e r a c t i o n must be i n c l u d e d , s u g g e s t i n g 
p o s s i b l e hydrogen bonding f o r m a t i o n . 

EXPERIMENTAL 

Long c h a i n dimethylamine o x i d e s w i t h a l k y l c h a i n l e n g t h = 12, 
14, 16, 18 carbons (Onyx Chem. Co., J e r s e y C i t y , N.J.) and 
l a b o r a t o r y grade sodium d o d e c y l s u l f a t e ( F i s h e r Chem. Co., 
F a i r l a w n , N.J.) were used w i t h o u t f u r t h e r p u r i f i c a t i o n . 

For the t i t r a t i o n of LDAO, s o l u t i o n s were made w i t h t h e i r 
pH a d j u s t e d to 12 w i t h NaOH and t i t r a t e d w i t h HC1. B i n a r y 
m i x t u r e s of LDAO and SDS s o l u t i o n s were prepared by m i x i n g 
d i f f e r e n t volumes of the s u r f a c t a n t s o l u t i o n s a t e q u a l molar 
c o n c e n t r a t i o n . 

pH Measurement. For amine o x i d e t i t r a t i o n , pH was monitored 
w i t h an O r i o n Research I o n a l y z e r (Model 801 A, O r i o n Res. I n c . , 
Cambridge, Mass.). A l l o t h e r pH measurements were made w i t h a 
P h o t o v o l t pH meter ( P h o t o v o l t Corp., New York, N.Y.). 
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S u r f a c e Tension Measurement. S u r f a c e t e n s i o n was determined 
w i t h a Rosano Tensiometer (Arenberg-Sage I n c . , Jamaica P l a i n , 
Mass.) u t i l i z i n g a s a n d - b l a s t e d p l a t i n u m b l a d e . 

V i s c o s i t y Measurement. A B r o o k f i e l d V i s c o m e t e r (Model LVT, 
B r o o k f i e l d E n g i n e e r i n g Lab., I n c . , Stoughton, Mass.) was 
employed f o r the measurement of r e l a t i v e v i s c o s i t y . 

E l e c t r i c a l R e s i s t a n c e and Percent L i g n t T r a n s m i t t a n c e . Low 
frequency e l e c t r i c a l r e s i s t a n c e measurements were made on a 
c o n d u c t i v i t y b r i d g e (Model RC-18, I n d u s t r i a l Instrument, Cedar 
Grove, N.J.) a t a l i n e frequency of 1 KC. Beckman c o n d u c t i v i t y 
c e l l w i t h c e l l c o n s t a n t 1.0 cm"-*- was used. The p e r c e n t t r a n s 
m i s s i o n was a l s o monitored f o r each of the m i x t u r e s a t 490 nm 
( S p e c t r o n i c 20, Bausch & Lomb Co.  R o c h e s t e r  N.Y.)

W e t t a b i l i t y Test of G l a s
n e g a t i v e l y charged. When the c o r n e r of a c l e a n e d and water 
covered microscope cover s l i d e touches the s u r f a c e of a s o l u t i o n 
c o n t a i n i n g c a t i o n i c s u r f a c t a n t j u s t below i t s CMC, i n s t a n t a n e o u s 
d e w e t t i n g o c c u r s ; the p o s i t i v e charge of the s u r f a c t a n t i n t e r 
a c t s e l e c t r o s t a t i c a l l y w i t h the n e g a t i v e charge of the g l a s s 
s u r f a c e , the s o l i d s u r f a c e i s then covered by a t h i n l a y e r of 
the s u r f a c t a n t m o l e c u l e s w i t h t h e i r hydrophobic t a i l s p o i n t i n g 
outward and the s u r f a c e i s no l o n g e r w e t t a b l e . T h i s e f f e c t i s 
not observed w i t h 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 o l u t i o n s . 

In a d d i t i o n , v i s c o e l a s t i c i t y of s o l u t i o n was determined 
q u a l i t a t i v e l y by the s i m p l e method o f s w i r l i n g a v i a l c o n t a i n i n g 
the s o l u t i o n and observe the r e c o i l i n g of a i r bubbles entrapped 
i n the s o l u t i o n (19). 

RESULTS 

T i t r a t i o n of LDAO. F i g . 1 r e p r e s e n t s the t i t r a t i o n curves of 
C^DAO a t 0.2 M, 8 χ 1 0 - % , and 4 χ 10~5Μ c o n c e n t r a t i o n and 
30^4DAO/1SDS m i x t u r e a t 0.2 M t o t a l c o n c e n t r a t i o n w i t h HC1 a t 
25°C. For comparison, the f o u r c u r v e s a r e p l o t t e d on a same 
HC1 e q u i v a l e n t s c a l e . 

The CMC of C14DAO i s about 1 χ 10" 3M a t 25°C. Below the 
CMC a t y p i c a l b u f f e r i n g a c t i o n i s observed (4 χ 10~^M) , above 
the CMC the t i t r a t i o n c u r v e s a r e s l a n t e d toward lower pH's w i t h 
i n c r e a s i n g HC1 c o n c e n t r a t i o n ; 0.2 M h a v i n g a s t e e p e r s l o p e than 
8 χ 10~ 3M. A d d i t i o n of SDS t o a s o l u t i o n o f C14DAO a f f e c t s the 
HC1 t i t r a t i o n c urve markedly and w i l l be d i s c u s s e d l a t e r . 

A l s o p l o t t e d i s the v i s c o s i t y v a r i a t i o n w i t h HC1 added f o r 
0.2 M C14DAO. Maximum v i s c o s i t y i s observed when h a l f of the 
amine o x i d e m o l e c u l e s a r e i n the c a t i o n i c form. However, i n 
the absence of NaOH the change i n v i s c o s i t y w i t h HC1 added i s 
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J I L 

0 2 H 6 ML HCL 
I-· HCL EQUIVALENT ^ 

F i g u r e 1. 

T i t r a t i o n c u r v e s of C^DAO @ 0 . 2 Μ , φ ; 8 χ 1 0 ~ * Μ β φ ; 

4 χ 1θ" 5Μ, ^ and 3C 1 4DA0/1SDS m i x t u r e @ 0.2Μ,φ . 

R e l a t i v e v i s c o s i t y (η Ο ) v s « m l H C 1 added i s a l s o p l o t t e d 

f o r C,,DAO @ 0.2M. 
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much l e s s pronounced (by about an o r d e r o f magnitude). C i 2 D A 0 
g i v e s s i m i l a r r e s u l t s . The f a c t t h a t an i n c r e a s e i n v i s c o s i t y 
of the s o l u t i o n i s observed i n the v i c i n i t y of a 1:1 molar 
r a t i o of the n o n i o n i c form t o the c a t i o n i c form of the LDAO i s 
s i m i l a r t o t h a t observed i n an ac i d - s o a p (20). 

LDAO-SDS I n t e r a c t i o n s . M i x t u r e s o f C^- o r C14-DAO w i t h SDS 
show a s u r f a c e t e n s i o n minimum a t an 1:1 molar r a t i o , as shown 
on F i g . 2 f o r C^DAO. A l s o shown i s the v a r i a t i o n i n pH f o r 
d i f f e r e n t m i x i n g r a t i o s . The i n c r e a s e i n pH of the mixed 
s o l u t i o n seems t o i n d i c a t e t h a t the a d d i t i o n o f SDS t o a LDAO 
s o l u t i o n f a v o r the p r o t o n a t i o n of the amine o x i d e , water b e i n g 
the p r o t o n donor. T h i s p o i n t w i l l be d i s c u s s e d more f u l l y below. 
The change i n v i s c o s i t y of the m i x t u r e a t d i f f e r e n t c o m p o s i t i o n s 
i s p l o t t e d i n F i g . 2 a
to a 3C14DAO/ISDS a s s o c i a t i o n
C 1 2DA0/SDS m i x t u r e s . 

Minimum s u r f a c e t e n s i o n a t a 1:1 c a t i o n i c / a n i o n i c r a t i o has 
been observed i n the system c o n t a i n i n g SDS and d o d e c y l t r i m e t h y l 
ammonium bromide ( 3 ) . I n a d d i t i o n , 1:1 a s s o c i a t i o n has been 
observed f o r C12DAO w i t h l o n g - c h a i n s u l f o n a t e s ( 1 , 2 ) . The 
l a t t e r two c a s e s , hydrogen bonding between the p r o t o n a t e d amine 
o x i d e and the a n i o n i c s u l f o n a t e has been shown t o e x i s t i n the 
s o l i d s a l t . The s a l t may s e p a r a t e out i n c r y s t a l l i n e form, as 
r e p o r t e d i n (1,2,20), but no p r e c i p i t a t i o n i s observed i n t h i s 
work when the pH of the s o l u t i o n i s kept above 9. 

F i g s . 3 and 4 show the i n t e r a c t i o n between C16DAO and 
C^DAO w i t h SDS r e s p e c t i v e l y . For LDAO/SDS r a t i o g r e a t e r than 1, 
these mixed s o l u t i o n s a r e t u r b i d and biréfringent; a d d i t i o n of 
SDS r e s u l t s i n p r o d u c t i o n o f f i l a m e n t - l i k e s t r u c t u r e s . When the 
molar amount of SDS i s e q u a l t o o r g r e a t e r than t h a t of the LDAO, 
the s o l u t i o n s become i s o t r o p i c and c l e a r . AT 3:1 LDAO/SDS molar 
c o m p o s i t i o n , the change i n pH reaches i t s maximum v a l u e . M i n i 
mum s u r f a c e t e n s i o n i s reached when the LDAO content i s s t i l l i n 
ex c e s s , u n l i k e the cases o f C ^ - a n c * C-j^-DAO. T h i s o b s e r v a t i o n 
i n d i c a t e s t h a t the s u r f a c e of the s o l u t i o n has a l r e a d y been 
s a t u r a t e d w i t h a mixed m o l e c u l e formed between 0^5- o r C-^g-DAO 
and SDS, a l t h o u g h the b u l k c o n c e n t r a t i o n s of the i n d i v i d u a l 
s p e c i e s a r e d i f f e r e n t , and t h a t the c o m p o s i t i o n o f t h e b u l k 
must be the same throughout t h e low s u r f a c e t e n s i o n r e g i o n . 
Enhancement i n v i s c o s i t y i s s t i l l observed w i t h CigDAO. However, 
C13DAO shows a r a p i d decrease i n v i s c o s i t y upon m i x i n g w i t h SDS, 
the v a l u e of which reaches t h a t of the SDS s o l u t i o n a t e q u a l 
molar c o m p o s i t i o n . 

The 3:1 Q>\2~ o r C14-DAO/SDS m i x t u r e e x h i b i t s non-Newtonian 
f l u i d c h a r a c t e r i s t i c s ; i t s v i s c o s i t y d ecreases w i t h i n c r e a s e d 
shear r a t e . At h i g h pH ( M 2 ) , the m i x t u r e i s s t i l l non-Newtonian 
and i t s v i s c o s i t y i s enhanced by about an or d e r of magnitude 
(at h i g h shear r a t e ) to two o r d e r s of magnitude ( a t low shear 
r a t e ) compared t o the v a l u e s a t i t s n a t u r a l pH (*\Λ0). The 
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Ύ 

ClaDA0 10 9 8 7 6 5 4 3 2 1 0 
0 1 2 3 4 5 6 7 8 9 10 SDS 

F i g u r e 2. 

R e l a t i v e v i s c o s i t y (η:0)> s u r f a c e t e n s i o n (γ : φ ) and 

pH (Q) v a r i a t i o n s a t d i f f e r e n t C^DAO/SDS, molar r a t i o s . 

The t o t a l c o n c e n t r a t i o n e q u a l s 0.5M. 
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y 

C16DA0 10 9 8 7 6 5 
0 1 2 3 4 5 SDS 

F i g u r e 3. 

R e l a t i v e v i s c o s i t y (η:0)> s u r f a c e t e n s i o n (γ:^) and 

pH (^) v a r i a t i o n s a t d i f f e r e n t C^DAO/SDS molar r a t i o s . 

The t o t a l c o n c e n t r a t i o n e q u a l s 0.05M. 
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CPS, pH 

30 L 

20 

10 

10 

71 

C16DA0 10 
0 

3 2 
7 8 

Ύ 

DYNE/CM 

30 
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F i g u r e 4. 

R e l a t i v e v i s c o s i t y (η:0)> s u r f a c e t e n s i o n (γ:^) and 

pH (Q) v a r i a t i o n s a t d i f f e r e n t C^DAO/SDS molar r a t i o s . 

The t o t a l c o n c e n t r a t i o n e q u a l s 0.005M. 
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s o l u t i o n e x h i b i t s b i r e f r i n g e n c y when the s o l u t i o n i s shaken. 
Upon c o o l i n g , the s o l u t i o n becomes m i l k y , i n d i c a t i n g p o s s i b l e 
c r y s t a l f o r m a t i o n , and t h i s b e h a v i o r i s r e v e r s i b l e when the 
temperature i s r a i s e d . These o b s e r v a t i o n s suggest t h a t the 
mixed s o l u t i o n can p r o b a b l y be c a t e g o r i z e d as l i q u i d c r y s t a l . 
Below pH 9, p r e c i p i t a t i o n o c c u r s . A n a l y s i s of the i r , nmr and 
mass s p e c t r a of the p r e c i p i t a t e r e v e a l s t h a t i t s c o m p o s i t i o n i s 
C H 3 ( C H 2 ) I 3 N ( C H 3 ) 2 0 H " 0 3 S 0 ( C H 2 ) 1 1 C H 3 , w i t h the p r o t o n of the 
c a t i o n i c amine o x i d e i n v o l v e d i n hydrogen bonding w i t h the 
s u l f o n a t e a n i o n . 

The 3:1 LDAO/SDS m i x t u r e becomes v i s c o e l a s t i c and rheo-
p e c t i c when a s m a l l amount of NaCl i s added. I t s v i s c o s i t y 
shows a r e v e r s i b l e i n c r e a s e w i t h time of s h e a r i n g a t c o n s t a n t 
shear r a t e . The r h e o p e c t i c b e h a v i o r i s p r o b a b l y due t o l o n g 
t h r e a d - l i k e m i c e l l e s t h a
weakly bound c l u s t e r s , a
bromide and m o n o s u b s t i t u t e d phenol mixed s o l u t i o n s (21). 

DISCUSSION 

T i t r a t i o n of LDAO. When hydrogen i o n s a r e added t o a LDAO 
s o l u t i o n a t h i g h pH, the excess h y d r o x i d e i o n s a r e n e u t r a l i z e d 
f i r s t . Then two r e a c t i o n s o c c u r : p r o t o n a t i o n of the monomer, 
and p r o t o n a t i o n of the m i c e l l e . The former i s p r o b a b l y more 
f a v o r e d ; the b u f f e r i n g - a c t i o n r e g i o n f o r c o n c e n t r a t i o n s below 
the CMC o c c u r s a t a h i g h e r pH v a l u e than f o r c o n c e n t r a t i o n s 
above the CMC. Tokiwa and Ohki (10) have shown t h a t f o r C12DAO, 
the pK m£ c eile decreases from 5.95 t o about 4 w i t h i n c r e a s i n g 
degree of p r o t o n a t i o n ( 3 ) , i m p l y i n g t h a t the m i c e l l e i s even 
l e s s f a v o r e d as a p r o t o n a c c e p t o r compared to i t s monomer 
(which has a pK = 4.95) w i t h d i m i n i s h i n g n o n i o n i c c h a r a c t e r . 
They c a l c u l a t e d the s u r f a c e p o t e n t i a l of C i 2 D A 0 m i c e l l e s as a 
f u n c t i o n of 3 and found an i n c r e a s e from 0 t o +120 mV as 3 i s 
v a r i e d from 0 t o 1. These a u t h o r s concluded t h a t the m i c e l l e s 
were becoming more and more p o s i t i v e l y charged. The l i g h t -
s c a t t e r i n g d a t a o b t a i n e d by Ikeda e t a l . (12) suggest the 
f o r m a t i o n of l a r g e r o d - l i k e m i c e l l e s of C i 2 D A 0 a t 3 = 0.5 i n 
the presence of NaCl, w h i l e a t h i g h and low pH fs, the m i c e l l e s 
a r e s m a l l and p r o b a b l y s p h e r i c a l . There i s a s p h e r i c a l 
e l o n g a t e d •+ s p h e r i c a l t r a n s i t i o n of the amine o x i d e m i c e l l e s as 
3 i s v a r i e d from 0 t o 0.5 and then to 1. As has been p o i n t e d 
out by Nagarajan and R u c k e n s t e i n ( 2 2 ) , t r a n s i t i o n from s p h e r i c a l 
t o c y l i n d r i c a l m i c e l l e i s f a v o r e d by f a c t o r s which c o n t r i b u t e t o 
an i n c r e a s e i n t h e a t t r a c t i v e component o r a decrease i n the 
r e p u l s i v e component of the f r e e energy of m i c e l l i z a t i o n . In the 
case of i o n i z e d amine o x i d e , the i o n i z a b l e p r o t o n i s capable of 
hydrogen bonding t o the n e i g h b o r i n g oxygen thereby d e c r e a s i n g 
the average d i s t a n c e between a d j a c e n t head groups e f f e c t i v e l y . 
As a r e s u l t , the t a i l groups have to r e a d j u s t s p a t i a l l y thus 
l e a d i n g t o a breakage of the s p h e r o i d . I n a d d i t i o n , p r o t o n a -
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t i o n of the monomer can a l s o l e a d t o a breakage of the s p h e r o i d 
i f the assumption i s made t h a t the c o n c e n t r a t i o n of the monomer 
remains c o n s t a n t above the CMC ( 2 3 ) . Both mechanisms c o n t r i b u t e 
t o the p r o d u c t i o n of e l o n g a t e d s t r u c t u r e . 

From the study of monolayer p r o p e r t i e s of a l o n g c h a i n 
(C22) amine o x i d e , Goddard and Kung (14) have found t h a t above 
pH 7.5 of the aqueous s u b s t r a t e , the monolayer i s q u i t e 
expanded, (55 Â2/ m olecule a t 10 dyne/cm s u r f a c e p r e s s u r e ) , w h i l e 
the a r e a per molecule e q u a l s 33 Â2 f o r the same s u r f a c e p r e s s u r e 
a t pH = 4.8; LDAO y i e l d s a l e s s expanded f i l m when some of the 
m o l e c u l e s a r e i o n i z e d than when they a r e a l l n o n i o n i c . They 
remarked t h a t the q u a t e r n a r y ammonium group i n p r o t o n a t e d amine 
o x i d e i s unusual i n p o s s e s s i n g a hydroxy group; the s t r o n g 
e l e c t r o n - a t t r a c t i n g , p o s i t i v e l y charged n i t r o g e n s u b s t a n t i a l l y 
augments the p o l a r i z a t i o n of t h i s OH g r o u p .

W i t h i n c r e a s e d p r o t o
hydrogen bond. Below p
form has a marked condensing e f f e c t i n a s s o c i a t i o n w i t h un
i o n i z e d amine o x i d e and r e s u l t s i n the p r o d u c t i o n of e l o n g a t e d 
s t r u c t u r e s r e p l a c i n g p r o g r e s s i v e l y the s m a l l and s p h e r i c a l 
m i c e l l e s of LDAO i n the n o n i o n i c form. Below pH 4.5, the e l o n 
gated s t r u c t u r e s a r e p r o g r e s s i v e l y c o n v e r t e d i n t o low v i s c o s i t y , 
s m a l l s p h e r i c a l m i c e l l e s made of LDAOH. 

The p r e s e n t r e s u l t s a l s o show t h a t t h e r e i s a d i s c r e p a n c y 
between the monomeric pKa v a l u e s found i n t h i s work and the 
p r e v i o u s s t u d i e s ; ours b e i n g h i g h e r (6.6 vs 4.9, r e s p e c t i v e l y ) . 
The cause of t h i s i s b e l i e v e d to be due t o the presence of 
b i c a r b o n a t e i o n s i n the s o l u t i o n ( 2 7 ) . 

LDAO/SDS I n t e r a c t i o n . M i x i n g of c a t i o n i c and 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 r e s u l t s i n the f o r m a t i o n of a mixed s p e c i e s t h a t i s 
more s u r f a c e a c t i v e than the i n d i v i d u a l s p e c i e s . The enhanced 
s y n e r g i s t i c e f f e c t has been e x p l a i n e d (2,3) by showing t h a t a 
c l o s e - p a c k e d a d s o r p t i o n of e l e c t r o n e u t r a l R + R " t a k e s p l a c e ( R + 

and R~ r e p r e s e n t the l o n g c h a i n c a t i o n and a n i o n r e s p e c t i v e l y ) . 
I n the case of C12- and C14-DAO, a 1:1 LDAO/SDS molar r a t i o 
produces a minimum i n s u r f a c e t e n s i o n and i s accompanied by an 
i n c r e a s e i n pH i n the b u l k s o l u t i o n ; the a s s o c i a t i o n seems t o be 
of the type R + R ~ , and the absence of v i s i b l e p r e c i p i t a t e may be 
a t t r i b u t e d to the s o l u b i l i z a t i o n of the R + R " complex i n the 
s o l u t i o n . I n the r e g i o n where LDAO i s i n e x c e s s , the s t r u c t u r e 
i s p r o b a b l y [ c a t i o n i c (LDA0H +) a n i o n i c (SDS)] n o n i o n i c (LDAO), 
w h i l e [ c a t i o n i c (LDAOH4" a n i o n i c (SDS)] a n i o n i c (SDS) i s formed 
when SDS i s i n excess. E q u a l molar c o n c e n t r a t i o n r e s u l t s i n 
c a t i o n i c (LDA0H+) a n i o n i c (SDS) complex which s h o u l d f a v o r 
p r e c i p i t a t i o n . However, a t pH >9, t h e r e i s no i n d i c a t i o n of 
p r e c i p i t a t i o n (even when the t o t a l s o l u t e c o n c e n t r a t i o n i s 
0.35 M). When the pH i s below 9, then p r e c i p i t a t i o n w i l l t a k e 
p l a c e . 

Another p o s s i b i l i t y i s the i n t e r a c t i o n between n e u t r a l LDAO 
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and SDS w i t h a d s o r p t i o n of H3O"1" i o n s on the aggregate s u r f a c e . 
T h i s type of co m b i n a t i o n not o n l y e x p l a i n s an i n c r e a s e i n the pH 
but a l s o e x p l a i n s the absence of p r e c i p i t a t i o n f o r any g i v e n 
m i x i n g r a t i o i n the c o n c e n t r a t i o n range s t u d i e d . T h i s i n t e r 
p r e t a t i o n i s supported by the t i t r a t i o n b e h a v i o r o f , f o r example, 
a 3:1 LDAO/SDS m i x t u r e (see F i g . 1) above pH 12 a d d i t i o n o f HC1 
n e u t r a l i z e s the OH" i o n s i n the b u l k , when more H + i o n s a r e 
added, the c o n c e n t r a t i o n o f H"*" i o n s i n c r e a s e s u n t i l s u r f a c e 
n e u t r a l i z a t i o n o c c u r s below pH 10, and below pH 9 p r e c i p i t a t i o n 
of the 1:1 LDA0H+/SDS complex take s p l a c e . S i n c e the LDAO i s 
i n e x c e s s , below pH 7 when a l l the SDS mol e c u l e s have been 
r e a c t e d , p r o t o n a t i o n of LDAO o c c u r s , r e m i n i s c e n t o f the t i t r a 
t i o n of pure LDAO s o l u t i o n . 

Another f e a t u r e of s u r f a c t a n t - w a t e r systems i s t h a t they 
can a l s o aggregate i n t
i n t e r m i c e l l a r i n t e r a c t i o n
Newtonian b e h a v i o r i s u s u a l l y found f o r these l i q u i d c r y s t a l l i n e 
phases. For the 3LDA0/ISDS mixed system, a l l evidence suggests 
t h a t they do form l i q u i d c r y s t a l l i n e phase. 

The d i f f e r e n c e i n p r o p e r t i e s when the a l i p h a t i c c h a i n of 
amine o x i d e c o n t a i n s more than 14 carbons i s a t t r i b u t e d t o the 
mismatch of the hydrophobic c h a i n w i t h t h a t of the SDS. The 
e x t r a t e r m i n a l segment r e s u l t s i n a d i s r u p t i v e e f f e c t on t h e 
pa c k i n g o f the s u r f a c e a c t i v e m o l e c u l e s . The observed a s s o c i a 
t i o n b e h a v i o r i n the case of C12" o r C14-DAO w i t h SDS i s then 
a l s o due to the maximum c o h e s i v e i n t e r a c t i o n between hydrocarbon 
c h a i n s i n a d d i t i o n t o the reduced e l e c t r o s t a t i c r e p u l s i o n i n t h e 
head groups. S o l u b i l i z a t i o n of the 1:1 a s s o c i a t i o n i s a l s o 
determined by t h i s c h a i n l e n g t h c o m p a t i b i l i t y e f f e c t which may 
c o n t r i b u t e to the absence of v i s i b l e p r e c i p i t a t i o n i n C12/C12 
and Ci2/^14 m i x t u r e s « C h a i n l e n g t h c o m p a t i b i l i t y e f f e c t s i n 
d i f f e r e n t systems have been d i s c u s s e d by o t h e r i n v e s t i g a t o r s 
(24,25,26). 
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10 
Effects of Surfactant Structure 
on the Thermodynamics of Mixed Micellization 

PAUL M. H O L L A N D 

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

Calorimetric measurements are used to examine 
interactions between different surfactant 
components in nonideal mixed micelles and assess 
the effects of surfactant structure on the thermo
dynamics of mixed micellization. Results for 
some anionic/nonionic surfactant mixtures show 
that variations in surfactant structure can have 
important effects on heats of mixing in the micelles 
and significantly influence the critical micelle 
concentration (cmc) of the mixed surfactant systems. 
Here, both the heats of mixing and deviations of 
the cmc from ideality are smaller for alkyl ethoxy
late sulfates than alkyl sulfates when mixed with 
alkyl ethoxylate nonionics. The calorimetric 
results for these systems are also used to examine 
the appropriateness of the regular solution approxi
mation used in pseudo-phase separation models for 
treating mixed micellization. The failure of the 
regular solution approximation to account for the 
observed heats of mixing in these systems suggests 
that the net interaction parameter of the nonideal 
mixed micelle models be interpreted as an excess 
free energy parameter in such cases. 

The formation of mixed micelles in surfactant solutions which 
contain two or more surfactant components can be significantly 
affected by the structures of the surfactants involved. The 
observed critical micelle concentration (cmc) is often signif
icantly lower than would be expected based on the cmc1 s of the 
pure surfactants. This clearly demonstrates that interactions 
between different surfactant components in the mixed micelles 
are taking place. 
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N o n i d e a l mixed m i c e l l e models based on the pseudo-phase 
s e p a r a t i o n approach and a r e g u l a r s o l u t i o n a p p r o x i m a t i o n have 
been developed (1-4) to d e s c r i b e t h i s b e h a v i o r . Here, the 
d e t a i l s of m i c e l l a r s t r u c t u r e are i g n o r e d and the i n t e r a c t i o n s 
between two d i f f e r e n t s u r f a c t a n t components are accounted f o r 
by a s i n g l e g e n e r a l i z e d parameter which r e p r e s e n t s an excess 
heat of m i x i n g . T h i s approach has been s u c c e s s f u l l y a p p l i e d 
(2,3,5) to a c o n s i d e r a b l e v a r i e t y of b i n a r y n o n i d e a l s u r f a c t a n t 
m i x t u r e s i n c l u d i n g mixed n o n i o n i c and i o n i c s u r f a c t a n t s even 
though the model n e g l e c t s e f f e c t s due to the bonding of c o u n t e r -
i o n s . In the d e s c r i p t i o n of n o n i d e a l mixed t e r n a r y s u r f a c t a n t 
systems (_3) no a d j u s t a b l e parameters beyond those f o r the b i n a r y 
m i x t u r e s are r e q u i r e d to o b t a i n good r e s u l t s . Together these 
r e s u l t s show t h a t the net i n t e r a c t i o n parameters (β) o b t a i n e d 
f o r b i n a r y s u r f a c t a n t m i x t u r e
n o n i d e a l m i x i n g i n m i c e l l e s
w e l l t h i s approach ( u s i n g the r e g u l a  s o l u t i o  a p p roximation) 
a c t u a l l y r e f l e c t s the thermodynamics of mixed m i c e l l i z a t i o n . 

C a l o r i m e t r i c measurements r e p r e s e n t a p r o m i s i n g way of 
g a i n i n g thermodynamic i n f o r m a t i o n about mixed m i c e l l i z a t i o n . 
Of the p o s s i b l e types of measurements, heats of m i c e l l a r m i x i n g 
o b t a i n e d from the m i x i n g of pure s u r f a c t a n t s o l u t i o n s are p e r 
haps of the g r e a t e s t i n t e r e s t . A l s o of i n t e r e s t i s the t i t r a 
t i o n ( d i l u t i o n ) o f mixed m i c e l l a r s o l u t i o n s to o b t a i n mixed 
cmc 1 s. While c a l o r i m e t r i c measurements have been a p p l i e d i n 
s t u d i e s of pure s u r f a c t a n t s (6,7) and t h e i r i n t e r a c t i o n w i t h 
polymers (8^), to our knowledge, a p p l i c a t i o n s of c a l o r i m e t r y to 
problems of n o n i d e a l mixed m i c e l l i z a t i o n have not been p r e v i 
o u s l y r e p o r t e d i n the l i t e r a t u r e . 

Among the purposes of t h i s paper i s to r e p o r t the r e s u l t s 
of c a l o r i m e t r i c measurements of the heats of m i c e l l a r m i x i n g i n 
some n o n i d e a l s u r f a c t a n t systems. Here, a t t e n t i o n i s focused 
on i n t e r a c t i o n s of a l k y l e t h o x y l a t e n o n i o n i c s w i t h a l k y l s u l f a t e 
and a l k y l e t h o x y l a t e s u l f a t e s u r f a c t a n t s . The use of c a l o r i m 
e t r y as an a l t e r n a t i v e technique f o r the d e t e r m i n a t i o n of the 
cmc 1 s of mixed s u r f a c t a n t systems i s a l s o demonstrated. Besides 
p r o v i d i n g a d i r e c t measurement of the e f f e c t o f the s u r f a c t a n t 
s t r u c t u r e on the heats of m i c e l l a r m i x i n g , c a l o r i m e t r i c r e s u l t s 
can a l s o be compared w i t h n o n i d e a l m i x i n g t h e o r y . T h i s a l l o w s 
the a p p r o p r i a t e n e s s of the r e g u l a r s o l u t i o n a p p r o x i m a t i o n used 
i n models of mixed m i c e l l i z a t i o n to be assessed. 

Theory 

The d e r i v a t i o n of a pseudo-phase s e p a r a t i o n model f o r t r e a t i n g 
n o n i d e a l mixed m i c e l l i z a t i o n i s g i v e n i n d e t a i l i n r e f e r e n c e _3. 
T h i s leads t o the g e n e r a l i z e d r e s u l t 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



10. H O L L A N D Thermodynamics of Mixed Micellization 143 

^ L - (1) 
c* f i C i 

i = i 1 1 

which can be used to r e l a t e the mixed cmc (C*) of a n o n i d e a l 
s u r f a c t a n t system to the a c t i v i t y c o e f f i c i e n t s ( f ^ ) of the 
s u r f a c t a n t components i n the mixed m i c e l l e s , t h e i r mole 
f r a c t i o n s (a^) and pure cmc 1 s ( C ^ ) . In the case where the 
a c t i v i t y c o e f f i c i e n t s e q u a l u n i t y t h i s e x p r e s s i o n reduces i n 
form to t h a t p r e v i o u s d e r i v e d f o r i d e a l mixed m i c e l l e s ( 1 , 9 ) . 

C o n s i d e r a t i o n o f the thermodynamics of n o n i d e a l m i x i n g 
p r o v i d e s a way to determine the a p p r o p r i a t e form 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 e s t a b l i s h a r e l a t i o n s h i p between the 
measured e n t h a l p i e s of m i x i n g and the r e g u l a r s o l u t i o n a p p r o x i 
mation. For example, th
b i n a r y m i x t u r e can be w r i t t e

G E = R T ( X 1 l n f x + (1 - χ χ) In f 2 ) ( 2 ) 

Taking the p a r t i a l d e r i v a t i v e w i t h r e s p e c t to the mole 
f r a c t i o n s i n the m i c e l l e (x^) and u s i n g the Gibbs-Duhem 
r e l a t i o n t o e l i m i n a t e some of the r e s u l t i n g terms g i v e s 

/ Μ \ = RT ( I n f i - In f 2 ) (3) 
V 3 XI/T,P 

Combining these r e l a t i o n s h i p s then a l l o w s the a c t i v i t y c o e f f i 
c i e n t s to be expressed i n terms of the excess f r e e energy of 
m i x i n g / ν 

In f , = L _ (GE + ( 1 - X I ) 3GM ( 4 ) 

RT \ 3x]_ / 

In f 2 = W G e - X! (5) 
RT \ 9 x ! ) 

The r e g u l a r s o l u t i o n a p p r o x i m a t i o n i s i n t r o d u c e d by assuming (by 
d e f i n i t i o n ) t h a t the excess entropy of m i x i n g i s z e r o . T h i s 
r e q u i r e s t h a t the excess f r e e energy e q u a l the excess e n t h a l p y 
of m i x i n g . For b i n a r y m i x t u r e s the excess e n t h a l p y of m i x i n g 
i s o r d i n a r i l y r e p r e s e n t e d by a f u n c t i o n of the form 

H E = βχχ(1 - x x ) R T (6) 
where β times RT r e p r e s e n t s a d i f f e r e n c e i n i n t e r a c t i o n energy 
between the mixed and unmixed systems. T h i s corresponds to 
the l e a d i n g term i n the l a t t i c e model d e s c r i p t i o n of l i q u i d 
m i x t u r e s (10). When t h i s e x p r e s s i o n i s s u b s t i t u t e d f o r G E i n 
equ a t i o n s 4 and 5 the r e s u l t i n g b i n a r y a c t i v i t y c o e f f i c i e n t s 
( i n the r e g u l a r s o l u t i o n a p p r o x i m a t i o n ) take the form 
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exp β (1 - χ χ ) 2 

fo = exp 

(7) 

( 8 ) 

w i t h β p r o v i d i n g a measure of the n o n i d e a l i t y o f m i x i n g i n the 
system. 

The β parameters i n the above e x p r e s s i o n s are determined 
from the e x p e r i m e n t a l mixed cmc 1 s of b i n a r y systems. T h i s 
r e q u i r e s s o l v i n g i t e r a t i v e l y f o r x^ 
t i o n s h i p such as 

(at the cmc) u s i n g a r e l a -

1 
In a i C * 1 0 Γ a 2 C 

— = (1 - x i . ) 2 In -
x 1C 1 J [ ( 1 - x i ) 

(9) (1 - X ] . ) ' 

f o l l o w e d by s u b s t i t u t i o n i n t o the e x p r e s s i o n 

i n Γ ^ Ί 
D = L X T C T J 

(1 - X l ) 2 

While t h i s treatment i s s t r i c t l y developed f o r 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 i t can o f t e n be a p p l i e d e m p i r i c a l l y to 
m i x t u r e s c o n t a i n i n g i o n i c s u r f a c t a n t s w i t h s u c c e s s . Some examples 
of the types of s u r f a c t a n t m i x t u r e s t o which t h i s model has been 
s u c c e s s f u l l y a p p l i e d and the c o r r e s p o n d i n g β parameters are g i v e n 
i n Table I . I t i s r e a d i l y seen t h a t n e g a t i v e v a l u e s are t y p i c a l l y 
seen f o r d e v i a t i o n from i d e a l b e h a v i o r . These would correspond 
to exothermic heats of m i x i n g i n the m i c e l l e s . Assuming the 
v a l i d i t y of the r e g u l a r s o l u t i o n a p p r o x i m a t i o n , i t should then be 
p o s s i b l e to d i r e c t l y r e l a t e heats of m i x i n g i n the m i c e l l e s (as a 
f u n c t i o n of mole f r a c t i o n ) to the v a l u e of the β parameter v i a 
e q u a t i o n 6. 

Table I . Values o f the Net I n t e r a c t i o n Parameter β f o r Some 
B i n a r y S u r f a c t a n t M i x t u r e s (from Ref. _3) 

3 B i n a r y M i x t u r e C o n d i t i o n s 
-3 7 C 1 0 ( C H 3 ) 2 P O / C 1 2 O S 0 3 * N a + 

ImM Na 2C0 3(24°C) 

-2 4 C 1 0(CH 3)SO/C 1 2OSO3" · N a + Π II II 

0 Cio(CH 3 ) 2 P O / C 1 0 ( C H 3 ) S O It II II 

-4 4 C 1 2 ( C H 3 ) 2 N O / C 1 2 O S 0 3 - · Na + 0.5mM Na 2C0 3(23°C) 
-3 6 C 1 0 ( O C H 2 C H 2 ) 4 O H / C 1 2 O S 0 3 ~ ' N a + 

II II II 

-0 8 Οχ2(CH 3) 2NO/C 1 0(OCH 2CH 2) 40H It II π 

-13 2 C 1 Q N + ( C H 3 ) 3 · B r " / C 1 0 O S 0 3 " · Na + .05M NaBr (23°C) 
-4 1 C 8(OCH 2CH 2) 4OH/C 1 0OSO 3" · N a + II II II 

-1 8 C 1 0 N + ( C H 3 ) 3 · Br~/C 8(OCH 2CH 2) 4OH II II II 
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E x p e r i m e n t a l S e c t i o n 

I s o p e r i b o l c a l o r i m e t r i c measurements were c a r r i e d out u s i n g a 
Tronac, I n c . Model 550 C a l o r i m e t e r i n t e r f a c e d w i t h a d i g i t a l 
v o l t m e t e r and micro-computer f o r data a q u i s i t i o n . In these 
experiments a Dewar f l a s k r e a c t i o n v e s s e l was s t i r r e d at a 
c o n s t a n t r a t e w h i l e immersed i n a c o n s t a n t temperature bath ( a t 
25°C) w i t h m i x i n g i n i t i a t e d by e i t h e r i n j e c t i o n or t i t r a t i o n o f 
another s o l u t i o n h e l d at b ath temperature i n t o the v e s s e l . The 
experiments were i n i t i a t e d when the bath and r e a c t i o n v e s s e l 
temperatures were equal and the changes i n temperature were 
monitored by a t h e r m i s t o r r e f e r e n c e d to the b a t h . A s l i g h t l y 
m o d i f i e d v e r s i o n of a software package developed by Grime e t . a l . 
(11) was used f o r d a t a a c q u i s i t i o n and r e d u c t i o n ( i . e . , 
c o r r e c t i o n f o r s t i r r i n g
study were pure s i n g l e s p e c i
g r e a t e r than 98% p u r i t y by t h i n - l a y e  o  gas chromatography

Heats of m i x i n g f o r m i c e l l a r s o l u t i o n s were determined by 
m i x i n g v a r i o u s r a t i o s of pure equimolar s u r f a c t a n t s o l u t i o n s by 
i n j e c t i o n . These measurements were c a r r i e d out f o r pentaoxy-
e t h y l e n e g l y c o l monodecyl e t h e r ( C 1 0 E 5 ) w i t h sodium dodecyl 
s u l f a t e (SDS), sodium dodecyl d i o x y e t h y l e n e s u l f a t e ( C j ^ E ^ i O and 
sodium d e c y l pentaoxyethylene s u l f a t e ( C 1 0 E 5 S ) , r e s p e c t i v e l y at 
25°C. In order to s u b t r a c t out e f f e c t s due to a d d i t i o n a l m i c e l 
l i z a t i o n of pure s u r f a c t a n t monomers on m i x i n g , the experiments 
were c a r r i e d out at two c o n c e n t r a t i o n s above the cmc (.02M and 
.08M) and the d i f f e r e n c e i n the r e s u l t s taken. Under these 
c o n d i t i o n s the c o m p o s i t i o n of the mixed m i c e l l e s and s o l u t i o n 
should be a p p r o x i m a t e l y equal s i n c e the c o n c e n t r a t i o n s are on the 
order of 20 to 100 times the mixed cmc i n each case. The f i n a l 
d i f f e r e n c e d r e s u l t s s h o u l d then correspond to the m i x i n g of pure 
m i c e l l e s to form mixed m i c e l l e s , and t h e r e f o r e to good a p p r o x i 
mation, to the excess heats of m i c e l l a r m i x i n g as a f u n c t i o n o f 
mole f r a c t i o n . 

The mixed cmc 1 s of m i c e l l a r s o l u t i o n s of t e t r a o x y e t h y l e n e 
g l y c o l monooctyl e t h e r ( C 3 E 4 ) w i t h SDS and C^2 E2 S> r e s p e c t i v e l y 
were a l s o determined by c a l o r i m e t r y . M i x t u r e s w i t h C 3 E 4 were 
chosen due to the h i g h e r cmc and consequent l a r g e r and more 
adequate t o t a l e n t h a l p i e s of d e m i c e l l i z a t i o n compared to m i x t u r e s 
w i t h C 1 0 E 5. The measurements were c a r r i e d out by the t i t r a t i o n 
( d i l u t i o n ) of mixed s u r f a c t a n t s o l u t i o n s w i t h v a r y i n g r a t i o s of 
components and .12M t o t a l c o n c e n t r a t i o n i n t o d i s t i l l e d water. 
Under these c o n d i t i o n s the heat of d e m i c e l l i z a t i o n i s observed as 
a f u n c t i o n of t i t r a n t added, w i t h a sharp break o c c u r r i n g once 
the cmc i s reached i n the r e a c t i o n v e s s e l . Values f o r the cmc 
endpoint were taken from the i n t e r s e c t i o n of l e a s t squares f i t s 
of l i n e segments immediately b e f o r e and a f t e r the break i n the 
t i t r a t i o n r e s u l t s ( c o r r e c t e d f o r s t i r r i n g heat and volume 
changes). Cmc1 s were determined f o r the pure s u r f a c t a n t s i n a 
s i m i l a r manner except f o r t h a t of SDS. Here, the heat of 
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m i c e l l i z a t i o n i s q u i t e s m a l l and d i l u t i o n e f f e c t s are s i g n i f i c a n t 
making an a c c u r a t e d e t e r m i n a t i o n of the cmc by c a l o r i m e t r y d i f f i 
c u l t . T h e r e f o r e the cmc of SDS i n d i s t i l l e d water was determined 
by s u r f a c e t e n s i o n measurements u s i n g a t e n s i o m e t e r w i t h du Nouy 
r i n g , as i n p r e v i o u s work (_3) . 

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

R e s u l t s from the heats of m i c e l l a r m i x i n g experiments are 
shown i n F i g u r e 1 . Here, the heat of m i x i n g per mole ( a f t e r 
d i f f e r e n c i n g to c o r r e c t f o r monomer c o n t r i b u t i o n s ) i s p l o t t e d 
v e r s u s the mole f r a c t i o n of C^Q e 5 ^ n the mixed m i c e l l a r system. 
I t i s c l e a r l y seen t h a t the i n t e r a c t i o n of SDS w i t h C^o E 5 ^ s 

s i g n i f i c a n t l y s t r o n g e r than t h a t of the a l k y l e t h o x y l a t e 
s u l f a t e s u r f a c t a n t s w i t
the heat of m i x i n g curve
f o r C ^ 2 E 2 ^ a n c * ^ 1 0 E 5 ^ showing an asymmetric maximum at about a 
1 : 2 mole r a t i o w i t h C^o E 5 ->

 w n u e the SDS r e s u l t s are symmetric 
about a 1 :1 r a t i o . These o b s e r v a t i o n s c l e a r l y demonstrate 
t h a t the presence of e t h o x y l a t i o n i n the s t r u c t u r e of the 
s u l f a t e s u r f a c t a n t s has a pronounced e f f e c t on t h e i r heats of 
m i x i n g . 

T i t r a t i o n r e s u l t s f o r the mixed cmc 1 s of the SDS/C3E4 and 
^ 1 2 Ε 2 ^ / ^ 8 Ε 4 systems as a f u n c t i o n of t h e i r r e l a t i v e mole 
f r a c t i o n i n s o l u t i o n are shown i n F i g u r e s 2 and 3 , r e s p e c t i v e l y . 
Here, the e x p e r i m e n t a l l y determined p o i n t s are compared w i t h 
c a l c u l a t e d r e s u l t s from the n o n i d e a l mixed m i c e l l e model ( s o l i d 
l i n e ) and the i d e a l mixed m i c e l l e model (dashed l i n e ) . Good 
agreement w i t h the n o n i d e a l model i s seen i n each case. 
F i g u r e 2 shows t h a t the b i n a r y SDS/C3E4 system d e v i a t e s s i g 
n i f i c a n t l y from i d e a l i t y w i t h a β v a l u e of - 3 . 3 . T h i s r e s u l t 
i s comparable to the parameters found f o r o t h e r a l k y l s u l f a t e / 
a l k y l e t h o x y l a t e n o n i o n i c systems (see Table I ) . In the case 
of the C i 2 E 2 s / c 8 E 4 system (see F i g u r e 3 ) a s i g n i f i c a n t l y s m a l l e r 
d e v i a t i o n from i d e a l i t y i s observed, g i v i n g a v a l u e of - 1 . 6 
f o r β. T h i s seems to be c o n s i s t e n t w i t h the s m a l l e r heats of 
m i x i n g observed f o r C ^ 2 E 2 ^ compared to SDS i n F i g u r e 1 . 

Together these r e s u l t s show t h a t the n o n i d e a l b e h a v i o r of 
s u l f a t e s u r f a c t a n t s can be s i g n i f i c a n t l y a f f e c t e d by the 
presence or absence of e t h o x y l a t i o n i n t h e i r s t r u c t u r e s . Here, 
both the heats of m i x i n g and d e v i a t i o n s of the cmc from i d e a l i t y 
are s m a l l e r f o r a l k y l e t h o x y l a t e s u l f a t e s than a l k y l s u l f a t e s 
when mixed w i t h a l k y l e t h o x y l a t e n o n i o n i c s . T h i s i s presumably 
due to improved s c r e e n i n g or s e p a r a t i o n of charge i n pure 
a l k y l e t h o x y l a t e s u l f a t e m i c e l l e s compared to a l k y l s u l f a t e 
m i c e l l e s . T h i s i n t e r p r e t a t i o n would be compatible w i t h the 
"charge s e p a r a t i o n " e f f e c t p r e v i o u s l y used i n e x p l a i n i n g the 
mixed cmc data of u n e t h o x y l a t e d s u l f a t e / a l k y l e t h o x y l a t e non
i o n i c s u r f a c t a n t m i x t u r e s ( 5 , 1 2 ) . The s u r p r i s i n g d i f f e r e n c e s 
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Mole Fraction C 1 0 E 5 

F i g u r e 1 . Heats o f m i c e l l a r m i x i n g a f t e r c o r r e c t i o n f o r monomer 

c o n t r i b u t i o n s (see t e x t ) as a f u n c t i o n of c o m p o s i t i o n f o r SDS, 

C 1 2 E 2 S and C 1 0 E 5 S w i t h C 1 0
E 5 ^ a t 2 5 ° C ) . 
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F i g u r e 2. Cmc1 s of m i x t u r e s of SDS and CgE 4 i n d i s t i l l e d water 

(at 25°C). The p l o t t e d p o i n t s are e x p e r i m e n t a l d a t a , the s o l i d 

l i n e i s the r e s u l t f o r the n o n i d e a l mixed m i c e l l e model w i t h 

β = -3.3, and the dashed l i n e i s the r e s u l t f o r i d e a l m i x i n g . 

0 .2 .4 .6 .8 1.0 
Mole Fraction C 8 E 4 

F i g u r e 3 . Cmc 1 s of m i x t u r e s C x 2 E 2 ^ ^ 3 ~ · a n ( * CgE 4 ^ n 

d i s t i l l e d water ( a t 2 5°C). The p l o t t e d p o i n t s are e x p e r i m e n t a l 

d a t a , the s o l i d l i n e i s the r e s u l t f o r the n o n i d e a l mixed 

m i c e l l e model w i t h β= -1.6, and the dashed l i n e i s the r e s u l t 

f o r i d e a l m i x i n g . 
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observed i n the symmetry of the m i c e l l a r m i x i n g heats w i t h 
c o m p o s i t i o n ( F i g u r e 1) are more d i f f i c u l t to understand. Here, 
i t may be p o s s i b l e t h a t d i f f e r e n c e s i n the r a t i o where the 
maximum i n the heat of m i x i n g occurs a r i s e from d i f f e r e n c e s 
between the p r e f e r r e d minimum energy p a c k i n g geometry of the 
a l k y l e t h o x y l a t e s u l f a t e and a l k y l s u l f a t e s u r f a c t a n t s w i t h 
a l k y l e t h o x y l a t e s i n the m i c e l l e . 

The i n f o r m a t i o n o b t a i n e d about the heats of m i x i n g i n 
n o n i d e a l mixed m i c e l l e s can a l s o be used to examine the 
a p p r o p r i a t e n e s s of the r e g u l a r s o l u t i o n a p p r o x i m a t i o n used 
i n n o n i d e a l mixed m i c e l l e models. Here, e q u a t i o n 6 a l l o w s a 
comparison between the observed c a l o r i m e t r i c r e s u l t s and 
both the symmetry and magnitude of the excess heats of m i x i n g 
t h a t would be p r e d i c t e d by the r e g u l a r s o l u t i o n approxima
t i o n used i n the models  R e f e r r i n  F i g u r  1 /C10E
r e s u l t s show a good f i
a p p r o x i m a t i o n ( s o l i d l i n e )  e q u a t i o
β=-8.4. While i t i s seen t h a t the p r e d i c t e d symmetry of the 
r e g u l a r s o l u t i o n a p p r o x i m a t i o n i s reproduced q u i t e w e l l , the 
magnitude of the β parameter n e c e s s a r y to o b t a i n the f i t i s 
s i g n i f i c a n t l y o u t s i d e the range of β v a l u e s n o r m a l l y found 
when a p p l y i n g the n o n i d e a l m i c e l l e model to m i x t u r e s of a l k y l 
s u l f a t e s and a l k y l e t h o x y l a t e n o n i o n i c s (see F i g u r e 2 and 
Table 1 ) . T h i s i n d i c a t e s t h a t the r e g u l a r s o l u t i o n approxima
t i o n does not a d e q u a t e l y d e s c r i b e m i x i n g i n t h i s system. An 
e x a m i n a t i o n of the heats of m i x i n g f o r 0^2 Ε2^ a n c* ^10 E5^ 
w i t h C i o E 5 c l e a r l y shows t h a t the p r e d i c t e d symmetry of the 
r e g u l a r s o l u t i o n a p p r o x i m a t i o n used i n the mixed m i c e l l e 
models i s not observed. Together these r e s u l t s c l e a r l y 
demonstrate t h a t i n s p i t e of the success of the n o n i d e a l 
mixed m i c e l l e models i n d e s c r i b i n g n o n i d e a l b e h a v i o r , the 
r e g u l a r s o l u t i o n a p p r o x i m a t i o n does not p r o p e r l y account f o r 
the heats of m i x i n g i n these systems. 

T h i s c o n c l u s i o n i m p l i e s t h a t the excess entropy of 
m i x i n g i s non-zero and t h a t the mixed m i c e l l e s presumably 
a c q u i r e more i n t e r n a l o r d e r than they would by random m i x i n g . 
An e x a m i n a t i o n of the magnitude of the d e v i a t i o n s from the 
r e g u l a r s o l u t i o n a p p r o x i m a t i o n shows t h a t t h e r e must be a 
l a r g e T S E c o n t r i b u t i o n to the excess f r e e energy of m i x i n g . 
A s i m i l a r s i t u a t i o n i s commonly observed i n m i x t u r e s of 
l i q u i d s , where the r e g u l a r s o l u t i o n approach o f t e n g i v e s 
good r e s u l t s f o r the excess f r e e e n e r g i e s , but poor r e s u l t s 
f o r the heats of m i x i n g (L3). U n f o r t u n a t e l y , the excess 
e n t r o p i e s cannot be e a s i l y e x t r a c t e d from c a l o r i m e t r i c mea
surements of m i c e l l a r m i x i n g heats such as those i n F i g u r e 1 
and measurements of the mixed cmcs to o b t a i n G E. T h i s i s 
because the c o m p o s i t i o n of the m i c e l l e s at the cmc are not 
known and may v a r y s i g n i f i c a n t l y from the c o m p o s i t i o n of the 
o v e r a l l s u r f a c t a n t m i x t u r e . 
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The f i n d i n g t h a t the assumptions of the r e g u l a r s o l u t i o n 
a p p r o x i m a t i o n do not h o l d f o r the mixed m i c e l l a r systems 
i n v e s t i g a t e d here suggests a r e - e x a m i n a t i o n of how the thermo
dynamics of m i x i n g e n t e r the n o n i d e a l mixed m i c e l l e model. 
For example, i t i s r e a d i l y seen ( e q u a t i o n s 4 and 5) t h a t 
when the f u n c t i o n a l form of e q u a t i o n 6 i s s u b s t i t u t e d f o r 
G E, the form of the a c t i v i t y c o e f f i c i e n t s i n e q u a t i o n s 7 and 
8 r e s u l t s . I t i s c l e a r then t h a t f o r cases where the excess 
entropy i s not z e r o , e m p i r i c a l l y assuming the form 

G E = 3χχ(1 - x i ) R T ( I D 

f o r the excess f r e e energy of m i x i n g (as i n r e f e r e n c e 4 ) , 
w i l l g i v e the same form f o r the a c t i v i t y c o e f f i c i e n t s . Under 
these c i r c u m s t a n c e s , th
m i c e l l e model shou l d b
f r e e energy parameter, r a t h e r than an excess heat of m i x i n g 
parameter. 

C o n c l u s i o n s 

C a l o r i m e t r i c measurements can be used to o b t a i n heats of m i x i n g 
between d i f f e r e n t s u r f a c t a n t components i n n o n i d e a l mixed 
m i c e l l e s and assess the e f f e c t s of s u r f a c t a n t s t r u c t u r e on the 
thermodynamics of mixed m i c e l l i z a t i o n . C a l o r i m e t r y can a l s o be 
s u c c e s s f u l l y a p p l i e d i n measuring the cmc 1 s of n o n i d e a l mixed 
s u r f a c t a n t systems. The r e s u l t s of such measurements show t h a t 
a l k y l e t h o x y l a t e s u l f a t e s u r f a c t a n t s e x h i b i t s m a l l e r d e v i a t i o n s 
from i d e a l i t y and i n t e r a c t s i g n i f i c a n t l y l e s s s t r o n g l y w i t h 
a l k y l e t h o x y l a t e n o n i o n i c s than a l k y l s u l f a t e s . 

The mixed cmc b e h a v i o r of these (and many o t h e r ) mixed 
s u r f a c t a n t systems can be a d equately d e s c r i b e d by a n o n i d e a l 
mixed m i c e l l e model based on the psuedo-phase s e p a r a t i o n 
approach and a r e g u l a r s o l u t i o n a p p r o x i m a t i o n w i t h a s i n g l e net 
i n t e r a c t i o n parameter 3. However, the heats of m i c e l l a r 
m i x i n g measured by c a l o r i m e t r y show t h a t the assumptions of the 
r e g u l a r s o l u t i o n a p p r o x i m a t i o n do not h o l d f o r the systems 
i n v e s t i g a t e d i n t h i s paper. T h i s suggests t h a t i n these cases 
the net i n t e r a c t i o n parameter i n the n o n i d e a l mixed m i c e l l e 
model should be i n t e r p r e t e d as an excess f r e e energy parameter. 
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Legend o f Symbols 

f-[ a c t i v i t y c o e f f i c i e n t o f s u r f a c t a n t i i n 
mixed m i c e l l e s 

x i mole f r a c t i o n of s u r f a c t a n t i i n mixed m i c e l l e s 
cmc of pure s u r f a c t a n t i 

Ctj_ mole f r a c t i o n of s u r f a c t a n t i i n t o t a l mixed 
s o l u t e 

C* cmc of mixed system 
β d i m e n s i o n l e s s net i n t e r a c t i o n parameter 
G E excess f r e e energy of m i x i n g 
H E excess e n t h a l p
S E excess entropy o f m i x i n g 
R gas co n s t a n t 
Τ a b s o l u t e temperature 
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11 
Influence of Structure and Chain Length 
of Surfactant on the Nature and Structure 
of Microemulsions 

T H . F. TADROS 

ICI Plant Protection Division
RG12 6EY, England 

The theories of microemulsion formation and stability 
have been reviewed. Three main approaches, namely 
mixed film, solubilisation and thermodynamic theories, 
have been briefly discussed. This is then followed by 
a section on factors determining w/o versus o/w 
microemulsion formation. The influence of surfactant 
and cosurfactant structure and chain length on the 
structure of microemulsions was described. In 
particular the cosurfactant chain length and structure 
has a considerable effect on the structure of the 
microemulsion. With short chain alcohols (<C6) 
and/or surfactants, there is no marked separation into 
hydrophobic and hydrophilic domains and the structure 
is best described by a bicontinuous solution with 
easily deformable and flexible interfaces. With long 
chain alcohols (>C6), well defined "cores" may be 
distinguished with a more pronounced separation into 
hydrophobic and hydrophilic regions. It was also 
concluded that microemulsions can be formed by a 
single surfactant provided this has the right geometry 
for packing at the interface and is capable of 
reducing the interfacial tension to low values. 
Addition of a cosurfactant is necessary in some cases 
to ensure packing of the surfactant molecule and to 
lower the interfacial tension. 
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The term microemulsion was f i r s t introduced by Hoar and Schulman 
(1) to describe the "transparent" or "translucent" systems, 
formed spontaneously when o i l and water were mixed with 
r e l a t i v e l y large amounts of an anionic surfactant (such as 
potassium oleate) and a cosurfactant (medium chain alcohol such 
as pentanol or hexanol). These systems are dispersions of very 
small drops (radius of the order of 5-50 nm) of water i n o i l 
(w/o) or o i l i n water (o/w). Microemulsions d i f f e r from ordinary 
emulsions (sometimes r e f e r r e d to as macroemulsions) i n two main 
respects, namely t h e i r lack of t u r b i d i t y and thermodynamic 
s t a b i l i t y . For small p a r t i c l e s , l i g h t s c a t t e r i n g i s proport ional 
to the square of the volume of p a r t i c l e s (2) and hence these 
systems with small droplets s c a t t e r l i t t l e l i g h t and are not 
t u r b i d . The thermodynamic s t a b i l i t y of such systems i s the 
consequence of the zero or negative f ree energy of t h e i r 
formation (see below), s inc
that the remaining free energy of the i n t e r f a c e i s over 
compensated by the entropy of the dispersion of the droplets i n 
the medium. 

Inspite of the advances made i n recent years i n the 
t h e o r e t i c a l basis of explaining the physics and chemistry of 
microemulsions (3), the science of t h e i r formation has not 
reached the point of t h e i r exact formulation (4). The mechanics 
of microemulsion formation d i f f e r somewhat from those used i n 
making macroemulsions. The most s i g n i f i c a n t d i f ference l i e s i n 
the f a c t that p u t t i n g work into a macroemulsion or i n c r e a s i n g the 
surfactant concentration usual ly improves t h e i r s t a b i l i t y ; but 
t h i s i s not the case with microemulsions which appear to be 
dependent for t h e i r formation on s p e c i f i c i n t e r a c t i o n s among the 
constituent molecules and with the i n t e r f a c e . If these 
i n t e r a c t i o n s are not r e a l i s e d , neither the work input nor 
i n c r e a s i n g the surfactant concentration w i l l produce a 
microemulsion (4). On the other hand, once the conditions are 
r i g h t , spontaneous formation occurs and no mechanical work i s 
required. Thus, the c r u c i a l step i n formulating the required 
microemulsion l i e s i n the choice of e m u l s i f i e r s . In other words, 
the nature (whether w/o or o/w) and structure of microemulsions 
depend to a large extent on the structure and chain length of the 
surfactant and co-surfactant used i n t h e i r preparation. This i s 
the subject of the present review. 

Before descr ibing how microemulsion nature and structure are 
determined by the structure and chain length of surfactant and 
cosurfactant, i t i s necessary f i r s t to b r i e f l y review the 
theories of microemulsion formation and s t a b i l i t y . These 
theories w i l l h i g h l i g h t the important factors required for 
microemulsion formation. This const i tutes the f i r s t part of t h i s 
review. The second part describes the factors that determine 
whether a w/o or o/w microemulsion i s formed. This i s then 
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followed by a section on the e f f e c t of structure and chain length 
of surfactant and cosurfactant on the structure of the 
microemulsion formed. F i n a l l y , the question of whether a 
microemulsion can be formulated with a s i n g l e surfactant w i l l be 
r a i s e d . 

Theories of Microemulsion Formation and S t a b i l i t y 

As discussed before (4) i t i s perhaps convenient to c l a s s i f y 
these theories i n t o three main categories : i n t e r f a c i a l or mixed 
f i l m t h e o r i e s , s o l u b i l i s a t i o n theories and thermodynamic 
theories. Below a b r i e f d e s c r i p t i o n of each of these classes 
w i l l be given with p a r t i c u l a r emphasis on the r o l e of surfactant 
nature and structure. 

Mixed f i l m theories (4-8
f i l m theories i s to consider the f i l m as a l i q u i d , two 
dimensional t h i r d phase i n equi l ibr ium with both o i l and water, 
implying that such a monolayer could be a duplex f i l m , i . e . , one 
giv ing d i f f e r e n t propert ies on the water side than on the o i l 
s ide (4). According to these theor ies, the i n t e r f a c i a l tension 
γ i s given by the expression, 

γ = ( γ ) - π (1) 
1 V I o/w'a v 

where ( Y 0 / W ) a i s the o/w i n t e r f a c i a l tension, which i s 
reduced by the presence of the alcohol cosurfactant (hence the 
subscript a ) , and π i s the two dimensional spreading pressure of 
the mixed f i l m . Contributions to π were considered to be the 
crowding of the surfactant and cosurfactant molecules and 
penetration of the o i l phase into the hydrocarbon part of the 
i n t e r f a c e . According to equation (1) i f π > ^ Ύ 0 / ν ^ ' Ύ«τ 

becomes negative leading to expansion of the i n t e r f a c e u n t i l γ 
reaches zero. 

The above concept of duplex f i l m can be used to explain both 
the s t a b i l i t y of microemulsions and the bending of the i n t e r f a c e . 
Considering that i n i t i a l l y the f l a t duplex f i l m has d i f f e r e n t 
tensions ( i . e . , d i f f e r e n t IT values) on e i t h e r side of i t , then 
the d e r i v i n g force for f i l m curvature i s the stress of the 
tension gradient which tends to make the pressure or tension i n 
both sides of the curved f i l m the same. This i s schematically 
shown i n Figure 1. For example i f π' > ÏÏ'o on the f l a t 
f i l m , then the f i l m has to be expanded much more at the water 
side than at the o i l side (which indeed contracts as a r e s u l t of 
the curvature e f f e c t ) u n t i l the surface presssures become equal 
on both sides of the duplex f i l m ( i . e . π ^ = π Q = 1/2 ( Y 0 / W ) a ) « 
This means that an o/w microemulsion r e s u l t s i n t h i s case. On 
the other hand, i f π

0 > then the f i l m expands at the 
o i l side and contracts at the water side of the i n t e r f a c e 
r e s u l t i n g i n the formation of a w/o microemulsion. 
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The above simple theory can be appl ied to p r e d i c t the nature 
of the microemulsion- In a duplex f i l m , the surface pressures at 
the o i l and water sides of the i n t e r f a c e depend on the 
i n t e r a c t i o n s of the hydrophobic and hydrophi l ic portions of the 
surfactant at both sides respect ively - For example, i f the 
hydrophobic portions are bulky i n nature r e l a t i v e to the 
hydrophi l ic groups, then for a f l a t f i l m , such hydrophobic 
portions tend to crowd forming a higher surface pressure at the 
o i l side of the f i l m . In t h i s case bending occurs to expand the 
o i l s ide forming a w/o microemulsion. On the other hand, with a 
surfactant molecule with a r e l a t i v e l y bulky hydrophi l i c group, 
crowding occurs at the water side of the i n t e r f a c e , tending to 
form an o/w microemulsion. 

A quantitat ive theory based on the l a t e r a l stress gradient 
r e s u l t i n g from the d i f f e r e n c e i n swel l ing of the heads and t a i l s 
across the i n t e r f a c e wa
gradient was expressed i n terms of p h y s i c a l l y measureable 
q u a n t i t i t e s , namely, surfactant molecular volume, i n t e r f a c i a l 
tension and i n t e r f a c i a l c o m p r e s s i b i l i t y . Relat ing the pressure 
di f ference across a curved i n t e r f a c e to the a c t i v i t y of water i n 
a w/o microemulsion, Robbins (9) establ ished c r i t e r i a for 
spontaneous water uptake without p o s t u l a t i n g a negative 
i n t e r f a c i a l tension. I t should be mentioned, however, that any 
duplex f i l m theory has the draw back that two i n t e r f a c i a l 
tensions must be defined at the o i l s ide and water side of the 
i n t e r f a c e (this i s c e r t a i n l y d i f f i c u l t to define i n a thermodynamic 
sense). Moreover, there i s no way that such i n t e r f a c i a l tensions 
can be measured and, therefore, the mixed f i l m theory must only 
be regarded as approximate and i s of only h i s t o r i a l i n t e r e s t . 
S o l u b i l i s a t i o n Theories (10-13) The s o l u b i l i s a t i o n concept 
introduced by Shinoda and coworkers (10-13) who preferred to 
t r e a t microemulsions as swollen m i c e l l a r systems, thus r e l a t i n g 
them d i r e c t l y to the phase diagrams of the components. For 
example, the phase diagram of a three component system of water, 
i o n i c surfactant and a l c o h o l usual ly displays one i s o t r o p i c 
aqueous l i q u i d region , from the water corner and one 
i s o p t r o p i c l i q u i d region L 2 , from the alcohol corner (reverse 
m i c e l l e s ) . The l a t t e r can dissolve a large amount of a 
hydrocarbon o i l . A l t e r n a t i v e l y , such inverse m i c e l l e s may be 
produced i f the alcohol i s dissolved i n the o i l followed by the 
a d d i t i o n of water and surfactant. Since the f i n a l s o l u t i o n i s 
i s o t r o p i c and no phase separation takes place when going from the 
pure hydrocarbon state to the microemulsion s t a t e , Shinoda and 
coworkers (10-13) p r e f e r r e d to describe these systems as swollen 
m i c e l l e s . 

S o l u b i l i s a t i o n can best be i l l u s t r a t e d by considering the 
phase diagrams of non- ionic surfactants containing 
poly(oxyethylene oxide) head groups. Such surfactants do not 
generally need a cosurfactant for microemulsion formation. At 
low temperatures, the ethoxylated surfactant i s soluble i n water 
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and at a given concentration i s capable of s o l u b i l i s i n g a given 
amount of o i l . The o i l s o l u b i l i s a t i o n increases r a p i d l y with 
increase of temperature near the cloud point of surfactant. This 
i s c l e a r l y i l l u s t r a t e d i n Figure 2a which shows both the 
s o l u b i l i s a t i o n curve and cloud point curve of the surfactant. 
Between the two curves, an i s o t r o p i c region of o/w s o l u b i l i s e d 
system e x i s t s . At any given temperature any increases i n the 
o i l weight f r a c t i o n above the s o l u b i l i s a t i o n l i m i t r e s u l t s i n o i l 
separation i . e . o/w s o l u b i l i s e d + o i l , whereas at any given 
sufactant concentration any increase i n temperature above the 
cloud point of surfactant r e s u l t s i n separation into o i l water 
and surfactant. 

On the other hand, i f one s t a r t s from the o i l phase with 
dissolved surfactant and add water, s o l u b i l i s a t i o n of the l a t t e r 
takes place and hence s o l u b i l i s a t i o n increases r a p i d l y with 
reduction of temperature
This i s i l l u s t r a t e d i n Figure 2b which shows both the haze point 
and s o l u b i l i s a t i o n curve. Between the two curves, an i s o t r o p i c 
region of w/o s o l u b i l i s e d system e x i s t s . At any given 
temperature, any increase i n water weight f r a c t i o n above the 
s o l u b i l i s a t i o n l i m i t r e s u l t s i n water separation, i . e . w/o 
s o l u b i l i s e d + water, whereas at a given surfactant concentration, 
any decrease i n temperature below the haze point r e s u l t i n 
separation i n t o water, o i l and surfactant. 

Thus, with nonionic surfactants, both types of micremulsions 
can be formed depending on the condit ions. As shown above, with 
such systems temperature i s the most c r u c i a l f a c t o r since the 
s o l u b i l i t y of the surfactant i n water or i n o i l depends on the 
temperature. One should remember that i n aqueous s o l u t i o n s , the 
s o l u b i l i t y of nonionic ethoxylated surfactants decreases with 
increase of temperature, whereas the reverse i s true with o i l 
s o l u t i o n s . 

Thermodynamic Theories (14-18) Two main treatments have been 
considered, namely by Ruckenstein et a_l (14-16) and Overbeek et̂  
a l (17,18). The treatments follow roughly the same procedure, 
but vary somewhat i n d e t a i l (3). Ruckenstein et a l (14,15) 
considered the free energy of formation of microemulsions A G M , 
to consist of three main contr ibutions A G ^ an i n t e r f a c i a l 
energy term, A G 2 an energy of i n t e r a c t i o n between the droplets 
term and A G 3 an entropy term accounting for the disperion of 
droplets into the continuous medium. The i n t e r f a c i a l free energy 
term A G ^ was considered to consist of two contr ibutions due to 
the creation of an uncharged surface (given by the product of 
area created and s p e c i f i c surface free energy of the i n t e r f a c e ) 
and a contr ibution due to the formation of e l e c t r i c a l double 
layers (which i s given by the product of the i n t e r f a c i a l area and 
the s p e c i f i c surface free energy due to creation of an e l e c t r i c a l 
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F i g u r e 1. Schematic r e p r e s e n t a t i o n of f i l m bending 
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F i g u r e 2. Schematic r e p r e s e n t a t i o n of s o l u b i l i s a t i o n 
(a) o i l s o l u b i l i s e d i n a 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 ; (b) water s o l u b i l i s e d i n an o i l 
s o l u t i o n of n o n i o n i c s u r f a c t a n t 
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double l a y e r ) . The double layer contr ibution was c a l c u l a t e d 
using the Debye-Huckel approximation. For the c a l c u l a t i o n of 
Δ 3 2 a pairwise a d d i t i v i t y of i n t e r a c t i o n p o t e n t i a l s was 
assumed/ whereas f o r the c a l c u l a t i o n of the entropy contr ibut ion 
term A G ^ , a l a t t i c e model was used to c a l c u l a t e the number of 
configurations of droplets i n the continuos medium. From the 
v a r i a t i o n of A G M with droplet radius R, various states could be 
dist inguished which i l l u s t r a t e d the t r a n s i t i o n from i n s t a b i l i t y 
k i n e t i c s t a b i l i t y therraolynamic s t a b i l i t y . This t r a n s i t i o n may 
be obtained by reducing the value of A G ^ , i . e . reducing the 
s p e c i f i c surface energy, f g . The reduction of f g to 
s u f f i c i e n t l y small values was accounted for by Ruckenstein (15) 
i n terms of the so c a l l e d " d i l u t i o n e f f e c t " . Accumulation of 
surfactant and cosurfactant at the i n t e r f a c e not only causes 
s i g n i f i c a n t reduction i n the i n t e r f a c i a l tension, but also 
r e s u l t s i n reduction of th
cosurfactant i n bulk s o l u t i o n . The l a t t e r reduction may exceed 
the p o s i t i v e free energy caused by the t o t a l i n t e r f a c i a l tension 
and hence the o v e r a l l A G of the system may become negative. 
Further analysis by Ruckenstein and Krishnan (16) have showed 
that micel le formation encountered with water soluble surfactants 
reduces the d i l u t i o n e f f e c t as a r e s u l t of the a s s o c i a t i o n of the 
the surfactants molecules. However, i f a cosurfactant i s added, 
i t can reduce the i n t e r f a c i a l tension by further adsorption and 
introduces a d i l u t i o n e f f e c t . The treatment of Ruckenstein and 
Krishnan (16) also h i g h l i g h t e d the r o l e of i n t e r f a c i a l tension i n 
the formation of microemulsions. When the contr ibution of 
surfactant and cosurfactant adsorption i s taken into account, the 
entropy of the drops becomes n e g l i g i b l e and the i n t e r f a c i a l 
tension does not need to a t t a i n ultralow values before stable 
microemulsions form. 

In Overbeek theory (17,18) the free energy of microemulsion 
formation was also considered to consist of three main 
contr ibutions; A G ^ due to mixing of surfactant with water and 
co-surfactant with o i l ; A G 2 due to the i n t e r f a c i a l area i n 
forming the droplets and A G ^ due to the mixing of droplets 
into the continuous phase. A G ^ i s simply given by the sum of 
the product of number of moles of each component and i t s chemical 
p o t e n t i a l with reference to the standard s t a t e . The i n t e r f a c i a l 
area term A G 2 i s given by the f i n a l i n t e r f a c i a l tension and 
f i n a l area of the i n t e r f a c e plus a chemical p o t e n t i a l term due to 
adsorption of surfactant and c o - s u r f a c t a n t . F i n a l l y , the free 
energy term due to mixing of droplets into the continuous medium 
have been obtained using the hand-sphere model of P e r ç u s Yevick 
(19) and Carnahan and S t a r l i n g (20) which was o r i g i n a l l y used by 
Agterof et a l (21) to describe the non-ideal behaviour of 
microemulsions. 
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Taking the above three contributions into account, Overbeek 
(17) derived the fol lowing expression f o r the free energy dG m 

f o r microemulsion formation, 

dG = dA [γ , _ + /φ da + a 2 ] c T (In φ-1 + φ 4 ~ 3 Φ m ('uncharged ψ ο ο , . .2 
L 12 ( n w v w ) 2 ( 1 - φ ) 2 

+ In Ζ ° ~ ) (2) 

V h s J 

where dA i s the change i n i n t e r f a c i a l area. The f i r s t term 
between the square brackets i s the i n t e r f a c i a l tension terra, 
^uncharcred t n a t i s obtained i f no double layers had been formed 

ψ da i s the e l e c t r i c a l contr ibut ion to the i n t e r f a c i a l tension 
r o 

as a r e s u l t of formatio
with φ 0 being the surface p o t e n t i a l and σ the surface charge 
density. The t h i r d term i s the osmotic contr ibut ion due to mixing 
of microemulsion droplets (treated as hard spheres) and V^ g i s 
t h e i r molar volume. The number of hard sphere droplets i s given 
by, 

- A3 N a v 

n h s ~ 2 ( ' 
36 M n w V w ) 2 

where A i s the area, n^ i s the number of water molecules and 
V i s t h e i r molar volume, w 

The three terms of equation (2) are unequal i n magnitude. 
The l a s t term i s always negative. For example, for a high r a t i o 
of surfactant to water n g / n w = 0.04 (corresponding to a mass 
r a t i o of 0.7) and φ = 0.5, t h i s term i s ~0.2 m Ν π Γ 1 . For 
φ = 0 . 1 , the value would be ~0.5 m Nm"̂  and to make t h i s term 

-1 —5 - 1.0 m Nm , φ has to be below 10 , i . e . a very 
d i l u t e microemulsion. 

On the other hand, the e l e c t r i c a l free energy per u n it area 
of double layer (second term) i s high and p o s i t i v e even f o r 
r e l a t i v e l y low surface p o t e n t i a l . The contr ibut ion of t h i s term 
could be tens of m Nm~1. This requires Y u n c n a r g e < j t o bave a 
high negative value to reach the condit ion dG = 0. The 
conclusion so f a r reached from t h i s analysis i s that i n a 
microemulsion the i n t e r f a c i a l tension, i n c l u d i n g the e l e c t r i c a l 
term must have very low but p o s i t i v e value. The small v a r i a t i o n s 
i n the t o t a l i n t e r f a c i a l tension required to balance the 
v a r i a t i o n i n the free energy of mixing (osmotic term) can be 
e a s i l y obtained by small v a r i a t i o n s i n the amount of surfactant 
and cosurfactant at the i n t e r f a c e leading to v a r i a t i o n s i n 

^uncharged" 
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S e v e r e d f a c t o r s p l a y a r o l e i n d e t e r m i n i n g w h e t h e r a w / o o r o / w 
m i c r o e m u l s i o n i s f o r m e d . T h e s e f a c t o r s may b e c o n s i d e r e d i n t h e 
l i g h t o f t h e t h e o r i e s d e s c r i b e d i n s e c t i o n 2 . F o r e x a m p l e , t h e 
d u p l e x f i l m t h e o r y p r e d i c t s t h a t t h e n a t u r e o f t h e m i c r o e m u l s i o n 
f o r m e d d e p e n d s o n t h e r a l t i v e p a c k i n g o f t h e h y d r o p h o b i c a n d 
h y d r o p h i l i c p o r t i o n s o f t h e s u r f a c t a n t m o l e c u l e , w h i c h d e t e r m i n e s 
t h e b e n d i n g o f t h e i n t e r f a c e . F o r e x a m p l e , a s u r f a c t a n t m o l e c u l e 
s u c h a s A e r o s o l o T , h a v i n g t h e s t r u c t u r e s h o w n b e l o w , i s 
f a v o u r a b l e f o r f o r m a t i o n o f w / o m i c r o e m u l s i o n , w i t h o u t t h e n e e d 
o f a d d i n g a c o s u r f a c t a n t . A s a r e s u l t o f t h e p r e s e n c e o f a 
s t u m p y h e a d g r o u p a n d l a r g e v o l u m e t o l e n g t h ( V / l ) f o r t h e n o n -
p o l a r g r o u p , t h e i n t e r f a c e t e n d s t o b e n d w i t h t h e h e a d g r o u p s 
f a c i n g i n w a r d s t h u s f o r m i n
c o n s t r a i n t f o r t h e A e r o s o
b y O a k e n f u l l ( 2 2 ) who s h o w e d t h a t t h e m o l e c u l e h a s a V / l > 0 . 7 . , 
w h i c h was c o n s i d e r e d t o b e n e c e s s a r y f o r m i c r o e m u l s i o n f o r m a t i o n . 

W i t h i o n i c s u r f a c t a n t s f o r w h i c h V / l < 0 . 7 , m i c r o e m u l s i o n 
f o r m a t i o n n e e d s t h e p r e s e n c e o f a c o s u r f a c t a n t . T h e l a t t e r h a s 
t h e e f f e c t o f i n c r e a s i n g V w i t h o u t a f f e c t i n g 1 ( i f t h e c h a i n 
l e n g t h o f t h e c o s u r f a c t a n t d o e s n o t e x c e e d t h a t o f t h e 
s u r f a c t a n t ) . T h e s e c o s u r f a c t a n t m o l e c u l e s a c t a s " p a d d i n g " 
s e p a r a t i n g t h e h e a d g r o u p s . 

T h e i m p o r t a n c e o f g e o m e t r i c p a c k i n g o n t h e n a t u r e o f t h e 
m i c r o e m u l s i o n h a s a l s o b e e n c o n s i d e r e d b y M i t c h e l l a n d N i n h a m 
( 2 3 ) . 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 n a t u r e o f t h e a g g r e g a t e 
u n i t d e p e n d s o n t h e p a c k i n g r a t i o v / a Q l c w h e r e ν i s t h e 
p a r t i a l m o l e c u l a r v o l u m e o f t h e s u r f a c t a n t , a Q i s t h e h e a d 
g r o u p a r e a o f a s u r f a c t a n t m o l e c u l e a n d l c i s t h e max imum c h a i n 
l e n g t h . T h u s , t h i s p a c k i n g r a t i o p r o v i d e s a m e a s u r e o f t h e 
h y d r o p h o b i c - h y d r o p h i l i c b a l a n c e ( H L B ) . F o r v a l u e s o f 
v / a Q l c < 1 , n o r m a l i . e . , c o n v e x a g g r e g a t e s a r e p r e d i c t e d , 
w h e r e a s f o r v / a Q l c > 1 i n v e r s e d r o p s a r e e x p e c t e d . T h e p a c k i n g 
r a t i o i s a f f e c t e d b y many f a c t o r s i n c l u d i n g h y d r o p h o b i c i t y o f 
h e a d g r o u p , i o n i c s t r e n g t h o f s o l u t i o n , p H , t e m p e r a t u r e a n d t h e 
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addit ion of l i p o p h i l i c compounds such as cosurfactants. Addit ion 
of e l e c t r o l y t e or increase of temperature causes a change i n the 
area per head group and hence e f f e c t s the packing r a t i o . With 
the Aerosol OT molecule v / a Q l c i s greater than 1 since both 
a_ and 1 are small . Thus, t h i s molecule i s favourable for 

ο c 
formation of w/o microemulsion. 

The packing r a t i o also explains the nature of microemulsion 
formed by using nonionic surfactants. If v/a Q 1 Q increases 
with increase of temperature (as a r e s u l t of reduction of a Q ) , 
one would expect the s o l u b i l i s a t i o n of hydrocarbons i n nonionic 
s u r f a c t a c t to increase with temperature as observed, u n t i l 
v / a Q l c reaches the value of 1 where phase inversion would be 
expected. At higher temperatures, v a Q l c > 1 and water i n o i l 
microemulsions would be expected and the s o l u b i l i s a t i o n of water 
would decrease as the temperature r i s e s again as expected. 

The inf luence of surfactan
microemulsion formed can also be p r e d i c t e d from the thermodynamic 
theory by Overbeek (17,18). According to t h i s theory, the most 
stable microemulsion would be that i n which the phase with the 
smaller volume f r a c t i o n forms the droplets, since the osmotic 
term increases with increasing φ. For w/o microemulsion prepared 
using an i o n i c surfactant, the hard sphere volume i s only 
s l i g h t l y larger than the water volume, since the hydrocarbon 
t a i l s of the surfactant may interpenetrate to a c e r t a i n extent, 
when two droplets come close together. For an o i l i n water 
microemulsion, on the other hand, the double layer may extend to 
a considerable extent, depending on the e l e c t r o l y t e concentration 
(the thickness of the double layer 1/κ i s of the order of 100 nm 
for 10~5 ml dm"3 and 10nm for 10~3 mol dm"3 1:1 
e l e c t r o l y t e ) . Thus, the hard sphere radius can be increased by 5 
nm or more unless the e l e c t r o l y t e concentration i s high 
(say 10"1 mol dm"3 where 1/κ „ 1nm). Thus t h i s f a c t o r 
works i n favour of the formation of w/o microemulsions e s p e c i a l l y 
f o r small droplets. Furthermore, e s t a b l i s h i n g a curvature of the 
adsorbed layer at a given adsorption i s easier with water as the 
disperse phase, since the hydrocarbon chains w i l l have more 
freedom around than i f they were i n s i d e the droplet. 

Influence of Surfactant and Cosurfactant Structure and Chain 
Length on the Structure of Microemulsions 

Both the structure and chain length of surfactants and 
cosurfactants have a s t r i k i n g influence on the structure of the 
micremulsion formed. The most systematic studies have been on 
the influence of the cosurfactant chain length and structure on 
the nature of the microemulsion region. Two main studies have 
been c a r r i e d out to elucidate the di f ference obtained, namely 
e l e c t r i c a l conductivity and NMR i n v e s t i g a t i o n s . As we w i l l see 
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l a t e r , the r e s u l t s of such invest igat ions led to the 
c l a s s i f i c a t i o n of microemulsions into two main sytems, namely 
those with well defined "cores" with pronounced separation into 
hydrophobic and h y d r o p h i l i c regions and those systems i n which 
there i s no marked separation into hydrophobic and h y d r o p h i l i c 
domains and the structure i s best described by a bicontinuous 
s o l u t i o n with e a s i l y deformable and f l e x i b l e i n t e r f a c e . 

One of the best examples of the inf luence of chain length 
and structure of the cosurfactant on the nature of the 
microemulsion region i s that obtained by Clausse and coworkers 
(24,25). Figure 3 shows the phase diagrams of the system 
water/sodium dodecylsulphate/alkanols benzene at various chain 
length of the alkanol from C 2 to C 7 ( i . e . ethanol to 
heptanol). In such systems, the molar r a t i o of surfactant to 
alcohol was kept constant (1:2) at the temperature was 2 5 ° C . The 
pase diagrams may be c l a s s i f i e
the f i r s t case, with cosurfactant chain length to 
(Figure 3a-d), the transparent domain (sometimes r e f e r r e d to as 
the Winsor IV domain) consists of a unique area that has the 
shape of a c u r v i l i n e a r t r i a n g l e leaning against a large p o r t i o n 
of the surfactant (S) - water (W) side of the phase diagram. 
These systems were r e f e r r e d to by Clausse et a l (21) as Type U 
systems. On the other hand, with cofurfactants with chain length 
C^ to Οη (Figur 3 e - g ) , the Winsor IV domain i s s p l i t into 
two d i s j o i n t e d areas that are separated by a composition zone 
over which viscous t u r b i d and b i r i f r i n g e n t media are encountered. 
This second c l a s s of systems was r e f e r r e d as Type S systems 
(24). I t can also be seen that the Winsor IV domain reaches i t s 
maximum extension at C^ reducing i n s i z e below and above C^. 
Moreover, at C^, one observes a small monophasic region near 
the W apex (probably o/w microemulsion of the Schulman's type) 
which vanishes as the a l c o h o l chain length i s increased to C^. 

The inf luence of cosurfactant structure i s best i l l u s t r a t e d 
by using various isomeric alcohols with the same chain length. 
This i s shown i n Figure 4 for the system water, benzene, 
potassium oleate and amylic alcohols (25). The mass r a t i o of 
potassion oleate to COH i s 3:5 and the temperature was 2 2 ° C . 
This f i g u r e shows the progressive geometrical deformation 
undergone by the monophasic transparent domain upon s u b s t i t u t i o n 
of a C^ alcohol f o r one of i t s isomers. I t appears that the 
s u b s t i t u t i o n of one isomeric pentanol for another induces a 
t r a n s i t i o n from systems d i s p l a y i n g a unique Winsor IV domain to 
systems d i s p l a y i n g a Winsor IV domain s p l i t into two d i s j o i n t e d 
areas. Thus, the s u b s t i t u t i o n of an isomeric pentanol f o r 
another one, induces a progressive t r a n s i t i o n between the case of 
Type U systems and that of Type S systems, i n contrast with the 
sharp t r a n s i t i o n observed upon s u b s t i t u t i n g a longer s t r a i g h t 
alkanol for a shorter one (Figure 3). 
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Figure 3. Phase diagrams of the system water sodium 
dodecyl sulphate/alkanols benzene (a) 
ethanol ; (b) 2-propanol; (c) 1-propanol;, (d) 
1-butanol; (e) 1-pentanol; (f) 1-hexanol; (g) 
1-heptanol. 

Figure 4. Phase diagrams of the system water benzene 
potassium oleate/amylic alcohols (a) 
1- pentanol (1P); (b) 3-methyl-1 butanol 
(3M1B); (c) 2-methyl-1-butanol (2M 
1B) (d) 2,2-dimethyl-1-proptanol (22M1P); 
(e) 2-pentanol (2P);(f) 3-pentanol (3P); 
(g) 3 methyl-2-butanol (3M2B);(h) 2-methyl-
2- butanol (2M2B). 
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The above di f ferences observed with the various 
cosurfactants are r e f l e c t e d i n the conductiv ity - water volume 
f r a c t i o n ( φ ν / ) · This i s shown i n Figures 5 and 6. I t can be 
seen that the conduction behaviour i s strongly inf luenced by the 
nature of the a l c o h o l . For example Figure 5 shows that for the 
shorter alcohols ethanol, 1-propanol and 1-butanol (which give 
Type U systems) the conductivity increases r a p i d l y as the water 
content increases above a c e r t a i n φ ν value, which i s smaller 
the shorter the a l c o h o l . In contrast with the larger a l c o h o l , 
1-pentanol, the conductiv ity does not take high values and i t s 
v a r i a t i o n with φ ν i s more smooth. With even higher chain 
length a l c o h o l s , namely 1-hexanol and 1-heptanal (which give Type 
S system), the conductivity i s very low (<0.05 Sm" ) and hence 
appears close to zero on the scale of Figure 5. However, i f the 
scale i s expanded, the conductivity of such S-Type shows a 
maximum. This i s i l l u s t r a t e
water/hexadecane/potassium oleate/hexanol which shows the trend. 
S i m i l a r r e s u l t s have been recently obtained for the system 
xylene/water/sodium dodecyl benzene sulphonate/hexanol (26). 
Thus, the d i f f e r e n c e i n conductive behaviour between the two 
systems must r e f l e c t a d i f f e r e n c e between the s t r u c t u r a l units 
involved. 

With the U-Type systems ( i . e . with the low chain alcohols) 
the trends i n the conductiv ity - φ ν curve are consistent with 
p e r c o l a t i v e conduction o r i g i n a l l y proposed to explain the 
behaviour of conductance of conductor- insulator composite 
materials (27). In the l a t t e r model, the e f f e c t i v e conductivity 
i s p r a c t i c a l l y zero as long as the conductive volume f r a c t i o n i s 
smaller than a c r i t i c a l value φ Ρ , c a l l e d the p e r c o l a t i o n 
threshold, beyond which κ suddenly takes a non-zero value and 
r a p i d l y increases with increase of φ ν · Under these condit ions, 

K - (*w " *w} W h e n K^l ( 4 ) 

and κ _ (φ£ - φ ν ) " ° · 7 when φ ν < φ* (5) 

By f i t t i n g the conductiv ity data to the above equations, one 
usual ly f inds a φ Ρ value for droplets (which should also 
include surfactant) near to the t h e o r e t i c a l l i m i t of 0.29. At 
t h i s volume f r a c t i o n , charge t r a n s f e r between w/o globular 
m i c e l l e s submitted to a t t r a c t i v e i n t e r a c t i o n s take p l a c e . 
Moreover, as we w i l l see l a t e r , such systems contain e a s i l y 
deformable and f l e x i b l e i n t e r f a c e s . 
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(Sm-1) 

1.00-

F i g u r e 5. I n f l u e n c e of a l c o h o l c h a i n l e n g t h on the 
c o n d u c t i v i t y - water volume f r a c t i o n c urves 
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With the S-type system, the trend i n conductivity - p w 

(which p w i s the water weight f r a c t i o n ) (Figure 7) i s more 
complex showing a number of t r a n s i t i o n s i n d i c a t i n g more subtle 
changes i n the conduction units as the water concentration i s 
increased. I t seems that i n the low water concentration 
region i . e . below the maximum, inverted swollen micel les 
or microdroplets do not e x i s t (premicellar region) and the 
increase i n conductiv ity with p w i n t h i s region i s l i k e l y to 
be due to the increase i n the d i s s o c i a t i o n of the surfactant on 
the a d d i t i o n of water (26). The region beyond the maximum, i . e . 
where the conductivity decreases with increase of P w , i s the 
region of the existence of w/o microemulsion of the Schulman 
type. The sharp increase at the second p w region ( i . e . p w ) 
may be associated with a " f a c i l i t a t e d " path for ion transport. 
This can be ascribed to the formation of non s p h e r i c a l p a r t i c l e s 
r e s u l t i n g from swollen m i c e l l
i n t e r l i n k i n g , a process
breakdown and of c r y s t a l l i n e structure organisation (26). Thus, 
these systems represent those of "true"microemulsions, i . e . , with 
d e f i n i t e water cores and therefore are non-percolating. 

The maximum i n the conductivity " Φ Η Q C U R V E S F O R *-he 
Type S systems can be explained i n terms^of the model proposed 
by Eicke and Denss (28). These authors considered charge 
production to be caused by two processes. The f i r s t by 
d i s s o c i a t i o n of the surfactant molecules inside the m i c e l l a r 
e n t i t i e s , a process thought to be independent of the medium i n 
which the aggregates are embeded. The second process i s a 
t r a n s f e r of charges, i . e . , of an anion which stems from the 
d i s s o c i a t i o n of the surfactant i n s i d e the droplet , to another 
( o r i g i n a l l y neutral) m i c e l l a r aggregate. This l a t t e r process i s 
considered to represent a phase t r a n s f e r between the 
droplet pseudo phase ( b u i l t - u p by the ensemble of microemulsion 
droplets) and the s o l u t i o n phase c o n s i s t i n g of a very d i l u t e 
s o l u t i o n of charged m i c e l l a r aggregates i n the non-polar solvent. 
The charge t r a n s f e r w i l l a c t u a l l y proceed i n two steps : ion 
(droplet phase) —> ion (non-polar solvent) and ion (non-polar 
solvent) — i o n ( r e s o l u b i l i s e d i n m i c e l l a r aggregate). 

Further information on the dependence of structure of 
microemulsions formed on the alcohol chain length was obtained 
from measurement of s e l f d i f f u s i o n c o e f f i c i e n t of a l l the 
constitutents using NMR techniques (29-34). For microemulsions 
c o n s i s t i n g of water, hydrocarbon, an anionic surfactant and a 
short chain alcohol (C 4 and C^) the s e l f d i f f u s i o n 
c o e f f i c i e n t of both water, cosurfactant and hydrocarbon was quite 
high (of the order of 10~ m2 S~ )̂ being two orders of 
magnitude higher than the value to be expected f o r a 
discontinuous medium (10~ 1 1 m2 S"^ and below). This can be 
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a t t r i b u t e d to three a l t e r n a t i v e e f f e c t s or a combination of a l l 
of them: ( i) bincontinuous .solutions, i . e . , both o i l and water 
continuous, ( i i ) e a s i l y deformable and f l e x i b l e i n t e r f a c e , or 
( i i i ) absence of large aggregates. Lang et a l (35) have shown 
that addit ion of short chain alcohol to a m i c e l l a r s o l u t i o n 
r e s u l t s i n a considerable reduction of the l i f e time of 
surfactant monomer i n the m i c e l l e . This r e s u l t i s consistent 
with the p i c t u r e of disorganised and f l e x i b l e i n t e r f a c e s . Thus, 
the p i c t u r e of microemulsion based on an anionic surfactant and 
short chain alcohols i s that of very small aggregates with any 
i n t e r n a l i n t e r f a c e with very l i m i t e d s p a t i a l extension or very 
dynamic and f l e x i b l e structure which breaks up and reform at very 
high speed, or both. 

On the other hand, with microemulsions based on an anionic 
surfactant and a long chain a l c o h o l , was f a i r l y low for 
c e r t a i n concentrations, i n d i c a t i n
i n a hydrophobic medium may form. The system invest igated by 
Lindman et a l (29-34) was based on octanoic a c i d - decanol -
octane-water. This means that the anionic "surfactant" used 
contains only seven carbon atoms i n the a l k y l chain which i s 
f a i r l y short. With longer chain surfactants, one would expect 
wel l defined "water cores" provided the alcohol i s also l o n g -
chain. Such w e l l defined "water cores" have also been confirmed 
by Lindman et a l (34) f o r the Aerosol OT - hydrocarbon system. 
In that case the s e l f d i f f u s i o n c o e f f i c i e n t - concentration curve 
shows a behaviour d i s t i n c t l y d i f f e r e n t from the cosurfactant 
microemulsions. has a quite low value throughout the 
extension of the i s o t r o p i c s o l u t i o n phase up to the highest water 
content. This implies that a model with closed droplets 
surrounded by surfactant anions i n a hydrocarbon medium gives an 
adequate d e s c r i p t i o n of these s o l u t i o n s . However, since was 
found to be s i g n i f i c a n t l y higher than D g , the authors came to 
the conclusion that a non-negl ig ible amount of water must e x i s t 
between the emulsion droplets. 

Thus, i n summary, s e l f d i f f u s i o n measurements by Lindman 
et a l (29-34) have c l e a r l y i n d i c a t e d that the structure of 
microemulsions depends to a large extent on the chain length of 
the cosurfactant ( a l c o h o l ) , the surfactant and the type of 
system. With short chain alcohols (<C^) and or surfactants 
there i s no marked separation into hydrophobic and hydrophi l i c 
domains and the structure i s best described by a bicontinuous 
s o l u t i o n with e a s i l y deformable and f l e x i b l e i n t e r f a c e s . This 
p i c t u r e i s consistent with the p e r c o l a t i v e behaviour observed 
when the conductivity i s measured as a function of water volume 
f r a c t i o n (see above). With long chain alcohols (> C^) on the 
other hand, wel l defined "cores" may be dist inguished with a more 
pronounced separation into hydrophobic and h y d r o p h i l i c regions. 
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The same i s true with other s p e c i f i c systems such as that based 
on Aerosol OT without the presence of a cosurfactant. This 
structure i s also consistent with the non-percolative nature of 
such systems (see above). 

Thus i t can be concluded that the structure of 
microemulsions depends on the structure of surfactant and 
cosurfactant. Moreover, t h i s structure also determines the 
amount of s o l u b i l i s a t i o n of o i l and or water i n microemulsions. 
In recent studies by Gracia et a l (36) and Baraket et a l (37) the 
c r i t e r i a f o r s t r u c t u r i n g surfactants to maximise s o l u b i l i s a t i o n 
of o i l and water were investigated. Using a number of 
ethoxylated a l k y l phenols with the same HLB, but d i f f e r e n t 
molecular weight i . e . i n which both the hydrophi l i c and 
hydrophobic m o i t i é s of the surfactant were increased 
simultaneously, Gracia et a l (36) found that s o l u b i l i s a t i o n 
increases with increase
Baraket et a l (37) showed that branching of the surfactant 
hydrocarbon t a i l has a s i g n i f i c a n t e f f e c t on s o l u b i l i s a t i o n ; the 
l e s s the branching the higher the s o l u b i l i s a t i o n . 

Microemulsions Based on a Single Surfactant and the r o l e of the 
cosurfactant. I t i s i n t e r e s t i n g now to r a i s e the fol lowing 
question. Can microemulsions be prepared using a s i n g l e 
surfactant?. This question can be answered i n the l i g h t of the 
c r i t e r i a needed for the formation microemulsion discussed above. 
Two main c r i t e r i a are important: surfactant geometry and low 
i n t e r f a c i a l tension. As mentioned above the r e l a t i v e packing of 
the hydrophobic and h y d r o p h i l i c port ion of the surfactant 
molecule, plays a major r o l e . Such packing i s favourable with 
molecules such as Aerosol OT with a stumpy head group and a large 
volume to length r a t i o f o r the non-polar group, which tend to 
bend with the head groups f a c i n g inwards. Moreover such a 
molecule when adsorbed at the w/o i n t e r f a c e lowers the 
i n t e r f a c i a l tension s u f f i c i e n t l y such that a w/o microemulsion 
can be formed without the need of a cosurfactant. 

As mentioned before, nonionic surfactants a l s o form 
microemulsions without the need of adding a cosurfactant. This 
i s s t i l l the case with "pure" nonionic surfactants which c o n s i s t 
of a s i n g l e chain length. Under conditions whereby a 
microemulsion i s formed, nonionic surfactants s a t i s f y the above 
mentioned c r i t e r i a , namely packing and low i n t e r f a c i a l tension. 
For example, i n the homogeneous i s o t r o p i c region between the 
s o l u b i l i s a t i o n and cloud point curve (Figure 2a), geometric 
packing of the molecules favours the formation of o i l i n water 
microemulsions and i n t h i s region the i n t e r f a c i a l tension a l s o 
f a l l s to very small values. S i m i l a r l y , between the haze point 
and s o l u b i l i s a t i o n curve (Figure 2b) water i n o i l microemulsion 
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form since geometric packing favours bending with the larger 
polyethylene oxide head group s o l u b i l i s i n g the water. In t h i s 
region, the i n t e r f a c i a l tension also f a l l s to very small values. 

The cosurfactant plays two major r o l e s ; f i r s t l y i t e f f e c t s 
the packing of the surfactant molecule at the i n t e r f a c e and 
secondly i t brings the necessary reduction i n i n t e r f a c i a l 
tension, i f t h i s could not be produced by the surfactant 
molecules alone. As mentioned before, the packing of the 
surfactant molecules depends on the r a t i o of the volume to the 
length of the non-polar group. Addit ion of a cosurfactant 
increases the volume without a f f e c t i n g the length and hence i t 
enables the geometrical packing of the molecules at the 
i n t e r f a c e . Moreover, such molecules act as "padding" separating 
the head groups. 

The role of the cosurfactant i n reducing the i n t e r f a c i a l 
tension can be understoo
adsorption equation i n the form (14). 

f T ,p, a l l n^ except n ± , A yT,p, t h i s a l l n^ except n ^ 

_ Π (6) 

By using equation (6) twice for the cosurfactant ( i = Co) and 
for the surfactant ( i = Sa), the fol lowing equation can be 
derived, 

C(Co) 
γ = γ _ Γ / U l T P C ( S a ) = 0 ] 

Ύ Ύ ° 1 C(Co=o) Co y C o J T ' P ' 

r Ç ( S a ) 

C(Sa=0 
Sa u p S a J T ,P,n(Co), η o i l , n w (7) 

I t i s c l e a r from equation (7) that the addit ion of a second 
surfactant r e s u l t s i n further decrease i n γ ; the e s s e n t i a l 
requirements being a not too small adsorption of the second 
surfactant. Whether i t replaces the f i r s t surfactant or i s 
adsorbed i n addit ion to i t i s immaterial, just as i t i s not 
e s s e n t i a l for the two surfactants to form a complex. If the two 
surfactants are of the same type e.g. both water soluble anionic 
surfactants, they w i l l form mixed m i c e l l e s and t h i s w i l l lower 
the a c t i v i t y of the second surfactant added and decrease both i t s 
Tand ά μ . However, i f the two surfactants are d i f f e r e n t i n 
nature, e.g. one predominantly water soluble and the other o i l 
s o l u b l e , they w i l l only s l i g h t l y a f f e c t each other's a c t i v i t y and 
t h e i r combined e f f e c t on the i n t e r f a c t i a l tension may be large 
enough to br ing γ to zero at f i n i t e concentrations. 
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Reaction of N-Dodecyl-3-carbamoyl Pyridinium Ion 
with Cyanide in Oil-Water Microemulsions 

LEONA DAMASZEWSKI and R. A. MACKAY1 

Department of Chemistry, Drexel University, Philadelphia, PA 19104 

The rate constant
ion with cyanide
cationic and nonionic oil in water microemulsion as 
a function of water content. There is no effect of 
added salt on the reaction rate in the cationic 
system, but a substantial effect of ionic strength 
on the rate as observed in the nonionic system. 
Estimates of the ionic strength in the "Stern layer" 
of the cationic microemulsion have been employed to 
correct the rate constants in the nonionic system 
and calculate effective surface potentials. The 
ion-exchange (IE) model, which assumes that reaction 
occurs in the Stern layer and that the nucleophile 
concentration is determined by an ion-exchange 
equilibrium with the surfactant counterion, has been 
applied to the data. The results, although not de
finitive because of the ionic strength dependence, 
indicate that the IE model may not provide the best 
description of this reaction system. 

A pseudophase ion exchange model has been applied to reactions 
in micellar systems with varying success (1-7)· According to 
this model, the distribution of nucleophile is considered to 
depend on the ion-exchange equilibrium between the nucleophile 
and the surfactant counterion at the micelle surface. This 
leads to a dependence on the ion-exchange constant (K-j-g) a s 

well as on the degree of dissociation (a) of the surfactant 
counterion. The ion exchange (IE) model has recently been 
extended to oi l in water microemulsions (8)· 
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Ion exchange c o n s t a n t s have been c a l c u l a t e d from k i n e t i c 
d a t a f o r the r e a c t i o n o f p - n i t r o p h e n y l d i p h e n y l phosphate w i t h 
h y d r o x i d e and f l u o r i d e i n a c a t i o n i c m i c r o e m u l s i o n , and from 
a c i d - b a s e e q u i l i b r i u m d a t a i n an a n i o n i c m i c r o e m u l s i o n (8-9) 
u s i n g the i o n exchange model f o r m i c r o e m u l s i o n s . A l t h o u g h t h e 
k i n e t i c d a t a can be f i t t o t h e IE model, they can a l s o be ex
p l a i n e d by means o f the e f f e c t i v e s u r f a c e p o t e n t i a l (ESP) model 
which c o n s i d e r s the l o c a l n u c l e o p h i l e c o n c e n t r a t i o n t o be a 
f u n c t i o n o n l y o f α . Thus, i f the ESP model i s v a l i d , attempts 
t o f i t k i n e t i c d a t a to the IE model s h o u l d produce s i m i l a r v a l u e s 
of the ion-exchange c o n s t a n t ( K I £ ) f o r any n u c l e o p h i l e . T h i s was 
i n f a c t observed f o r the above r e a c t i o n . However, h y d r o x i d e and 
f l u o r i d e have s i m i l a r i o n exchange c o n s t a n t s w i t h r e s p e c t t o 
bromide. T h e r e f o r e , a r e a c t i o n i n v o l v i n g a n u c l e o p h i l e h a v i n g a 
s i g n i f i c a n t l y d i f f e r e n t i o  exchang  c o n s t a n t s h o u l d p r o v i d
more d e f i n i t i v e t e s t o
r e a c t n u c l e o p h i l e s suc  c y a n i d  t h i o p h e n o x i d
phosphate e s t e r used i n the above s t u d i e s were u n s u c c e s s f u l . 
Thus, i t was d e c i d e d t o employ a d i f f e r e n t s u b s t r a t e , and t o t h a t 
end we have f o l l o w e d the r e a c t i o n of interphase-bound N-dodecyl 
3-carbamoyl p y r i d i n i u m bromide w i t h c y a n i d e i o n a t pH >_11.8 
( e q u a t i o n 1) i n a c a t i o n i c and i n a n o n i o n i c m i c r o e m u l s i o n . 

(1) 

C 1 2 H 2 5 C 1 2 H 2 5 

T h i s r e a c t i o n has been used as a t e s t of the ion-exchange model 
i n m i c e l l e s ( 2 ) , and the v a l u e of K^ E f o r c y a n i d e d i f f e r s from 
t h a t of f l u o r i d e o r h y d r o x i d e by about an o r d e r of magnitude. 

E x p e r i m e n t a l 

Systems and m a t e r i a l s . The r e a c t i o n was c a r r i e d out at s e v e r a l 
c o m p o s i t i o n s i n an i o n i c and i n a n o n i o n i c system. The i o n i c 
system c o n s i s t e d of an e m u l s i f i e r (49.6 wt % c e t y l t r i m e t h y l 
ammonium bromide (CTAB)/50.4% n - b u t a n o l ) , hexadecane, and water. 
The n o n i o n i c e m u l s i f i e r c o n s i s t e d of 65.7% p o l y o x y e t h y l e n e (10) 
o l e y l e t h e r ( B r i j 96) and 34.4% n - b u t a n o l , a g a i n w i t h hexadecane 
and water. I n both systems, m i c r o e m u l s i o n (yE) c o m p o s i t i o n s used 
were o b t a i n e d by d i l u t i n g an i n i t i a l 90 weight p e r c e n t (%) 
e m u l s i f i e r / 1 0 % o i l m i x t u r e w i t h v a r y i n g amounts of water. M i c r o 
emulsio n samples thus o b t a i n e d had f i n a l c o m p o s i t i o n s of 30 t o 
80% water. Phase maps d e s c r i b i n g t h e s e systems have been p u b l i s h 
ed (10-11). 
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N-dodecyl 3-carbamoyl p y r i d i n i u m bromide ( I ) was prepared 
from v a c u u m - d i s t i l l e d n-dodecyl bromide (K&K) and n i c o t i n a m i d e 
(Kodak) a c c o r d i n g t o a p u b l i s h e d procedure (15) and i d e n t i f i e d 
by IR spectrum and m e l t i n g p o i n t (218-220°C). The molar e x t i n c - ^ 
t i o n c o e f f i c i e n t of ( I ) a t 264.5 nm was determined as 4120 m CM 
(methanol), 4250 ( w a t e r ) , and 4220 (60% water CTAB μΕ). F i s h e r 
t e c h n i c a l grade CTAB was r e c r y s t a l l i z e d b e f o r e use ( 1 6 ) . B r i j 96, 
o b t a i n e d from Sigma, was n e u t r a l i z e d and d e i o n i z e d b e f o r e use 
(17) t o remove b u f f e r i n g i m p u r i t i e s . A l d r i c h reagent grade KCN, 
A l d r i c h 99% hexadecane, A l d r i c h g o l d l a b e l n - b u t a n o l (99 + % ) , 
and F i s h e r c e r t i f i e d 0.200 Ν and 0.0200 Ν NAOH were used as 
r e c e i v e d . 

K i n e t i c s . The r e a c t i o n of N-dodecyl 3-carbamoyl p y r i d i n i u m 
bromide ( I ) w i t h c y a n i d
by f o l l o w i n g the 340 n
( I I ) , See e q u a t i o n (1) . F o l l o w i n g the work o f Bunton, Romsted 
and Thamavit i n m i c e l l e s ( 2 ) , a 5/1 mole r a t i o of KCN t o NaOH 
was employed to prevent c y a n i d e h y d r o l y s i s . The pH of each 
r e a c t i o n m i x t u r e was measured on a Coleman 38A Extended Range pH 
meter to i n s u r e t h a t the system was s u f f i c i e n t l y b a s i c t o a l l o w 
e s s e n t i a l l y complete i o n i z a t i o n of the c y a n i d e . The a p p r o p r i a t e 
amounts of cy a n i d e and h y d r o x i d e were added t o the m i c r o e m u l s i o n 
sample w i t h i n 10 minutes o f run n i n g a r e a c t i o n . Cyanide concen
t r a t i o n v a r i e d between 0.02 and 0.08 M w i t h r e s p e c t t o the water 
c o n t e n t . S u b s t r a t e was i n j e c t e d v i a a U n i m e t r i c s model 1050 
s y r i n g e d i r e c t l y i n t o a known volume o f the μΕ-nucleophile 
m i x t u r e i n a 1.0 cm UV qu a r t z c e l l . Absorbance a t 340 nm was 
f o l l o w e d as a f u n c t i o n of time on a P e r k i n - E l m e r model 320 
spectrophotometer a t 25.0 + 0.3°C. Sin c e the i n i t i a l b u l k con
c e n t r a t i o n of s u b s t r a t e was 10 M, cya n i d e was always p r e s e n t i n 
c o n s i d e r a b l e excess. 

The r e a c t i o n i s r e v e r s i b l e (12-13). However, i t was p o s s i b l e 
t o m o n i t o r a p p r o x i m a t e l y 60 pe r c e n t of the r e a c t i o n w i t h o u t any 
s i g n i f i c a n t c o n t r i b u t i o n from the r e v e r s e r e a c t i o n . At most μΕ 
c o m p o s i t i o n s , i n f i n i t e - t i m e absorbance r e a d i n g s c o u l d be o b t a i n e d 
by the a d d i t i o n o f s m a l l amounts o f s o l i d KCN. For those 
c o m p o s i t i o n s which c o u l d not be f o r c e d t o c o m p l e t i o n , the average 
v a l u e of the a v a i l a b l e f i n a l ( i n f i n i t e time) absorbance measure
ments i n the μΕ system was used w i t h o n l y a s m a l l decrease i n the 
a c c u r a c y of th e r e s u l t s . I t i s known t h a t rearrangement (12-13) 
o r h y d r o l y s i s (14) of the product ( I I ) may occur i n v a r i o u s media. 
I n our e x p e r i m e n t s , however, these secondary r e a c t i o n s d i d not 
i n t e r f e r e w i t h o b s e r v a t i o n of the r e a c t i o n of i n t e r e s t over the 
time span i n v o l v e d . A l s o , h y d r o x i d e was not found t o r e a c t 
a p p r e c i a b l y w i t h the s u b s t r a t e ( I ) a t the c o n c e n t r a t i o n s employed. 

As a check on the method, t h e r e a c t i o n was run i n aqueous CTAB 
m i c e l l e s . The r e s u l t s o b t a i n e d were i n agreement (+ 5%) w i t h 
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those p r e v i o u s l y r e p o r t e d 02, 15 ) . I t shoul d a l s o be noted t h a t 
the molar e x t i n c t i o n c o e f f i c i e n t which corresponds to our i n -
f i n i t e - t j m e _ a b s o r p t i o n measurements i n the above CTAB 
(7100 M cm ) and B r i j (6900 M _ 1cm" ) μΕ systems corresponds 
c l o s e l y t o the e x t i n c t i o n c o e f f i c i e n t (7120 M~ 1cm~ 1) o b t a i n e d f o r 
the h e x a d e c y l a n a l o g of ( I I ) i n CTAB m i c e l l e s ( 1 5 ) . 

At each c o m p o s i t i o n , a t l e a s t t h r e e s e p a r a t e runs were 
performed. I n most c a s e s , the r e p o r t e d r a t e c o n s t a n t i s the 
average of f o u r t o f i v e runs and up to e i g h t runs were c a r r i e d 
out a t some c o m p o s i t i o n s . I n a l l c a s e s , the (n-1) s t a n d a r d 
d e v i a t i o n was l e s s than 15%, and most o f t e n 10% o r l e s s . 

E f f e c t of I o n i c S t r e n g t h . Both μΕ systems were examined f o r 
i o n i c s t r e n g t h e f f e c t s
a t 70% water, w i t h a cy a n i d
r e s p e c t t o the water c o n t e n t . Potassium bromide was used t o v a r y 
the i o n i c s t r e n g t h of the r e a c t i o n m i x t u r e s . I o n i c s t r e n g t h i n 
the CTAB μΕ was v a r i e d from 0.04 t o 0.34. S i n c e the B r i j μΕ 
t o l e r a t e d a much h i g h e r s a l t c o n c e n t r a t i o n w i t h o u t phase s e p a r a 
t i o n , i o n i c s t r e n g t h i n t h a t system was v a r i e d between 0.04 and 
I . 80. As w i l l be seen, the B r i j system e x h i b i t s a s a l t e f f e c t , 
w h i l e the CTAB μΕ does n o t . Rate c o n s t a n t s o b t a i n e d f o r r e a c t i o n 
(1) i n the B r i j μΕ were t h e r e f o r e c o r r e c t e d t o take i n t o account 
the e f f e c t of i o n i c s t r e n g t h i n t h a t system ( v i d e i n f r a ) . 

R e s u l t s 

K i n e t i c s . W i t h n u c l e o p h i l e p r e s e n t i n l a r g e e x c e s s , p s e u d o - f i r s t -
o r d e r r a t e c o n s t a n t s were o b t a i n e d f o r r e a c t i o n (1) i n both μΕ 
systems employed. As a l r e a d y noted, the r e v e r s e and the p o s s i b l e 
s u c c e s s i v e r e a c t i o n s d i d not i n t e r f e r e w i t h o b s e r v a t i o n of the 
r e a c t i o n o f i n t e r e s t over t h e observed time span. The l e v e l s of 
hy d r o x i d e i o n employed h e l d t h e pH i n the r e a c t i o n m i x t u r e s a t 
I I . 8 o r g r e a t e r , thus i n s u r i n g e s s e n t i a l l y complete i o n i z a t i o n 
w i t h o u t i t s e l f p r o d u c i n g any s i g n i f i c a n t r e a c t i o n . 

The r e a c t i o n i s second o r d e r o v e r a l l . The second o r d e r r a t e 
c o n s t a n t c o r r e c t e d f o r phase d i s t r i b u t i o n of c y a n i d e i o n , i s 
g i v e n by k^/(CN~)^, where k^ i s t h e observed p s e u d o - f i r s t - o r a e r 
r a t e c o n s t a n t and (CN ) i s the c o n c e n t r a t i o n of cy a n i d e i o n w i t h 
r e s p e c t t o the water c o n t e n t . P o l a r o g r a p h i c d a t a on the N-
dodecyl-3-carbamoyl p y r i d i n i u m i o n i n μΕ shows t h a t the s u b s t r a t e 
i s c o m p l e t e l y a s s o c i a t e d w i t h the hydrophobic r e g i o n ( 1 8 ) , making 
i t unnecessary to c o n s i d e r t h e e f f e c t o f phase d i s t r i b u t i o n o f 
s u b s t r a t e on the measured r e a c t i o n r a t e . The k i n e t i c r e s u l t s a r e 
summarized i n Tab l e I . The m i c r o e m u l s i o n c o m p o s i t i o n i s expressed 
as phase volume φ = 1 - wg, where w i s the weight f r a c t i o n o f 
water and g i s the s p e c i f i c g r a v i t y of the μΕ. 
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T a b l e I . Phase volume c o r r e c t e d second o r d e r r a t e c o n s t a n t s 
0^2ά) a s a f u n c t i o n °f phase volume (φ) f o r the 
r e a c t i o n o f cyan i d e w i t h N-dodecyl-3-carbamoyl-
p y r i d i n i u m i o n i n CTAB and B r i j 96 mi c r o e m u l s i o n s 

Φ CTAB a B R I J b 

0.73 0.067 1.10 
0.63 0.077 0.67 
0.53 0.094 0.67 
0.43 0.13 0.55 
0.32 0.18 0.54 
0.23 0.29 0.53 

a. M s Average s t a n d a r d d e v i a t i o n + 10%. 
u M " 1 -1 b. M s Average s t a n d a r d d e v i a t i o n + 12%. 

As expected, ^2(k^nclce8ises D Y a f a c t o r of 4 w i t h d e c r e a s i n g 
phase volume i n the CTAB μΕ over the c o m p o s i t i o n range s t u d i e d 
( F i g u r e 1 ) . I n the B r i j system k^^ q u i c k l y becomes a p p r o x i m a t e l y 
l i n e a r ( w i t h i n e x p e r i m e n t a l a c c u r a c y ) a t the v a r i o u s c o m p o s i t i o n s . 
An anomalously h i g h v a l u e i n the B r i j μΕ oc c u r s a t φ = 0.72. I n 
t h i s h i g h - e m u l s i f i e r r e g i o n , however, the μΕ may have a d i f f e r e n t 
s t r u c t u r e . 

The average r a t e c o n s t a n t i n the n o n i o n i c μΕ i s , however, 
c o n s i d e r a b l y h i g h e r than a l l the r a t e c o n s t a n t s i n the c a t i o n i c 
system, r a t h e r than lower. As d i s c u s s e d above, t h i s i s due t o 
the e f f e c t of i o n i c s t r e n g t h on the r e a c t i o n r a t e and a c o r r e c t i o n 
must be made f o r i t i f a m e a n i n g f u l comparison o f the d a t a i s to 
be made. The dependence of the r a t e c o n s t a n t k^. on the i o n i c 
s t r e n g t h ( I ) i s shown i n f i g u r e 2. W i t h i n e x p e r i m e n t a l e r r o r , 
- l o g k«, =0.78 1 + 0 . 1 6 . I n o r d e r t o e s t i m a t e the v a l u e o f I 
to employ f o r the c o r r e c t i o n , i t was assumed t h a t the r e a c t i o n 
took p l a c e i n an o u t e r s h e l l (e.g. S t e r n L a y e r ) of t h i c k n e s s s 
u s i n g a d r o p l e t r a d i u s of 34A and c o r r e c t e d f o r t h e f r a c t i o n of 
f r e e c o u n t e r i o n a. The v a l u e of I thus o b t a i n e d v a r i e d w i t h 
water content s i n c e α v a r i e s w i t h φ. However, the v a r i a t i o n was 
not s i g n i f i c a n t , and an average v a l u e of I of 3.0 (s = 4A) and 
6.0 (s = 2A) was^usjd. The c o r r e c t e d v a l u e s of k2 (j ) f o r B r i j were 
0.03 and 0.01 M~ s"~ r e s p e c t i v e l y ( F i g u r e 1 ) . 

R e a c t i o n models. The e f f e c t i v e s u r f a c e p o t e n t i a l s (ψ.) as d e f i n e d 
by e q u a t i o n (2) a r e g i v e n i n Table I I , a l o n g w i t h the v a l u e s of a. 
The v a l u e s of ψψ f o r the r e a c t i o n of p - n i t r o p h e n y l d i p h e n y l 

Ί^φ ( C T A B ) / k ^ ( B r i j , c o r r e c t e d ) = exp (βψψ/kT) (2) 
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• 8 h 

.4 -6 

phase volume (0) 

F i g u r e 1. Phase volume c o r r e c t e d r a t e c o n s t a n t (^φ) v.s* 
phase volume (φ) f o r the N - d o d e c y l n i c o t i n a m i d e - c y a n i d e r e a c t i o n 
i n (a) B r i j μΕ and (b) CTAB μΕ. Curves (c) and (d) are the i o n i c 
s t r e n g t h c o r r e c t e d B r i j r a t e c o n s t a n t s f o r S t e r n l a y e r t h i c k n e s s e s 
of 4A and 2A, r e s p e c t i v e l y ( v i d e t e x t ) . 
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phosphate (PNDP) are a l s o p r e s e n t e d f o r purposes of comparison. 
I t i s imm e d i a t e l y e v i d e n t t h a t the v a l u e s of ψφ u s i n g s = 4A f o r 

Tabl e I I . E f f e c t i v e s u r f a c e p o t e n t i a l (ψ.) and degree of 
d i s s o c i a t i o n (a) as a f u n c t i o n o f phase volume (φ) 

_φ or (CN ) b > C 

.63 .10 48 

.53 .12 53 

.43 .14 66 

.32 .16 76 

.23 .18 8

( C N ~ ) b > d (OH ) e (F ) e 

20 26 30 
25 30 33 
38 34 36 
48 41 43 
60 49 54 

a. r e f e r e n c e 18. 
b. s u b s t r a t e N-dodecyl-3-carbamoyl p y r i d i n i u m bromide, 

(ψ. i n mV. + 2 2 % ) . 
c. s $ 2A°. 
d. s = 4A°. 
e. s u b s t r a t e PNDP (ψφ i n mV, + 20 % ) . 

cyan i d e are comparable t o those f o r f l u o r i d e and h y d r o x i d e , and 
thus c o n s i s t e n t w i t h the ESP model. The v a l u e s f o r s = 2A a r e 
h i g h e r , as would be expected based on the IE model. A d d i t i o n a l 
i n s i g h t may be o b t a i n e d from an attempt t o f i t the d a t a t o 
e q u a t i o n ( 3 ) , o b t a i n e d from the m i c r o e m u l s i o n IE model (8). 

Here, Κ, = Κ (1-α)/α, kT/e = 25.6 mV at 25°C, and a l l o t h e r 
symbols have t h e i r p r e v i o u s l y d e f i n e d meanings. A p l o t of ψ, vs 
I n [ (1-φ)/<$[κ./(1+Κ.)J u s i n g the d a t a i n Table I I i s shown i n 
F i g u r e 3 f o r t h r e e d i f f e r e n t v a l u e s of K T£. The v a l u e s of the 
s l o p e and the v a l u e of s c a l c u l a t e d from'the i n t e r c e p t u s i n g the 
t h e o r e t i c a l s l o p e of 25.6 mV and a r a d i u s of 34A a r e g i v e n i n 
Tabl e I I I . 
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Table I I I . Values of the slope and react ion region thickness (s) 
f o r the values of Κ from f i g u r e 3. 

K I E Slope (mv) Thi c k n e s s ( A ) b 

S = 2A S = 4A 
0.1 34 0o4 1.1 
1.0 26 1.0 3.0 

10 25 1.2 3.5 

a. Κ τ τ ? = (CN~V 
IE v ' f r e e <Br"> S t e m 7 <CN~> S t e m < B r">free 

b. Determined using values of  obtained from the i o n i c 
strength corrected B r i
assuming a thickness s = 2A or 4A. 

The v a l u e s of s o b t a i n e d from t h e h i g h e r s e t of ψ, v a l u e s 
a r e u n r e a l i s t i c a l l y s m a l l . The v a l u e s of the s l o p e and s f o r 
Κ = 1 u s i n g the lower ψ, v a l u e s a r e a c c e p t a b l e , but a g a i n t h i s 
s e t of ψφ v a l u e s i s a l s o i n a c c o r d w i t h t h e ESP model. 

The major d i f f i c u l t y h e r e i s of course t h e i o n i c s t r e n g t h 
e f f e c t ο I t i s c l e a r t h a t a r e a s o n a b l y d e f i n i t i v e t e s t o f t h e 
model w i l l r e q u i r e a r e a c t i o n which (a) i s r e l a t i v e l y i n s e n s i t i v e 
t o i o n i c s t r e n g t h and (b) can employ the same o i l s o l u b l e sub
s t r a t e w i t h r e a c t a n t i o n s of w i d e l y v a r y i n g Κ , p r e f e r a b l y over 
two o r d e r s o f magnitude. I t s h o u l d be noted t h a t the p y r i d i n i u m 
i o n s u b s t r a t e i s more water s o l u b l e than the e s t e r , and i n a d d i 
t i o n has a p o s i t i v e charge. T h i s may r e s u l t i n the p r o t r u s i o n o f 
p a r t of t h e head group out of the S t e r n l a y e r , w h i ch i n t u r n 
means t h a t the n u c l e o p h i l e c o n c e n t r a t i o n s h o u l d be governed by t h e 
ESP model. There i s precedent f o r t h i s t ype of b e h a v i o r i n t h e 
r e a c t i o n of an a l k y l a t e d p y r i d i n e d e r i v a t i v e w i t h h y d r o x i d e i n an 
a n i o n i c system ( 1 9 ) . A n e u t r a l , o i l s o l u b l e s u b s t r a t e such as 
the e s t e r may be more l i k e l y t o r e a c t i n the S t e r n l a y e r . T h i s 
i s i l l u s t r a t e d i n F i g u r e 4. There may a l s o be s u b s t r a t e -
n u c l e o p h i l e systems which a r e d i s t r i b u t e d such t h a t they e x h i b i t 
b e h a v i o r i n t e r m e d i a t e between the two extremes o f the IE and ESP 
models. 
C o n c l u s i o n 
The r a t e c o n s t a n t s f o r the r e a c t i o n o f N-dodecyl-3-carbamoyl-
p y r i d i n i u m i o n w i t h c y a n i d e i n b o t h c a t i o n i c and n o n i o n i c o/w 
mic r o e m u l s i o n s have been measured as a f u n c t i o n o f phase volume 0 

Added s a l t has no e f f e c t i n t h e c a t i o n i c system, but the r a t e 
c o n s t a n t s i n the n o n i o n i c system depend upon i o n i c s t r e n g t h as 
would be expected f o r a r e a c t i o n between two i o n s D I n ord e r t o 
compare t h e two m i c r o e m u l s i o n s , the i o n i c s t r e n g t h i n the r e a c t i o n 
r e g i o n has been e s t i m a t e d u s i n g t h i c k n e s s e s of 2-4A. The former 
produces v a l u e s of the e f f e c t i v e s u r f a c e p o t e n t i a l which y i e l d 
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J I N T E R P H A S E { A Q U E O U S 

Figure 4 Q Schematic diagram i l l u s t r a t i n g the attack of an anionic 
nucleophile on a substrate located i n an i n t e r f a c e with a net 
p o s i t i v e charge, where the attack occurs (a) i n the Stern layer 
or (b) i n the double l a y e r . 
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s m a l l s v a l u e s , w h i l e the l a t t e r y i e l d r e a s o n a b l e s v a l u e s but 
are a l s o i n a c c o r d w i t h the ESP model. I t must be concluded t h a t 
a t p r e s e n t t h e r e i s no c o m p e l l i n g e v i d e n c e i n f a v o r of the IE 
model. D e f i n i t i v e experiments must u t i l i z e t he employment of 
s u b s t r a t e - n u c l e o p h i l e c o m b i n a t i o n s which meet t h e c r i t e r i a 
d i s c u s s e d above. 
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13 
Interactions of Nonionic Polyoxyethylene Alkyl 
and Aryl Ethers with Membranes and Other 
Biological Systems 

A L E X A N D E R T. F L O R E N C E , I A N G. TUCKER1, and K E N N E T H A. WALTERS 2 

Department of Pharmacy, University of Strathclyde, Glasgow G1 1XW, Scotland 

Many nonionic surfactants of the poly(oxyethylene) 
alkyl and aryl ethe  clas  interact with biological 
membranes increasin
increased trans-membran  transport
mechanisms of such effects are not fully understood. 
Studies of the interaction of homologous series of 
nonionic surfactants (varying either in hydrophobic 
or hydrophilic chain length) with a variety of 
biological substrates, reviewed here, indicate there 
to be an optimal lipophilicity for maximal membrane 
activity. Problems with the hydrophile-lipophile 
balance (HLB) as an index of lipophilicity result from 
the structural non-specificity of this value. The 
biological effects of surfactants are concentration 
dependent and structure dependent. In many cases C12 
hydrocarbon chain compounds appear to exert maximal 
effects and in all series a parabolic relationship 
between membrane activity and lipophilicity is observed. 
The effects are complex resulting from penetration of 
the membrane, its fluidization and, at high surfactant 
concentrations, solubilization of structural components. 

Many formulated food and pharmaceutical products contain nonionic 
surfactants as emulsifiers, suspending, wetting or solubilizing 
agents (_1 ). As nonionic surface active agents may have intrinsic 
biological activity or may influence the bioligical activity 
of other molecules the optimisation of formulations cannot 
be carried out without consideration of the biological 
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2Current address: Fisons Pharmaceuticals plc, Loughborough, England 
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p r o p e r t i e s o f the s u r f a c t a n t s and indeed the whole f o r m u l a t i o n . 
I t has been r e c o g n i s e d f o r some time (see f o r example 

r e f e r e n c e 1 ) , t h a t s u r f a c t a n t s can i n c r e a s e the r a t e and e x t e n t 
o f t r a n s p o r t o f s o l u t e m olecules through b i o l o g i c a l membranes 
by f l u i d i s a t i o n o f the membrane. I t i s o n l y r e c e n t l y , however, 
t h a t s u f f i c i e n t work has been c a r r i e d out t o a l l o w some a n a l y s i s 
o f s t r u c t u r e - a c t i o n r e l a t i o n s h i p s . In t h i s overview an attempt 
i s made, by r e f e r e n c e t o our own work and t o work i n the 
l i t e r a t u r e , t o d e f i n e those s t r u c t u r a l f e a t u r e s i n p o l y o x y e t h y l e n e 
a l k y l and a r y l e t h e r s which g i v e r i s e t o b i o l o g i c a l a c t i v i t y , 
e s p e c i a l l y as i t i s m a n i f e s t e d i n i n t e r a c t i o n s w i t h biomembranes 
and subsequent i n c r e a s e i n the t r a n s p o r t o f drug m o l e c u l e s . 
T h i s paper i s l a r g e l y c o n f i n e d t o the a l k y l and a r y l p o l y o x y e t h y 
l e n e e t h e r s , as these form s e r i e s v a r i a b l e i n both hydrophobic 
and h y d r o p h i l i c c h a i n l e n g t h  w i t  minima
s t r u c t u r a l v a r i a t i o n . 

S t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s are g e n e r a l l y a p p l i e d i n 
the p h a r m a c e u t i c a l s c i e n c e s t o drug m o l e c u l e s . The v a l u e o f any 
s t r u c t u r e - a c t i v i t y c o r r e l a t i o n i s determined by the p r e c i s i o n o f 
the b i o l o g i c a l d a t a . So i t i s w i t h s t u d i e s o f the i n t e r a c t i o n 
o f n o n i o n i c s u r f a c t a n t s and biomembranes. A n a l y s i s o f r e s u l t s 
i s c o m p l i c a t e d by the d i f f i c u l t y i n o b t a i n i n g d ata i n which one 
can d i s c e r n s m a l l d i f f e r e n c e s i n the a c t i v i t y o f c l o s e l y r e l a t e d 
compounds, due t o i ) b i o l o g i c a l v a r i a b i l i t y i n t i s s u e s and 
a n i m a l s , i i ) p o t e n t i a l d i f f e r e n t i a l metabolism o f the s u r f a c t a n t s 
i n a homologous s e r i e s ( 2 ) , i i i ) k i n e t i c and dynamic f a c t o r s 
such as d i f f e r e n t r a t e s o f a b s o r p t i o n o f members o f the 
s u r f a c t a n t homologous s e r i e s (2) and i v ) the t y p i c a l l y b i p h a s i c 
c o n c e n t r a t i o n dependency o f n o n i o n i c s u r f a c t a n t a c t i o n (3_). 
Few, i f any, o f the s t u d i e s o f the b i o l o g i c a l p r o p e r t i e s o f 
n o n i o n i c s u r f a c t a n t s have been c a r r i e d out w i t h p u r i f i e d non
i o n i c p o l y ( o x y e t h y l e n e ) e t h e r s , r e n d e r i n g comparison o f work 
from d i f f e r e n t l a b o r a t o r i e s somewhat d i f f i c u l t . N e v e r t h e l e s s 
i t i s c l e a r from t h e work reviewed here t h a t i n homologous 
s e r i e s o f s u r f a c t a n t s w i t h c o n s t a n t e t h y l e n e o x i d e c h a i n l e n g t h , 
t h e r e w i l l be found an o p t i m a l hydrocarbon c h a i n l e n g t h f o r 
b i o l o g i c a l a c t i v i t y , most o f t e n C\2> and g i v e n a c o n s t a n t 
hydrophobic c h a i n l e n g t h , an o p t i m a l h y d r o p h i l i c c h a i n l e n g t h 
w i l l be observed. ( F i g u r e l a , b ) . As i n most work on s t r u c t u r e -
a c t i v i t y r e l a t i o n s h i p s o f drug s e r i e s a p a r a b o l i c a c t i v i t y 
c urve i s a l s o o b t a i n e d w i t h n o n i o n i c s u r f a c t a n t s e r i e s , 
( F i g u r e l c ) , so i t appears t h a t data on s u r f a c t a n t a c t i v i t y f i t s 
c o n v e n t i o n a l wisdom. However, w i t h drug molecules i n c r e a s i n g 
b i o l o g i c a l a c t i v i t y i s always found w i t h i n c r e a s i n g l i p o p h i l i c i t y 
( l o g P) u n t i l beyond the maximum ( l o g P 0 ) a decrease i n a c t i v i t y 
i s brought about by l i m i t a t i o n s i n s o l u b i l i t y , p r o t e i n b i n d i n g , 
drug a s s o c i a t i o n e t c . Not a l l o f the s u r f a c t a n t s c o n s i d e r e d i n 
t h i s paper are f r e e l y s o l u b l e , e.g. the E2 d e r i v a t i v e s are 
d i s p e r s i b l e a t the 0.1% l e v e l , and C i ^ E i O and C I Q E ^ Q have 
s o l u b i l i t i e s below 1%. 
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A Β secobarbitone C ^ E X 

C 2 6 10 % 20 60 x ^ 

log Ρ 

Figure 1. 

a) The effect of hydrocarbon chain length of (left) 

1% ε χ Ε ^ 0 and (right) 1% £ χ Ε 2 ο on paraquat transport 

through isolated rabbit gastric mucosa. (Walters, 

Dugard and Florence, 1981). 

b) The increase in the absorption of secobarbital in 

goldfish in the presence of 0.1% £ ^ Ε χ alkyl ethers 

as a function of ethylene oxide chain length, x. 

(Walters, Florence and Dugard, 1982a). 

c) An idealised log (activity) - log Ρ profile 

showing optimal biological activity at a partition 

coefficient of Ρ . 
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However the r e d u c t i o n i n b i o l o g i c a l a c t i v i t y w i t h i n c r e a s i n g 
hydrocarbon c h a i n l e n g t h beyond the optimum ( F i g u r e l a ) and the 
i n c r e a s e i n b i o l o g i c a l a c t i v i t y on i n i t i a l l y i n c r e a s i n g the 
h y d r o p h i l i c n a t u r e o f the s u r f a c t a n t s ( F i g u r e l b ) r e q u i r e s 
e l u c i d a t i o n , e s p e c i a l l y a t lower c o n c e n t r a t i o n s . 

S t u d i e s w i t h homologous s e r i e s o f a l k y l and a r y l p o l y o x y e t h y l e n e 
e t h e r s 

In t h i s s e c t i o n s e v e r a l r e c e n t l y p u b l i s h e d s t u d i e s on the 
i n t e r a c t i o n o f n o n i o n i c s u r f a c t a n t s w i t h a v a r i e t y o f b i o l o g i c a l 
systems, i n c l u d i n g enzymes, b a c t e r i a , e r y t h r o c y t e s , l e u k o c y t e s , 
membrane p r o t e i n s , low d e n s i t y l i p o p r o t e i n s and membranes 
c o n t r o l l i n g a b s o r p t i o n from the g a s t r o i n t e s t i n a l t r a c t , n a s a l 
and r e c t a l c a v i t i e s , w i l
account, work ha v i n g bee
a c t i v i t y r e l a t i o n s h i p s

Reference w i l l be made t o the h y d r o p h i l e - l i p o p h i l e balance 
(HLB) o f the s u r f a c t a n t s s t u d i e d as a convenient index o f 
h y d r o p h i l i c i t y . E a r l y attempts t o observe c o r r e l a t i o n s between 
a c t i v i t y and HLB i n c l u d e those by Marsh and Maurice (4^) and 
F l o r e n c e and G i l l a n (_5, 6) . Marsh and Maurice found t h a t the 
compounds most e f f i c i e n t i n e f f e c t i n g i n c r e a s e d p e n e t r a t i o n o f 
f l u o r e s c e i n i n t o the a n t e r i o r chamber o f the eye had HLB v a l u e s 
i n the range 16-17, but s e v e r a l s u r f a c t a n t s w i t h HLB numbers 
i n t h a t range were i n a c t i v e or p o o r l y a c t i v e . F l o r e n c e and 
G i l l a n (_5) proposed from work on the g o l d f i s h ( C a r a s s i u s 
a u r a t u s ) g i l l membrane t h a t " b u l k y " s u r f a c t a n t s had low membrane 
a c t i v i t y and suggested t h a t t h e r e might be a p h y s i c a l b l o c k i n g 
mechanism as a r e s u l t o f the a d s o r p t i o n a t the membrane s u r f a c e 
o f l o n g c h a i n e t h y l e n e o x i d e d e r i v a t i v e s . 

The d i f f i c u l t y w i t h HLB as an index o f p h y s i c o c h e m i c a l 
p r o p e r t i e s i s t h a t i t i s not a unique v a l u e , as the data o f 
Z a s l a v s k y et a l . (7) on the h a e m o l y t i c a c t i v i t y o f t h r e e 
a l k y l mercaptan p o l y o x y e t h y l e n e d e r i v a t i v e s c l e a r l y show i n 
Table 1. N e v e r t h e l e s s data on promotion o f the a b s o r p t i o n o f 
drugs by s e r i e s o f n o n i o n i c s u r f a c t a n t s , when p l o t t e d as a 
f u n c t i o n o f HLB do show p a t t e r n s o f behaviour which can a s s i s t 
i n p i n - p o i n t i n g the neces s a r y l i p o p h i l i c i t y r e q u i r e d f o r o p t i m a l 
b i o l o g i c a l a c t i v i t y . I t i s e v i d e n t however, t h a t s t r u c t u r a l 
s p e c i f i c i t y p l a y s a p a r t i n i n t e r a c t i o n s o f n o n i o n i c s u r f a c t a n t s 
w i t h biomembranes as shown i n Table 1. I t i s rea s o n a b l e t o 
assume t h a t membranes w i t h d i f f e r e n t l i p o p h i l i c i t i e s w i l l " r e q u i r e " 
s u r f a c t a n t s o f d i f f e r e n t HLB t o a c h i e v e p e n e t r a t i o n and 
f l u i d i z a t i o n ; one o f the d i f f i c u l t i e s i n d i s c e r n i n g t h i s o p t i m a l 
v a l u e o f HLB r e s i d e s i n the problems o f a n a l y s i s o f data i n the 
l i t e r a t u r e . For example, H i r a i et_ al_. (8) examined the 
e f f e c t o f a l a r g e s e r i e s o f a l k y l p o l y o x y e t h y l e n e e t h e r s ( 0 4 , 0 3 , 
C-̂ 2 and s e r i e s ) on the a b s o r p t i o n o f i n s u l i n through the n a s a l 
mucosa o f r a t s . Some r e s u l t s are shown i n Table I I . 
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Table I . Haemolytic a c t i v i t y o f some n o n i o n i c s u r f a c t a n t s 

R S (0CH oCH o: ) OH m 2 2 η 
m η HLB C* 

8 8 12.6 10.7 
10 10 12.6 30.0 
12 12 12.6 2.9 

from B. Yu Z a s l a v s k y et_ ELL. (1978) Biochim.Biophys.Acta,507,1. 
^"concentration r e q u i r e d t o produce 50% haemolysis compared w i t h 
c o n c e n t r a t i o n o f s t a n d a r d R i 2 ^ (0CH2CH2)7.8n-H r e q u i r e d t o do the 
same. 

Table I I . E f f e c t o f 1% n o n i o n i c s u r f a c t a n t s on n a s a l 
a b s o r p t i o n o f i n s u l i n i n r a t s 

S u r f a c t a n t HLB η D%* 
C o n t r o l - 6.0 ± 0.9 

C 1 2 E 5 8.6 5 59.3 - 3.0 
C Ε 12 9 11.5 9 60.9 - 2.9 
C Ε 12.1 4 63.3 ΐ 2.5 
12 10 

12.1 
C Ε 12 20 15.5 5 50.8 - 2.3 

C 1 6 E 5 7.2 4 13.5 ± 3.6 
C Ε 16 10 10.6 4 64.0 - 1.3 
C Ε 16 20 14.1 4 54.6 - 2.4 

from S. H i r a i e t a l . I n t . J . Pharmaceutics, 1981, 9, 165. 
*D i s the percentage decrease i n g l u c o s e l e v e l s , η = number of 
experiments. 

In the Cjo s e r i e s optimum a c t i v i t y i s seen w i t h the Cj^io 
compound ( H L B 12.1), whereas i n the Cj_£ s e r i e s the peak a c t i v i t y 
i s a c h i e v e d w i t h C^^E-^Q whose HLB i s o n l y 10.6. T h i s might be 
e x p l a i n e d by the f a c t t h a t the C ^ E ^ compound w i t h an HLB o f 
12.8 was not i n c l u d e d i n the s t u d y . These data when combined 
produces i m p r e s s i v e c o r r o b o r a t i o n o f the p r e v i o u s l y suggested 
p a r a b o l i c behaviour (see F i g u r e 2 ) . 

R e s u l t s w i t h some e s t e r s are i n c l u d e d i n F i g u r e 2. The 
a c t i v i t y o f the e s t e r s i s g e n e r a l l y lower p o s s i b l y due t o t h e i r 
r a p i d metabolism ( h y d r o l y s i s ) i n the mucosal l a y e r . A l s o i t i s 
e v i d e n t on c l o s e examination o f the data t h a t (as w i t h the data 
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HLB 
Figure 2. 

Relationship between HLB values of nonionic surfactant 

ethers and esters and the nasal absorption of insulin 

(10U/kg) in rats measured as a percentage reduction (D) 

in glucose levels from 0-4h. Surfactant applied at a 

concentration of 1%. § ethers, 0 esters. Data 

redrawn from Hirai et a l . (1982a) as mean datum points 
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o f Marsh and Maurice (4) some apparent anomalies occur i n the 
e t h e r s e r i e s . The l o w ~ a c t i v i t y o f two s u r f a c t a n t s w i t h HLB 
v a l u e s o f 13.7 and 16.8 r e p r e s e n t C4 compounds w i t h s h o r t 
e t h y l e n e o x i d e c h a i n s ; t h i s i s i n agreement w i t h the p r e v i o u s l y 
demonstrated l a c k o f a c t i v i t y o f s h o r t hydrocarbon c h a i n analogues. 
( F i g u r e 1 ) . 

The promotion o f i n s u l i n a b s o r p t i o n from the r e c t a l c a v i t y 
has been s t u d i e d by To u i t o u et_ a l . ( 9 ) . F i g u r e 3 i l l u s t r a t e s 
the marked i n f l u e n c e o f e t h y l e n e o x i d e c h a i n l e n g t h i n the C12 
s e r i e s and o f a l k y l c h a i n l e n g t h i n the C X E Q s e r i e s . T h i s 
s t r i k i n g d emonstration o f the s t r u c t u r a l dependence o f a c t i v i t y 
i s i n d i c a t e d w i t h the l o s s o f a c t i v i t y when the C12E25 a r , d C12E40 
compounds are used. Here C12E9 appears t o be the most a c t i v e 
o f the s e r i e s i n promoting i n s u l i n a b s o r p t i o n , a l t h o u g h time 
dependent e f f e c t s make i
compound (C16E9) i s mor
d i f f e r e n c e s i n the r a t e o f a b s o r p t i o n and i n t e r a c t i o n . 

S e v e r a l s t u d i e s i n d i c a t e the s p e c i a l n a t u r e o f the dod e c y l 
c h a i n i n i n t e r a c t i o n s w i t h a v a r i e t y o f biomembranes: Z a s l a v s k y ' s 
(7_) data on the haemolysis caused by a l k y l e t h e r s , our own 
data (10) on the a b s o r p t i o n o f paraquat by g a s t r i c mucosa, 
W a l t e r s and O l e j n i k ' s (11) d a t a on methyl n i c o t i n a t e t r a n s f e r 
through h a i r l e s s mouse s k i n . A l l i n d i c a t e maximal a c t i v i t y 
r e s i d i n g w i t h the C42 e t h e r . Not o n l y do the l a t t e r two s t u d i e s 
i n d i c a t e a f a l l i n g o f f i n e f f e c t i v e n e s s as the c h a i n l e n g t h 
i s i n c r e a s e d t o Ci£ and C i 8 but they a l s o i n d i c a t e t h a t the 
o l e y l ( u n s a t u r a t e d c h a i n ) e t h e r s are more a c t i v e than t h e i r 
s a t u r a t e d analogues. 

In some b i o l o g i c a l systems n o n i o n i c s u r f a c t a n t s have an 
i n t r i n s i c b i o l o g i c a l a c t i v i t y ; the C12 a l k y l e t h e r s were too 
t o x i c t o be used i n the experiments o f drug a b s o r p t i o n w i t h 
g o l d f i s h . The a c t i v i t y o f the C42 e t h e r s was q u a n t i f i e d by 
measurement o f the f i s h t u r n o v e r t i m e , T. When the r e c i p r o c a l 
o f the t u r n o v e r time i s p l o t t e d a g a i n s t a l k y l c h a i n l e n g t h f o r 
the s e r i e s C X and E^Q and Cj2 compound i s d i s t i n g u i s h e d by i t s 
marked e f f e c t . ( 1 2 ) . 

In a l l o f these data what r e q u i r e s e x p l a n a t i o n i s the 
e f f e c t i v e n e s s o f the dod e c y l c h a i n , the d e c r e a s i n g a c t i v i t y 
w i t h i n c r e a s i n g e t h y l e n e o x i d e c h a i n l e n g t h above E10-14 the 
i n c r e a s e i n a c t i v i t y when we move from a very hydrophobic 
s u r f a c t a n t w i t h s h o r t e t h y l e n e o x i d e c h a i n t o the optimum, 
and the decrease i n a c t i v i t y w i t h i n c r e a s i n g l i p o p h i l i c i t y o f 
compounds w i t h a l k y l c h a i n l e n g t h s g r e a t e r than C l 2 . 

P e n e t r a t i o n o f the biomembrane i s undoubtedly e s s e n t i a l f o r 
most membrane a c t i v i t y . A r a k i and R i f k i n d (13_) o b t a i n e d e s r 
s p e c t r a o f s t e a r i c a c i d s p i n l a b e l l e d e r y t h r o c y t e membranes i n the 
presence o f d i v e r s e compounds i n c l u d i n g T r i t o n X100, c h l o r p r o m a z i n e 
and g l u t a r a l d e h y d e . The two s u r f a c t a n t s c h l o r p r o m a z i n e and T r i t o n 
X100 both i n c r e a s e the r a t e o f haemolysis and are shown t o i n c r e a s e 
membrane f l u i d i t y . G l u t a r a l d e h y d e as expected decreases f l u i d i t y and 
decreases the r a t e o f h a e m o l y s i s . 
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Figure 3. 

The influence of hydrophilic chain length and alkyl 

chain length of a series of alkyl ethers (Cj^x a r |d ^ χ Ε α 

respectively) on the percentage change in blood glucose 

on administration rectally of insulin with the surfactants. 

The upper plot shows the results 30 minutes after 

administration and the lower plot results after 60 minutes. 

(Redrawn from data in Touitou et̂  al, 1978). 
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S u r f a c t a n t l i p o p h i l i c i t y 

P e n e t r a t i o n o f the s u r f a c t a n t demands a c e r t a i n minimum 
l i p o p h i l i c i t y . P a r t i t i o n i n g o f n o n i o n i c s u r f a c t a n t s i n t o 
s i m p l e o r g a n i c phases has been measured f o r a l i m i t e d range o f 
n o n i o n i c s . Crook e_t al^. '(.14) and Harusawa et_ al_. (JJ?, 16) 
have s t u d i e d the p a r t i t i o n c o e f f i c i e n t s (P) o f homogeneous o c t y l 
phenyl e t h e r s and no n y l phenyl e t h e r s , the former between i s o o c t a n e 
and water a t 25° and the l a t t e r between cyclohexane and water. 
Harusawa et a l . (16.) observe, assuming a l i n e a r r e l a t i o n s h i p 
between l o g Ρ and e t h y l e n e o x i d e c h a i n l e n g t h ( n ) : 

l o g Ρ = 5.19 - 0.418n 
Using t h i s r e l a t i o n s h i p one can c a l c u l a t e l o g Ρ v a l u e s o f the 
n o n y l phenyl e t h o x y l a t e
study on the e f f e c t o f
rh i z o b i u m and B a c i l l u s s u b t i l i s v ar n i g e r and i n t e r a c t i o n w i t h 
d i p a l m i t o y l p h o s p h a t i d y l c h o l i n e liposomes c o n t a i n i n g t r a c e r 
amounts o f 42KC1. R e s u l t s on growth i n h i b i t i o n o f the organisms 
and e f f l u x o f ̂2|< f r o m the liposomes are p l o t t e d as a f u n c t i o n o f 
l o g Ρ i n f i g u r e 4. 

These r e s u l t s are o b t a i n e d w i t h a c o n s t a n t hydrophobic head 
group, whereas most a c t i v i t y - l o g Ρ p l o t s i n b i o l o g i c a l (drug) 
systems are d e r i v e d by v a r i a t i o n o f t h i s head group. The nat u r e 
o f the membrane i n t e r a c t i n g w i t h the s u r f a c t a n t w i l l p l a y a r o l e 
i n d e t e r m i n i n g the o p t i m a l l i p o p h i l i c i t y , l o g P 0; peak a c t i v i t y 
i s noted i n £. r h i z o b i u m a t l o g P 0 = 1.0, i n the liposomes a t 
l o g P 0 = 1.55 and i n B. s u b t i l i s a t 1.90. While such s h i f t s 
can i n d i c a t e the d i f f e r i n g degrees o f hydrophobic nature o f the 
t a r g e t membrane they can a l s o r e f l e c t d i f f e r e n c e s i n the s t r u c t u r e 
o f the b a r r i e r membrane. (18), 

C o n c e n t r a t i o n dependence o f e f f e c t s 

F i g . 5 shows the c o n c e n t r a t i o n dependence o f the e f f e c t o f t h r e e 
a l k y l p o l y o x y e t h y l e n e e t h e r s , Ci£E2, ^IG^IO and Ci£E20, o n the 
a b s o r p t i o n o f s e c o b a r b i t o n e by the g o l d f i s h . The l a t t e r two 
compounds are a c t i v e a t very low temperatures. No obvious change 
i n a c t i v i t y o c c u r s a t 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 o f the 
s u r f a c t a n t s . Other d a t a appended t o the graph a r e the a r e a s / 
molecule o f the s u r f a c t a n t a t the a i r water i n t e r f a c e (27,110 
and 148^2 r e s p e c t i v e l y ) and c a l c u l a t e d l o g Ρ v a l u e s u s i n g T\ v a l u e s 
from Hansch ( 1 9 ) . C a l c u l a t e d v a l u e s are o n l y v a l i d below the 
CMC as Harusawa"1 s (16) data shows. I t must be assumed, 
t h e r e f o r e , t h a t because o f the l a c k o f e f f e c t o f C-j^E2 on t h i s 
system a t any c o n c e n t r a t i o n i n s p i t e o f i t s extreme l i p o p h i l i c i t y , 
a c e r t a i n degree o f a m p h i p a t h i c i t y i s r e q u i r e d f o r a c t i v i t y . T h i s 
may be because the s i t e o f a c t i o n o f the s u r f a c t a n t i s not d i r e c t l y 
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log Ρ 

Figure 4. 

Results of Cserhati et_ al_. (1982) plotted as a function 

of the calculated log Ρ of the surfactants used A) in 

determining the % reduction in growth of # B_. subtilis 

var niqer and 0 £. rhizobium and B) the change in efflux 
42 

of Κ from liposomes prepared from dipalmitoyl 

phosphatidyl choline. 
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concentration (%v*/v) 

Figure 5. 
Concentration dependent effects of surfactants C^^E^, 

^16^10 a n (* ̂ 16^20 o n ^ n e r e c i P r o c a l turnover times 

(Τ \ min ̂ ) of goldfish in the presence of secobarbital 

showing the areas/molecule of the surfactants at the air/ 

water interface and calculated log Ρ values for the 

surfactant molecules. Data from Walters, Florence and 

Dugard, (1982b). 
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on the l i p i d b i l a y e r but may be mediated by a d s o r p t i o n and i n t e r 
a c t i o n w i t h membrane p r o t e i n s . 016^2 -*-s n o w e v e r n°t f r e e l y 
s o l u b l e and i t s d i s p e r s i o n r a t h e r than s o l u t i o n might c o m p l i c a t e 
i n t e r p r e t a t i o n . Tiddy has, i n f a c t , suggested (20) t h a t the 
e x i s t e n c e o f l a m e l l a r mesophases i n s h o r t e t h y l e n e oxide c h a i n 
s p e c i e s might account f o r the low b i o l o g i c a l a c t i v i t y . M i t c h e l l 
e t a l . (21) have s t u d i e d the phase behaviour o f a range o f pure 
C m E n compounds r a n g i n g from C8 to Clé- Whereas n o r m a l l y they 
appear o n l y a t h i g h c o n c e n t r a t i o n s , mesomorphous phases e x i s t 
over a l a r g e c o n c e n t r a t i o n range f o r CI6E4. E x t e n s i v e 1_<̂  phases 
occur o n l y w i t h s u r f a c t a n t s w i t h l e s s than 5 e t h y l e n e o x i d e u n i t s . 
The LQC phase i s extremely s e n s i t i v e t o e t h y l e n e o x i d e c h a i n 
l e n g t h as C12E4 has an e x t e n s i v e l a m e l l a r phase a t 37° w h i l e 
C12E5 does not . The m e l t i n g p o i n t s o f the Lô  phase are shown 
i n F i g u r e 6 as a f u n c t i o
h y d r o p h i l i c c h a i n l e n g t h
dependence here which might w e l  thro  l i g h t o  the i n t e r a c t i o n s 
o f the molecules w i t h the l i p i d b i l a y e r . 

Evidence from s t u d i e s on the p e n e t r a t i o n o f c h o l e s t e r o l 
monolayers by n o n i o n i c s u r f a c t a n t s o f two B r i j s e r i e s suggests 
p e n e t r a t i o n o c c u r s at extremely low c o n c e n t r a t i o n s 
( 2 2 ) , the C12 compounds i n t e r a c t i n g a t lower c o n c e n t r a t i o n s 
than CIQ compounds. ( F i g u r e 7 ) . 

Haemolytic a c t i v i t y and the p e r m e a b i l i t y - e n h a n c i n g a c t i v i t y 
o f n o n i o n i c a l k y l e t h e r s c o r r e l a t e w e l l ( 2 3 ) . 
Ponder i n h i s c l a s s i c work on haemolysis (24) has 
proposed t h a t haemolysis by s u r f a c t a n t s i n v o l v e s v a r i o u s s t a g e s 
v i z , i ) approach o f the s u r f a c t a n t , i i ) c o n t a c t w i t h s u r f a c e i . e . 
a d s o r p t i o n , i i i ) r e o r i e n t a t i o n of the molecule t o a l l o w f i l m 
p e n e t r a t i o n and i v ) "complex" f o r m a t i o n i n the membrane b i l a y e r . 
T h i s complex may e i t h e r remain p a r t o f the a l t e r e d s u r f a c e 
u l t r a s t r u c t u r e or may become detached and s o l u b i l i z e d i n the 
e x t e r n a l phase. A d s o r p t i o n and membrane changes are e s s e n t i a l 
but do not n e c e s s a r i l y f o l l o w . Dahlgren et al_. (25_) used a 
s e r i e s o f f a t t y a c i d ( C 2 - C I Q ) e s t e r s o f p o l y o x y e t h y l e n e g l y c o l 
6000 t o modulate the a c t i v i t y of polymorphonuclear l e u k o c y t e s . 
B i n d i n g f i r s t becomes apparent w i t h the C12 d e r i v a t i v e but as 
expected i n c r e a s e s w i t h i n c r e a s i n g hydrocarbon c h a i n t h e r e a f t e r , 
yet the C14 d e r i v a t i v e was most e f f e c t i v e i n c a u s i n g the r e l e a s e 
o f the s u p e r o x i d e a n i o n , a measure o f the a c t i v a t i o n of c e l l 
metabolism. Superoxide p r o d u c t i o n was n e g l i g i b l e below C12. 

The q u e s t i o n o f o p t i m a l hydrocarbon c h a i n l e n g t h 

In many o f the experiments d e s c r i b e d C12 compounds have g e n e r a l l y 
proved t o be most a c t i v e when a s e r i e s o f s u r f a c t a n t s w i t h 
i d e n t i c a l h y d r o p h i l i c t a i l s are s t u d i e d . S c h o t t (26) 
suggested t h a t the p a r t i c u l a r e f f e c t i v e n e s s o f the l a u r y l 
s u r f a c t a n t s i s due t o the balance o f two p r o p e r t i e s . As the 
homologous s e r i e s i s ascended the l i p o p h i l i c i t y o f the compounds 
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EO units 

F i g u r e 6. 

The m e l t i n g p o i n t o f t h e L mesomorphic phase o f 

a l k y l e t h e r n o n i o n i c s u r f a c t a n t s taken from the 

r e s u l t s o f M i t c h e l l e t (1983) showing the 

i n f l u e n c e o f a l k y l and h y d r o p h i l i c (EO) c h a i n l e n g t h s 
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Figure 7. 

a) Plot of surface pressure at constant molecular area 

against surfactant concentration. A? Brij 72 (C^QE^' 

• Brij 76 (C 1 QE 1 0), m Brij 78 ( C ^ o ^ Arrows 

denote the CMC for each surfactant. 

b) Plot of surface pressure at constant molecular area 

against surfactant concentration. A , Brij 30 (C-^E^) 

i , Brij 36T (^U^1Q, * , Brij 35 (C 1 2
E23 ) e 
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i n c r e a s e s , but the CMC d e c r e a s e s , thus l i m i t i n g the c o n c e n t r a t i o n 
of monomers which can e x i s t i n the aqueous phase i n the case o f 
h i g h e r members o f the s e r i e s . From Cg t o C12 as the p a r t i t i o n 
c o e f f i c i e n t i n c r e a s e s t h e r e i s an i n c r e a s e d o p p o r t u n i t y f o r the 
s u r f a c t a n t s t o e n t e r the biophase, whereas from C12 t o C^g, w h i l e 
the thermodynamic tendency t o p a r t i t i o n i n t o non-aqueous 
environments i n c r e a s e s the d e c r e a s i n g c o n c e n t r a t i o n o f monomers 
(the a c t i v e s p e c i e s o f s u r f a c t a n t ) may e l i c i t a s m a l l e r response. 
A d s o r p t i o n o f s u r f a c t a n t onto the h i g h a v a i l a b l e s u r f a c e areas 
o f membrane components can a l s o i n f l u e n c e b e h a v i o u r . ( 2 7 ) . 

Some workers have suggested t h a t the l a u r y l c h a i n 
i s o f i n t r i n s i c b i o l o g i c a l importance i n r e l a t i o n t o i t s a b i l i t y 
t o d i s r u p t l i p i d b i l a y e r s , h a v i ng the o p t i m a l p h y s i c a l p r o p e r t i e s 
o f l i p o p h i l i c i t y and s i z e , but as C i 2 compounds are a l s o maximally 
i r r i t a n t t o the s k i n (28
membranes are pro b a b l y no
i m p l i c a t e d . Dominguez e t a l . (29) have c o n s i d e r e d S c h o t t s 
(26) approach t o the b i o l o g i c a l uniqueness o f the dodecyl c h a i n , 
but have p o s t u l a t e d t h a t i t s p r o p e r t i e s o f s k i n p e n e t r a t i o n are 
r e l a t e d t o the conformation o f the c h a i n , e s p e c i a l l y when adsorbed 
to or i n t e r a c t i n g w i t h p r o t e i n . Dominguez e_t a l . p o s t u l a t e t h a t 
by a d o p t i n g a compact c o n f i g u r a t i o n the dodecyl c h a i n can migra t e 
deeper i n t o s k i n s t r u c t u r e and thereby be more a c t i v e than more 
l i p o p h i l i c compounds. T h i s i s very s p e c u l a t i v e and r e q u i r e s 
more e x p e r i m e n t a l and t h e o r e t i c a l s t u d y . 

S c h o t t ' s arguments s h o u l d apply t o a homologous s e r i e s i n 
which the h y d r o p h i l i c c h a i n l e n g t h a l t e r s t o o . In F i g u r e 8 
e x p e r i m e n t a l l y determined CMC's o f a s e r i e s o f n o n i o n i c s u r f a c t a n t s 
are employed w i t h i d e a l i s e d diagrams o f monomer c o n c e n t r a t i o n s as 
a f u n c t i o n o f 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 . When measurements 
of s u r f a c t a n t a c t i v i t y i n a b i o l o g i c a l system are made at 0.01?ό 
c o n c e n t r a t i o n l e v e l s , the monomer c o n c e n t r a t i o n s w i l l approximate 
the CMC. I t seems l i k e l y t h a t a t such low c o n c e n t r a t i o n s the 
a c t i v i t y o f the hydrophobic members o f the s e r i e s i s l i m i t e d by 
m i c e l l i s a t i o n , and i n the case o f CI6E2, by low s o l u b i l i t y . 
H y d r o p h i l i c members o f the s e r i e s have very low v a l u e s o f Ρ and 
are u n l i k e l y t o have much a f f i n i t y f o r the membrane, i n a d d i t i o n 
t o h aving a l a r g e r s u r f a c e a r e a . I f i t i s assumed t h a t the 
monomer i s the a c t i v e s p e c i e s , a maximum i n a c t i v i t y i s r e a d i l y 
shown by c h o i c e o f p a r t i t i o n c o e f f i c i e n t s such as those shown 
f o r members o f the homologous s e r i e s . ( 3_) · But 
these assumed v a l u e s are ve r y d i f f e r e n t from thos c a l c u l a t e d 
u s i n g the Hansch approach. I t i s l i k e l y then t h a t p a r t i t i o n i n g 
o f the complete s u r f a c t a n t molecule i n t o the membrane i s not 
necessary f o r a c t i v i t y . 

I t c o u l d w e l l be t h a t many o f the r e s u l t s o f i n c r e a s e d 
t r a n s p o r t r a t e s are determined by membrane damage, r a t h e r than 
by r e v e r s i b l e p h y s i c a l e f f e c t s when s u r f a c t a n t s are used above 
t h e i r CMC. S t u d i e s on the s o l u b i l i z a t i o n o f p r o t e i n have i n 
s e v e r a l cases demonstrated a remarkable p a r a l l e l between 
s o l u b i l i z i n g a b i l i t y and membrane a c t i o n ( 3 0 ) . 
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Figure 8. 

Monomer concentrations as a function of total surfactant 

(Cj^E^) concentration. Experimental CMC's are marked 

by arrows. At 0.01% total surfactant levels, the monomer 

concentrations will be approximately given by the CMC 

values except for C,zE.n whose CMC is 0.06.. Inset 
16 6U 

shows absorption profile i f values of partition coefficient 

(P) shown apply. From Florence (1982). 
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Model membranes: s u r f a c t a n t i n low d e n s i t y l i p o p r o t e i n i n t e r a c t i o n s 

A c c o r d i n g t o H e l e n i u s and Simons (3Ό) s o l u b i l i z a t i o n o f the 
membrane i s preceded by s a t u r a t i o n o f the b i l a y e r w i t h s u r f a c t a n t . 
C e r t a i n l y c r i t i c a l s u r f a c t a n t / p h o s p h o l i p i d r a t i o s must be a t t a i n e d 
b e f o r e membrane d i s r u p t i o n o c c u r s . 

Photon c o r r e l a t i o n s p e c t r o s c o p y was used t o study the e f f e c t s 
of a s e r i e s o f n o n i o n i c s u r f a c t a n t s on the Stokes r a d i u s (R) o f 
low d e n s i t y l i p o p r o t e i n (LDI_2) p a r t i c l e s ( J l , 32). LDI_2 
i n t e r a c t e d w i t h s u r f a c t a n t s i n a manner s i m i l a r t o membranes. 
That i s , n o n i o n i c s u r f a c t a n t s caused an i n c r e a s e i n the Stokes 
r a d i u s (R) o f the p a r t i c l e s due t o p e n e t r a t i o n o f the phospho
l i p i d s u r f a c e l a y e r and u n f o l d i n g o f a p o p r o t e i n Β molecules 
l e a d i n g t o p a r t i c l e assymetry a t molar r a t i o s o f s u r f a c t a n t LDL.2 
of ca_. 1000/1. At h i g h e
moles s u r f a c t a n t per mol
n o n i o n i c s w i t h HLB v a l u e s < 14.6 caused r a p i d decreases i n the 
Stokes r a d i u s due t o breakdown o f LDI_2 i n t o the l i p i d s u r f a c t a n t 
and p r o t e i n s u r f a c t a n t m i c e l l e s . 

The data suggest t h a t s u r f a c t a n t HLB i s im p o r t a n t i n 
de t e r m i n i n g a b i l i t y t o d e l i p i d a t e LDL2 r a p i d l y . N o n i o n i c 
s u r f a c t a n t s w i t h HLB v a l u e s < 14.6 caused a f a l l i n R which 
can be i n t e r p r e t e d as due t o d e l i p i d a t i o n o f LDL2. Umbreit 
and Strominger (33_) found t h a t s u r f a c t a n t s w i t h HLB v a l u e s o f 
12.5 - 14.5 are most e f f e c t i v e i n s o l u b i l i z i n g membranes. Thus 
LDL2 i s responding l i k e a b i o l o g i c a l membrane and t h i s i s 
supported by the f a c t t h a t the f a l l i n R s t a r t s a t a p p r o x i m a t e l y 
one mole o f s u r f a c t a n t per mole o f p h o s p h o l i p i d , a t y p i c a l v a l u e 
f o r membranes ( 3 0 ) . However, k i n e t i c d a ta suggest t h a t 
s u r f a c t a n t s w i t h h i g h e r HLB v a l u e s (e.g. C12E23, HLB 16.9) 
might d e l i p i d a t e membranes over a prolonged p e r i o d (20 h o u r s ) . 
The reason f o r these d i f f e r e n c e s i s not w e l l known but i t i s 
i n t e r e s t i n g t o s p e c u l a t e . The lower HLB s u r f a c t a n t s t e s t e d 
are a l s o those w i t h the s h o r t e s t h y d r o p h i l i c c h a i n s , and so 
the s m a l l e s t m o l e c u l a r areas ( 1 0 ) . They shou l d t h e r e f o r e have 
the h i g h e s t c o n c e n t r a t i o n s a t the LDL2 s u r f a c e a t s a t u r a t i o n 
c a u s i n g d i s r u p t i o n and s o l u b i l i z a t i o n . The slow a c t i o n o f 
Ci2^23 c o u l d be due t o slow replacement of C^2^23 molecules by 
lower HLB i m p u r i t i e s i n the s u r f a c t a n t samples. 

C o n c l u s i o n s 

A p a r a b o l i c r e l a t i o n s h i p between membrane a c t i v i t y and l i p o p h i l 
i c i t y o f n o n i o n i c s u r f a c t a n t s i s c l e a r l y e s t a b l i s h e d i n s e r i e s o f 
s u r f a c t a n t s i n which e i t h e r the hydrocarbon c h a i n l e n g t h o r 
et h y l e n e o x i d e c h a i n l e n g t h i s v a r i e d . A c t i v i t y a t low and h i g h 
c o n c e n t r a t i o n s s h o u l d be c o n s i d e r e d s e p a r a t e l y . 
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membranes can occur a t very 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 ; 
s t r u c t u r a l s p e c i f i c i t y i s demonstrated by the s u p e r i o r a c t i o n 
o f compounds w i t h the C^2 moiety. Depth o f p e n e t r a t i o n o f the 
hydrocarbon c h a i n may not be equal i n any homologous s e r i e s 
v a r y i n g i n e t h y l e n e o x i d e c h a i n l e n g t h , hence even i n the £l2^x 

s e r i e s b i o l o g i c a l a c t i v i t y v a r i e s c o n s i d e r a b l y . When χ i s below 
the optimum t h i s i s probably due t o the low CMC which l i m i t s 
monomer a c t i v i t y and perhaps i s a l s o due t o p e n e t r a t i o n o f a 
p o r t i o n o f the EO c h a i n i n t o the membrane. When χ i s above the 
optimum number, i n c r e a s i n g e t h y l e n e o x i d e c h a i n l e n g t h l e a d s t o 
i n c r e a s i n g m o l e c u l a r a r e a , d e c r e a s i n g s u r f a c e a c t i v i t y and a 
l i k e l y l e s s e f f i c i e n t p e n e t r a t i o n o f the membrane by the hydro
carbon c h a i n . I f , as seems l i k e l y , the m o l e c u l a r dimensions o f 
the C^2 c h a i n i n t e r c a l a t e most e f f i c i e n t l y w i t h the b i l a y e r 
s t r u c t u r e than any a l t e r a t i o
change i t s a c t i v i t y . Ther
support t h i s concept, an y
determine mechanisms o f a c t i o n a t s u b - s o l u b i l i z 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 s . 

At c o n c e n t r a t i o n s w e l l above the CMC, these e f f e c t s are 
co m p l i c a t e d by s o l u b i l i z a t i o n , but w h i l e i t seems c l e a r t h a t 
p r o t e i n s o l u b i l i z i n g e f f e c t i v e n e s s and membrane a c t i v i t y c o r r e l a t e 
w e l l , the s t r u c t u r a l b a s i s f o r p r o t e i n s o l u b i l i z a t i o n has not y e t 
been c l a r i f i e d e i t h e r . 
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14 
Modification by Surfactants of Soil Water 
Absorption 

RAYMOND G. BISTLINE, JR., and WARNER M. LINFIELD 
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This work describes the application of a 
previous study which dealt primarily with 
organic synthesis and physical properties 
of reaction products of pure fatty acids 
with DETA. Derivatives to amplify the 
previous study were prepared from various 
industrial fatty materials. The reaction 
product, from 1 mole diethylenetriamine 
(DETA) with 2 moles fatty acid, was thought 
to be the primary amine, RCON(CH2CH2NH2)-
CH2CH2NHCOR, rather than the secondary amine, 
as cited in the literature. The amine 
was readily dehydrated to the imidazoline, 
RC = NCH2CH2NCH2CH2NHCOR. The imidazolines in 
the presence of moisture hydrolyzed upon standing, 
to the open chain derivatives. These cationic 
surfactants were examined as water repellents 
for soil. Water repellency was evaluated by 
contact angle measurements and water infiltra
tion through sand, sandy soil, and soil con
taining 30% clay. A large number of derivatives 
made clay soil hydrophobic, whereas only a few 
caused this effect on sandy soils. The following 
factors influenced soil water repellency. Open 
chain derivatives were more hydrophobic than 
the corresponding imidazolines. Hydrophobicity 
intensified with increasing molecular weight of 
the saturated fatty acids. Unsaturation, as in 
the oleic acid derivatives, enhances hydrophil-
icity. Hydrocarbon branching in the fatty acid 
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also reduces water repellency. The soil hydro-
phobing agents in treated soils greatly restrict 
seed germination. 

Farming, particularly in arid areas, requires efficient 
utilization of water. Over the years several methods have 
been developed to harvest water. Water harvesting is the 
process of collecting water from plots that have been made 
water repellent so that the runoff from these plots may be 
employed in agriculture. Physical waterproofing methods, 
such as coating the ground with nylon sheets, asphalt, fuel 
o i l , and paraffin wax (1) have appeared in the literature; 
however, references to chemical interactions with the soil 
to produce hydrophobic surface  fe  (2  3)  A chemical 
soil treatment would provid
harvesting water. 

A search of the chemical literature suggested that 
surfactants, containing amine groups, might impart water 
repellent properties to soils. While studying the cation 
exchange mechanism of large substituted ammonium ions on 
clay, Gieseking (4) found that clays saturated with the 
organic ammonium ions did not show the water absorption, 
swelling, and dispersion characteristics of untreated clay. 
Subsequently, Law and Kunze (5) examined the effects of 
three different types of surfactants on clays. They reported 
that commercial cationic surfactants were strongly adsorbed 
on clay through ionic bonding, in amounts equal to or even 
greater than the cation-exchange capacities of the clays. 
According to these authors, the presence of surfactants on 
clays significantly reduced hydration and water content at 
high treatment rates. Furthermore, Greenland (6) observed 
that cationic surfactants created a layer of increased 
hydrophobic character beneath the soil's surface. 

Various types of cationic surfactants were reviewed by 
us to select one, relatively low in cost and readily prepared 
on a large scale, for which the relationship of chemical 
structure to surface active properties could be conveniently 
studied. 

One type of cationic surfactant was the fatty acid 
derivatives of polyamines. The properties of the derivatives 
of fatty acids and ethylenediamine have been described in 
the literature (7-9). It appeared from these reports that 
the 2-alkyl-2-imidazolines would not impart sufficient 
hydrophobicity to soils. However, the analogous series of 
homologous compounds from the fatty acids and diethylene-
triamine (DETA) appeared likely to do so because of their 
higher molecular weight. 
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I n 1940, A c k l e y (10) r e a c t e d f a t t y a c i d s w i t h DETA t o 
form p r e c u r s o r s f o r f a b r i c s o f t e n e r s . However, i t was not 
u n t i l r e c e n t l y (11) t h a t the course o f the r e a c t i o n between 
f a t t y a c i d s and DETA, and p r o p e r t i e s o f the r e a c t i o n p r o d u c t s 
were s t u d i e d . The r e a c t i o n appears t o proceed, a c c o r d i n g 
to the f o l l o w i n g scheme: 

90°C Amine 

H 1; 
RC0 2H + HN(CH 2CH 2NH 2) 2 ^ S o a p ( U Q o c 

RC0 2H + RCON(CH 2CH 2NH 2) 2-*— 

150°C 
6 hr 

RCON(CH 2CH 2NH 2)CH 2CH NHCOR 

150°C, 2 h r 
Vacuum 

R-C=N-CH2CH2-N-CH2CH2NHCOR + H 20 

I n i t i a l l y , one molecule o f f a t t y a c i d r e a c t e d w i t h the 
secondary amine o f DETA, f o l l o w e d by a second f a t t y a c i d 
m o l e c u l e , r e a c t i n g w i t h one o f the two p r i m a r y amines. The 
prod u c t formed was the N-(2-aminoethyl) diamide, which w i l l 
be r e f e r r e d t o as the diamide. The diamides c o u l d be 
c y c l i z e d by h e a t i n g under vacuum to form i m i d a z o l i n e s , 
which were u n s t a b l e t o h y d r o l y s i s . I n the presence o f 
water, or upon exposure t o atmospheric m o i s t u r e , they 
r e v e r t back t o the diamide. 

DETA d e r i v a t i v e s o f C 9-C 2 2 s a t u r a t e d f a t t y a c i d s , as 
w e l l as the Cig u n s a t u r a t e d a c i d s , o l e i c and e l a i d i c , were 
prepared and e v a l u a t e d i n the p r e v i o u s p u b l i c a t i o n ( 11). 
H y d r o p h o b i c i t y d e t e r m i n a t i o n , v i a c o n t a c t angle measurements, 
proved t o be n o n d i s c r i m i n a t o r y and, t h e r e f o r e , a more 
meanin g f u l t e s t , the sand p e n e t r a t i o n t e s t was d e v i s e d . 
The r e s u l t s o f t h i s t e s t demonstrated t h a t the diamides o f 
the C 1 4 and h i g h e r s a t u r a t e d f a t t y a c i d s were water r e p e l l e n t s 
On the o t h e r hand, the u n s a t u r a t e d o l e i c a c i d d e r i v a t i v e s 
enhanced h y d r o p h i l i c i t y . 

M a t e r i a l s and Methods 

Apparatus. I n f r a r e d s p e c t r o s c o p y , P e r k i n - E l m e r Model 257 
i n f r a r e d spectrophometer, P e r k i n - E l m e r C o r p o r a t i o n (Norwalk, 
CT); u l t r a v i o l e t s p e c t r o s c o p y , P e r k i n - E l m e r Model 559 
UV-vis spectrophotometer, P e r k i n - E l m e r C o r p o r a t i o n , Coleman 
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Instruments D i v . (Oak Brook, I L ) ; F i s h e r - J o h n s m e l t i n g 
p o i n t a p p a r a t u s , F i s h e r S c i e n t i f i c Company ( P i t t s b u r g h , 
PA); c o n t a c t a n g l e s , Gaertner goniometer, Gaertner S c i e n 
t i f i c C o r p o r a t i o n (Chicago, I L ) . 

Reagents. The f o l l o w i n g chemicals were used: d i e t h y l e n e t r i -
amine, A l d r i c h Chemical Company (Milwaukee, WI); C ^ , C i 4 , 
c l 6 > C18 s a t u r a t e d f a t t y a c i d s , Armak I n d u s t r i a l Chemicals 
D i v i s i o n (Chicago, I L ) ; o l e i c a c i d , A. Gross & Company 
(Newark, N J ) ; e l a i d i c a c i d , l a b o r a t o r y p r e p a r a t i o n ( 1 2 ) ; 
t a l l o w , Corenco C o r p o r a t i o n ( P h i l a d e l p h i a , PA) ( t i t e r , t = 
42°, i o d i n e no. 40); t a l l o w f a t t y a c i d (T - 22) and p a r t i a l l y 
hydrogenated t a l l o w f a t t y a c i d (T - 11), P r o c t o r & Gamble, 
I n d u s t r i a l Chemicals D i v i s i o n ( C i n c i n n a t i , OH) (T - 22, t = 
40°, I . no. = 60) (T -  46°
t a l l o w f a t t y a c i d s , Acme-Hardest
(Jenkintown, PA), ( t = 62°,  no  ); t a l  o i  f a t t y 
a c i d s , A r i z o n a Chemical Company (Wayne, NJ) ( t = 24°, 
I. no. = 75); MO-5 f a t t y a c i d , Union Camp C o r p o r a t i o n 
( J a c k s o n v i l l e , FL) ( t = 33°, I . no. 75); i s o s t e a r i c a c i d , 
Emery I n d u s t r i e s I n c o r p o r a t e d ( C i n c i n n a t i , OH) ( t = l i q u i d , 
I . no. = 12). 

D r i e r i t e , W. A. Hammond D r i e r i t e Company ( X e n i a , OH); 
Ottawa Sand ASTM, A r t h u r H. Thomas Company ( P h i l a d e l p h i a , 
PA); SYLON-CT S i l y l a t i n g Reagent, Su p e l c o , I n c o r p o r a t e d 
( B e l i e f o n t e , PA). 

S o i l s . G r a n i t e Reef s o i l i s a sandy loam s o i l , s u p p l i e d by 
the U.S. Water C o n s e r v a t i o n L a b o r a t o r y , USDA, Phoenix, AZ. 
W a l l a W a l l a s o i l i s a s o i l which c o n t a i n s 30% c l a y and 
o r g a n i c m a t t e r , s u p p l i e d by the Columbia P l a t e a u C o n s e r v a t i o n 
Research C e n t e r , USDA, P e n d l e t o n , OR. 

E x p e r i m e n t a l 

P r e p a r a t i o n o f commercial f a t t y acid-DETA d e r i v a t i v e s : the 
p r e v i o u s l y d e s c r i b e d procedure (11) was s l i g h t l y m o d i f i e d , 
u s i n g a 5% excess f a t t y a c i d t o a s c e r t a i n t h a t a l l DETA was 
consumed. Amine a n a l y s i s was conducted, a c c o r d i n g t o AOCS 
t e s t method ( 1 3 ) . The r e a c t i o n p r o d u c t s were used w i t h o u t 
p u r i f i c a t i o n . 

Procedures f o r i n f r a r e d and u l t r a v i o l e t a b s o r p t i o n and 
c o n t a c t angle measurements are r e p o r t e d i n the p r e v i o u s 
p u b l i c a t i o n ( 1 1 ) . 
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I n f i l t r a t i o n T e s t s 

Sand P e n e t r a t i o n T e s t 

Ten grams of i n d i c a t i n g D r i e r i t e was p l a c e d i n a 120-mL 
s i l y l a t e d j a r and covered w i t h 80 g t r e a t e d ASTM Ottawa 
sand, prepared a c c o r d i n g t o the p r e v i o u s r e p o r t (11). The 
depth of the s o i l was 35 mm. D i s t i l l e d water, 8 mL, was 
then p l a c e d on the s u r f a c e of the sand. The time r e q u i r e d 
to change the i n d i c a t i n g D r i e r i t e c o m p l e t e l y from b l u e t o 
p i n k was recorded as the i n f i l t r a t i o n time. 

S o i l I n f i l t r a t i o n T est 

A s o i l i n f i l t r a t i o n t e s
number of compounds w i t h i
used are f a r i n excess o f q u a n t i t i e s used i n f i e l d a p p l i c a t i o n . 
A 5% diamide s o l u t i o n i n i s o p r o p a n o l , 15 mL, was added to 
50 g s o i l , a i r d r i e d o v e r n i g h t , and then p l a c e d i n a vacuum 
oven a t 50° f o r 1 hr to remove t r a c e s of i s o p r o p a n o l . The 
t r e a t e d s o i l , 10 g, was p l a c e d i n a 25 X 500 mm g l a s s 
chromatographic column w i t h a coarse p o r o s i t y f r i t t e d d i s c 
on top of a d e t a c h a b l e adapter base. The s o i l was tapped 
down l i g h t l y w i t h a wooden dowel t o a depth of 12 mm i n 
o r d e r t o p r e v e n t c h a n n e l i n g . F o r t y - f i v e cm o f water covered 
the s o i l . The p e r i o d r e q u i r e d f o r 200 mL d i s t i l l e d water 
to p e n e t r a t e through 10 g of t r e a t e d s o i l was recorded as 
the i n f i l t r a t i o n time. The t e s t was a r b i t r a r i l y d i s c o n 
t i n u e d a f t e r 2 weeks. 

G l y c e r i n e E f f e c t on H y d r o p h o b i c i t y . The p a r t i a l l y hydro
genated t a l l o w f a t t y acid-DETA r e a c t i o n p r o d u c t , 10 g, was 
weighed i n t o each of f i v e 60-mL b o t t l e s . The f o l l o w i n g 
amounts of g l y c e r i n e , expressed as p e r c e n t , were weighed, 
u s i n g an a n a l y t i c a l b a l a n c e , i n t o the b o t t l e s : 0.36, 1.02, 
2.60, 5.10, 11.11. M i x t u r e s were then melted and s t i r r e d . 
C ontact angles were measured, a c c o r d i n g to the procedure 
i n the p r e v i o u s p u b l i c a t i o n (11). 

S o i l E x t r a c t i o n . G r a n i t e Reef s o i l , 100 g, was t r e a t e d 
w i t h 30 mL o f a 5% i s o p r o p a n o l s o l u t i o n of the p a r t i a l l y 
hydrogenated t a l l o w f a t t y acid-DETA r e a c t i o n p r o d u c t and 
then a i r d r i e d o v e r n i g h t and f i n a l l y i n a vacuum oven a t 
50°C f o r 1 hr t o remove r e s i d u a l i s o p r o p a n o l . On the 
f o l l o w i n g day the t r e a t e d s o i l was e x t r a c t e d w i t h e t h a n o l 
8 hr i n the S o x h l e t apparatus. The e x t r a c t e d s o l v e n t was 
evaporated r e c o v e r i n g 1 g r e s i d u e . As a c o n t r o l experiment, 
u n t r e a t e d s o i l , 100 g, was a l s o e x t r a c t e d 8 hr w i t h e t h a n o l , 
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r e c o v e r i n g 0.2 g m a t e r i a l . The d r i e d e x t r a c t e d s o i l was 
p l a c e d i n the chromatographic column and the i n f i l t r a t i o n 
t e s t w i t h 200 mL d i s t i l l e d water repeated. 

P l a n t Growth E f f e c t T e s t . P o t t i n g s o i l , 3.4 kg, was weighed 
i n t o a 55 X 27.5 X 7.5 cm f l a t , t r e a t e d w i t h 1.2 L o f a 5% 
s o l u t i o n of the p a r t i a l l y hydrogenated t a l l o w f a t t y acid-DETA 
diamide i n i s o p r o p a n o l , and a i r d r i e d f o r 2 days u n t i l the 
i s o p r o p a n o l had evaporated. U n t r e a t e d p o t t i n g s o i l , 3.4 
kg, was weighed i n t o another f l a t t o be used as a c o n t r o l . 

Soybeans 

F i f t y soybean seeds each were p l a n t e d i n the d i a m i d e - t r e a t e d 
s o i l as w e l l as i n a f l a  w i t  s o i l
Each f l a t was watered weekl
a b s o r p t i o n and p l a n t growt

Corn 

S i n c e the n i t r o g e n requirement of co r n p l a n t s i s g r e a t e r 
than the n i t r o g e n c o n t e n t found i n p o t t i n g s o i l , a d d i t i o n a l 
n i t r o g e n f e r t i l i z e r , 15 g 20:20:20/2 L water, was added to 
the s o i l , p r i o r t o treatment w i t h water r e p e l l e n t c h e m i c a l s . 
F i f t y c o r n k e r n e l s were p l a n t e d i n the t r e a t e d s o i l and an 
u n t r e a t e d c o n t r o l f l a t . The f l a t s were watered weekly as 
d e s c r i b e d above, and growth re c o r d e d . A f t e r s e v e r a l weeks 
the p l a n t s were h a r v e s t e d , weighed, and d r i e d i n a vacuum 
oven and weighed a g a i n . 

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

T h i s work d e s c r i b e s the a p p l i c a t i o n t o s o i l o f compounds o f 
a p r e v i o u s study (11) which d e a l t p r i m a r i l y w i t h o r g a n i c 
s y n t h e s i s and p h y s i c a l p r o p e r t i e s o f r e a c t i o n p r o d u c t s o f 
pure f a t t y a c i d s w i t h DETA. I n t h i s s t udy d e r i v a t i v e s were 
prepared from v a r i o u s i n d u s t r i a l f a t t y m a t e r i a l s . I n 
a d d i t i o n , water i n f i l t r a t i o n s t u d i e s on sand, sandy s o i l , 
and c l a y s o i l s were c a r r i e d out on the p r e v i o u s l y prepared 
and new compounds. F i n a l l y , an i n v e s t i g a t i o n was i n i t i a t e d 
t o determine the b i o l o g i c a l e f f e c t s o f one w a t e r - r e p e l l i n g 
c h e m i c a l , the p a r t i a l l y hydrogenated t a l l o w - f a t t y acid-DETA 
r e a c t i o n p r o d u c t , on seed g e r m i n a t i o n and p l a n t growth. 

The DETA d e r i v a t i v e s from i n d u s t r i a l f a t t y m a t e r i a l s 
f o r s o i l s a p p l i c a t i o n were of s p e c i a l i n t e r e s t because o f 
t h e i r ready a v a i l a b i l i t y , low c o s t , and g r e a t e r s o l u b i l i t y 
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than the DETA d e r i v a t i v e s from the p u r i f i e d f a t t y a c i d s . 
Diamides were prepared from t a l l o w , t a l l o w f a t t y a c i d s , 
p a r t i a l l y hydrogenated t a l l o w f a t t y a c i d s , hydrogenated 
t a l l o w f a t t y a c i d s , t a l l o i l f a t t y a c i d s , MO-5 a c i d s (a 
m i x t u r e of o l e i c , i s o o l e i c , s t e a r i c , and e l a i d i c a c i d s ) , and 
i s o s t e a r i c a c i d (a m i x t u r e o f branched c h a i n i s o m e r i c 
a c i d s ) . 

M e l t i n g p o i n t s and c o n t a c t angle measurements o f the 
f a t t y acid-DETA r e a c t i o n p r o d u c t s are recorded on Table I . 
The m e l t i n g p o i n t s of the pure s a t u r a t e d f a t t y acid-DETA 
d e r i v a t i v e s were over 100°C and possessed low s o l u b i l i t y i n 
most o r g a n i c s o l v e n t s . The u n s a t u r a t e d f a t t y a c i d - d i a m i d e s 
had much lower m e l t i n g p o i n t s . The i n d u s t r i a l fatty-DETA 
d e r i v a t i v e s w i t h the e x c e p t i o n of the p r o d u c t from hydro
genated t a l l o w f a t t y a c i d

Contact Angle Measurements. I t was planned t o e s t a b l i s h 
the h y d r o p h i l i c o r hydrophobic n a t u r e of the diamides by 
c o n t a c t angle d e t e r m i n a t i o n ( 1 4 ) . The angles f o r the 
l a u r i c diamides and h i g h e r s a t u r a t e d homologs were a l l 
above 90°. Thus, the c o n t a c t angle measurements d i d not 
d i s c r i m i n a t e between members of a homologous s e r i e s . The 
u n s a t u r a t e d f a t t y acid-DETA d e r i v a t i v e s were p r e d i c t a b l y 
more h y d r o p h i l i c . Among the i n d u s t r i a l f a t t y acid-DETA 
d e r i v a t i v e s , o n l y t h r e e possessed c o n t a c t angles over 90°. 
These were the DETA d e r i v a t i v e s of p a r t i a l l y and f u l l y 
hydrogenated t a l l o w f a t t y a c i d s and the i s o s t e a r i c a c i d . 
A l t h o u g h a 50:50 m i x t u r e o f DETA d e r i v a t i v e s o f i s o s t e a r i c 
and p a r t i a l l y hydrogenated t a l l o w f a t t y a c i d s produced a 
compound w i t h the d e s i r e d m e l t i n g p o i n t , the c o n t a c t angle 
o f t h i s m i x t u r e f e l l t o 73°. The data are r e p o r t e d i n 
Table I . 

Sand P e n e t r a t i o n T e s t s . S i n c e c o n t a c t angle measurements 
appeared f a i r l y i n s e n s i t i v e t o s t r u c t u r e d i f f e r e n c e s , a 
sand p e n e t r a t i o n t e s t was d e v i s e d . Water p e n e t r a t i o n r a t e s 
through beds of t r e a t e d sand were determined f o r the d e r i v a 
t i v e s of the i n d i v i d u a l pure f a t t y a c i d s , as w e l l as f o r 
those from the i n d u s t r i a l f a t t y m a t e r i a l s as shown i n the 
f i r s t column o f Table I I . Water passed q u i c k l y through the 
C12 d i a m i d e - t r e a t e d sand, whereas a p e r i o d of 7 or more 
days was r e q u i r e d f o r the C 1 4 and h i g h e r m o l e c u l a r weight-
s a t u r a t e d diamides. While water p e n e t r a t e d the o l e i c 
d iamide-coated sand w i t h i n 5 min, 1-day was r e q u i r e d f o r 
p e n e t r a t i o n o f the e l a i d i c d iamide-coated sand, showing the 
s u p e r i o r i t y o f the t r a n s isomer. I n the c i s c o n f i g u r a t i o n , 
the molecule i s bent back upon i t s e l f , r e s u l t i n g i n p r o p e r t i e 
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Table I. Physical Properties of 
Diethylenetriamine Reaction Products 

Melting Contact 
R-COOH Point, C Angle (°) 

C n H 2 3 110-111 99 

C 1 3 H 2 7 112-113 99 

C 1 5 H 3 1 116-117 96 

C 1 7 H 3 5 118-119 98 

Δ 9 C 1 7 H 3 3, ci

Δ 9 C 1 7 H^, trans 91-92 62 
Derivatives of Industrial Fatty 

Materials 

Tallow 50-•60 37 

Tallow Fatty Acid a 45-•55 63 

Tallow Fatty Acid b 55-•65 97 

Hyd. Tallow F.A. 90-•95 94 

Tall Oil F.A. 35--45 59 

M0-5 30-•40 56 

Isostearic 30-•40 91 

Isostearic, + Tallow 
Fatty Acid (50:50) 40--45 73 

a = T-22 fatty acids, C Λ cis = 36%, 
C l g trans = 7% X* 

b = T - l l fatty acids C ft cis = 6%, C 
trans = 24% l t t 
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Table I I . I n f i l t r a t i o n P r o p e r t i e s of 
D i e t h y l e n e t r i a m i n e R e a c t i o n P r o d u c t s 

DETA-Fatty A c i d 
D e r i v a t i v e from 

Sand 
P e n e t r a t i o n 

G r a n i t e 
Reef S o i l 

I n f i l t r a t i o n 

W a l l a W a l l a 
S o i l 

I n f i l t r a t i o n 

C l l H 2 3 C 0 0 H 1 hr 3 h r 5 hr 

C 1 3 H 2 7 C 0 0 H 7 d 5 d >2 wk 

C 1 5 H 3 1 COOH >7 d 5 d >2 wk 

C 1 ? H 3 5 COOH 

Δ 9 C 1 7 H 3 3 c i s COOH 5 min 3 h r 8 hr 

Δ 9 C 1 7 H 3 3 t r a n s COOH 1 d >2 wk 2 wk 

Ta l l o w . c 
1 4 h r 8 hr 

T a l l o w F a t t y A c i d a i 1 d >2 wk 

Ta l l o w F a t t y A c i d b i 1 wk >2 wk 

Hyd. T a l l o w F.A. >7 d >2 wk >2 wk 

T a l l O i l F.A. i 4 hr 8 hr 

M0-5 i 2 hr 8 h r 

I s o s t e a r i c i 2 hr 7 hr 

I s o s t e a r i c ï 
T a l l o w F.A. (50:50) i 3 hr 2 wk 

C o n t r o l i 4 hr 1 d 

= T-22 f a t t y a c i d s 

b = T - l l f a t t y a c i d s 

i = in s t a n t a n e o u s 
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r o u g h l y analogous t o those of a C9 f a t t y a c i d d e r i v a t i v e . 
A l t h o u g h the e l a i d i c diamide d e r i v a t i v e i s more l i n e a r i n 
c o n f i g u r a t i o n than the o l e i c diamide, the t r a n s u n s a t u r a t i o n 
d i s a r r a n g e s the m o l e c u l e s , r e s u l t i n g i n s u r f a c e p r o p e r t i e s 
which are l e s s hydrophobic compared t o those o f the s a t u r a t e d 
s t e a r i c a c i d d e r i v a t i v e . These o b s e r v a t i o n s h e l p e x p l a i n 
the r e s u l t s o b t a i n e d w i t h the i n d u s t r i a l f a t t y a c i d d e r i v a 
t i v e s . Instantaneous p e n e t r a t i o n was observed f o r sand 
t r e a t e d w i t h the DETA d e r i v a t i v e s of t a l l o w , t a l l o w f a t t y 
a c i d s , t a l l o i l f a t t y a c i d s , and MO-5 a c i d s as p r e d i c t e d by 
t h e i r low c o n t a c t a n g l e s . A l l of these are h i g h i n o l e i c 
a c i d c o n t e n t . I n c o n t r a s t , sand t r e a t e d w i t h the c o m p l e t e l y 
hydrogenated t a l l o w f a t t y acid-DETA diamide which had a 
hi g h c o n t a c t angle r e q u i r e d more than 1 week f o r water 
p e n e t r a t i o n . I n these tw
to degree of h y d r o p h o b i c i t
p e n e t r a t i o n t e s t s and the c o n t a c t angle measurement. 

However, w i t h the o t h e r d e r i v a t i v e s t h e r e was d i s a g r e e 
ment. Water immediately p e n e t r a t e d sand coated w i t h the 
DETA d e r i v a t i v e s of p a r t i a l l y hydrogenated t a l l o w f a t t y 
a c i d s and i s o s t e a r i c a c i d , d e s p i t e t h e i r h i g h c o n t a c t 
angles o f g r e a t e r than 90°. Water q u i c k l y passed through 
sand t r e a t e d w i t h a 50:50 m i x t u r e of diamides o f i s o s t e a r i c 
a c i d and p a r t i a l l y hydrogenated t a l l o w f a t t y a c i d s . While 
these p e n e t r a t i o n r e s u l t s on s t a n d a r d i z e d ASTM sand were 
i n t e r e s t i n g , they d i d not f o r c a s t the r e s u l t s found w i t h 
sandy and c l a y s o i l s . 

S o i l Column T e s t s . I n the sand p e n e t r a t i o n t e s t , a minimal 
amount of water was used. No c o n s i d e r a t i o n was g i v e n t o 
the h y d r o s t a t i c p r e s s u r e which would o c c u r i n n a t u r e from a 
body o f s u r f a c e water. A new s o i l i n f i l t r a t i o n t e s t was 
developed t o take t h i s i n t o c o n s i d e r a t i o n . T h i s t e s t used 
a maximum amount of water (200 mL) on a minimum amount of 
t r e a t e d s o i l (10 g) and was r e s t r i c t e d o n l y by the dimen
s i o n s of the l a b o r a t o r y equipment. Our aim was t o prepare 
an hydrophobe f o r s o i l which would support water over an 
extended p e r i o d o f time. Whereas water passed through s o i l 
t r e a t e d w i t h h y d r o p h i l i c compounds w i t h i n 8 h r , 2 weeks or 
more were r e q u i r e d f o r p e n e t r a t i o n through an hydrophobe-
t r e a t e d s o i l . I n the l a t t e r case the water l e v e l dropped 
6 mm or l e s s each day, showing t h a t the c a t i o n i c s u r f a c t a n t 
g r e a t l y h i n d e r e d , but d i d not c o m p l e t e l y r e s t r i c t the 
passage of water. The t e s t s were u s u a l l y t e r m i n a t e d a f t e r 
2 weeks, due t o the l a r g e number of samples t o be t e s t e d . 
The two s o i l s were s e l e c t e d because of d i f f e r e n c e s i n 
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c o m p o s i t i o n and p r o p e r t i e s . The r e s u l t s o f the s o i l i n f i l t r a 
t i o n t e s t are recorded i n Table I I . 

A l t h o u g h the i n f i l t r a t i o n times d i f f e r e d s l i g h t l y from 
each o t h e r , due t o d i f f e r e n c e s i n s o i l s t r u c t u r e , water 
passed q u i c k l y through s o i l t r e a t e d w i t h h y d r o p h i l i c com
pounds, whereas a week or l o n g e r was r e q u i r e d f o r passage 
through h y d r o p h o b i c - t r e a t e d s o i l . Water p e n e t r a t e d s o i l 
t r e a t e d w i t h the l a u r i c a c i d diamide more r a p i d l y than the 
c o n t r o l s , d e m o n s t r a t i ng the h y d r o p h i l i c n a t u r e of the C12 
d e r i v a t i v e . A much l o n g e r time p e r i o d was r e q u i r e d f o r 
p e n e t r a t i o n through s o i l s , t r e a t e d w i t h the s a t u r a t e d C14 
and above diamides. D r a s t i c d i f f e r e n c e s were observed f o r 
the i n f i l t r a t i o n times of s o i l s t r e a t e d w i t h the c i s unsat
u r a t e d o l e i c a c i d diamide ( h r ) compared t o the t r a n s unsat
u r a t e d e l a i d i c a c i d diamid

The i n d u s t r i a l f a t t
f o r a p p l i c a t i o n t o s o i l . Water i n f i l t r a t e d s o i l coated 
w i t h the DETA d e r i v a t i v e o f t a l l o w more r a p i d l y than the 
c o n t r o l s . T h i s was due t o the h i g h u n s a t u r a t i o n c o ntent 
and a l s o i n p a r t t o the g l y c e r i n e r e t a i n e d i n the p r o d u c t 
as d i s c u s s e d below. We were unable t o f i n d a s o l v e n t 
system which would r e a d i l y s e p a r a t e the g l y c e r i n e , formed 
from the t r i g l y c e r i d e , from the DETA r e a c t i o n p r o d u c t . I f 
the g l y c e r i n e were removed, the i n f i l t r a t i o n r a t e s f o r the 
tallow-DETA d e r i v a t i v e s h o u l d be i d e n t i c a l w i t h the r a t e s 
o b t a i n e d f o r t a l l o w f a t t y acid-DETA r e a c t i o n p r o d u c t . 

The s o i l t r e a t e d w i t h the t a l l o w f a t t y acid-DETA 
r e a c t i o n p r o d u c t r e t a r d e d m o i s t u r e i n f i l t r a t i o n on both 
s o i l s . The p a r t i a l l y hydrogenated and c o m p l e t e l y hydro
genated t a l l o w f a t t y acid-DETA d e r i v a t i v e s a l s o d i s p l a y e d 
hydrophobic p r o p e r t i e s on b o t h s o i l s . A l t h o u g h the complete
l y hydrogenated t a l l o w f a t t y acid-DETA r e a c t i o n p r o d u c t 
(m.p. 90°C) had optimum hydrophobic p r o p e r t i e s on a l l t h r e e 
s o i l s , i t was d i f f i c u l t t o d i s s o l v e i n most o r g a n i c s o l v e n t s . 
Even the p a r t i a l l y hydrogenated t a l l o w f a t t y acid-DETA 
r e a c t i o n p r o d u c t , m.p. 45°-50°C, was not r e a d i l y s o l u b l e . 
To overcome t h i s d i f f i c u l t y , we examined the DETA d e r i v a t i v e s 
of some o t h e r f a t t y m a t e r i a l s , hoping t o f i n d an hydrophobe 
w i t h a lower m e l t i n g p o i n t . 

Water i n f i l t r a t i o n t e s t s were conducted on s o i l s 
t r e a t e d w i t h the DETA d e r i v a t i v e s o f t a l l o i l f a t t y a c i d s , 
MO-5 a c i d s , and i s o s t e a r i c a c i d , a l l o f which melted below 
45°. Water i n f i l t r a t e d sandy s o i l t r e a t e d w i t h these 
compounds w i t h i n 4 h r and through c l a y c o n t a i n i n g s o i l 
w i t h i n 8 h r , c o n f i r m i n g t h e i r h y d r o p h i l i c n a t u r e . The 
b l e n d i n g of these diamides i n t o the t a l l o w d e r i v a t i v e s i n 
or d e r t o lower m e l t i n g p o i n t s and enhance s o l u b i l i t y causes 
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a s e r i o u s l o s s of h y d r o p h o b i c i t y i n sandy s o i l . F o r example 
i n f i l t r a t i o n r a t e s dropped from 1 week t o 3 hr p a s s i n g 
water through G r a n i t e Reef s o i l t r e a t e d w i t h a 50:50 m i x t u r e 
of DETA d e r i v a t i v e s o f i s o s t e a r i c a c i d and p a r t i a l l y hydro
genated t a l l o w f a t t y a c i d s . The water i n f i l t r a t i o n r a t e on 
Wa l l a W a l l a s o i l , t r e a t e d w i t h the 50:50 m i x t u r e , remained 
s i m i l a r t o t h a t o b t a i n e d w i t h the p a r t i a l l y hydrogenated 
t a l l o w f a t t y acid-DETA d e r i v a t i v e a l o n e . 

The s o i l p r o p e r t i e s observed w i t h these chemicals 
suggest t h a t the ch e m i c a l s t r u c t u r a l requirements f o r an 
hydrophobic c a t i o n i c s u r f a c t a n t appear t o be: 

a. M o l e c u l a r weight > 500. 
b. Prepared from s a t u r a t e d s t a r t i n g m a t e r i a l s . 
c. C o n t a i n f r e e amino groups t o a t t a c h t o s o i l 

p a r t i c l e s . 

G l y c e r i n e E f f e c t on H y d r o p h o b i c i t y . The tallow-DETA r e a c t i o n 
p r o d u c t , c o n t a i n i n g over 10% f r e e g l y c e r i n e , had a c o n t a c t 
angle of 37°. G l y c e r i n e i n measured amounts was added to 
the p a r t i a l l y hydrogenated t a l l o w f a t t y acid-DETA r e a c t i o n 
p r o d u c t and c o n t a c t angles measured (See F i g u r e 1). The 
purpose was t o determine how much g l y c e r i n e a r e a c t i o n 
p r o d u c t c o u l d t o l e r a t e and y e t remain hydrophobic. The 
r e s u l t s show t h a t g l y c e r i n e amounts of as low as 1% render 
the r e a c t i o n p r o d u c t h y d r o p h i l i c and suggest t h a t t a l l o w 
f a t t y a c i d s r a t h e r than t a l l o w be used i n the s y n t h e s i s o f 
DETA r e a c t i o n p r o d u c t s . 

R e t e n t i o n on S o i l . An experiment was conducted t o demonstrate 
the r e t e n t i o n o f the c a t i o n i c s u r f a c t a n t on the s o i l . 
G r a n i t e Reef s o i l , t r e a t e d w i t h the p a r t i a l l y hydrogenated 
t a l l o w f a t t y acid-DETA r e a c t i o n p r o d u c t t o g e t h e r w i t h an 
u n t r e a t e d s o i l sample was e x t r a c t e d i n the S o x h l e t apparatus. 
The e x t r a c t e d s o i l s were r e t u r n e d t o the chromatographic 
column and the water i n f i l t r a t i o n t e s t repeated. I t has 
been r e p o r t e d p r e v i o u s l y (15) t h a t s h o r t - c h a i n a l c o h o l s 
form double l a y e r complexes on the s u r f a c e o f s o i l p a r t i c l e s , 
c a u s i n g a m o d i f i c a t i o n of s o i l p r o p e r t i e s . Whereas water 
p e n e t r a t e d the u n t r e a t e d , u n e x t r a c t e d G r a n i t e Reef s o i l 
c o n t r o l i n 4 h r , 12 h r was now r e q u i r e d f o r passage through 
the u n t r e a t e d , a l c o h o l e x t r a c t e d s o i l . Water p e n e t r a t i o n 
through e x t r a c t e d t r e a t e d s o i l was incomplete a f t e r 4 days, 
showing t h a t the water r e p e l l i n g agent remained on the 
s o i l . F r i p i a t and coworkers (16) have r e p o r t e d t h a t amines 
can p r o t o n a t e i n s o i l and r e p l a c e i n o r g a n i c c a t i o n s from 
the c l a y complex by i o n exchange. Amines are adsorbed w i t h 
t h e i r hydrocarbon c h a i n s p e r p e n d i c u l a r or p a r a l l e l t o the 
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c l a y s u r f a c e , depending on the c o n c e n t r a t i o n (16). The 
s u r f a c e of the s o i l p a r t i c l e s has now become hydrophobic 
and d e l a y s the passage of water m o l e c u l e s . 

The m a t e r i a l (1 g) r e c o v e r e d by the a l c o h o l i c e x t r a c 
t i o n of t r e a t e d s o i l i n the S o x h l e t apparatus was i d e n t i 
f i e d by U.V. s p e c t r o s c o p y a t 202 nm as b e i n g u n r e a c t e d 
p a r t i a l l y hydrogenated t a l l o w f a t t y acid-DETA r e a c t i o n 
p r o d u c t . The a l c o h o l s o l u b l e s from the u n t r e a t e d s o i l 
absorbed i n the range of 230-220 nm w i t h o n l y a t r a c e 
a b s o r p t i o n a t 202 nm. The 60% r e c o v e r y suggests t h a t the 
5% c o n c e n t r a t i o n was too h i g h and f u r t h e r work i s r e q u i r e d 
to determine the p r o p e r c o n c e n t r a t i o n . 

E f f e c t s on P l a n t Growth. Experiments were i n i t i a t e d t o 
determine the e f f e c t of
t i o n . P o t t i n g s o i l was
genated t a l l o w f a t t y acid-DETA r e a c t i o n p r o d u c t . A l t h o u g h 
no c r u s t formed on the s o i l ' s s u r f a c e a f t e r the a d d i t i o n , a 
c o a r s e r t e x t u r e of the p o t t i n g s o i l was observed. I n 
r e v i e w i n g p l a n t s which would germinate r a p i d l y , soybeans 
were s e l e c t e d . A f t e r the seeds were p l a n t e d i n the t r e a t e d 
s o i l , as w e l l as an u n t r e a t e d c o n t r o l , the f l a t s were 
watered weekly. We were s u r p r i s e d t o see water r o l l o f f 
and down the s i d e s of the t r e a t e d f l a t . Whereas the c o n t r o l 
f l a t took up 1.7 kg of water, the t r e a t e d s o i l f l a t g ained 
o n l y 110 g. The soybeans i n the c o n t r o l f l a t germinated i n 
10 days and grew r a p i d l y . A f t e r a p e r i o d of 8 weeks, one 
seed germinated i n the hydrophobe-treated s o i l (See F i g u r e 2 ) . 
T h i s experiment was c o n t i n u e d f o r another month, but no 
f u r t h e r p l a n t s appeared. The seeds were not a b l e t o germinate 
because the passage of water through the s o i l was b l o c k e d . 

Corn was used t o demonstrate the e f f e c t s of s o i l 
hydrophobes on the c e r e a l g r a s s e s . A f t e r adding n i t r o g e n 
f e r t i l i z e r , the p o t t i n g s o i l was t r e a t e d w i t h the p a r t i a l l y 
hydrogenated t a l l o w f a t t y acid-DETA r e a c t i o n p r o d u c t . As a 
r e s u l t of t h i s enrichment a l l seeds germinated i n the 
t r e a t e d s o i l and i n the c o n t r o l . However, the corn p l a n t s 
grown i n the t r e a t e d s o i l soon developed a y e l l o w c a s t and 
appeared s t u n t e d i n growth. A f t e r 6 weeks the c o r n p l a n t s 
were h a r v e s t e d . The s t a l k s p l a n t e d i n the t r e a t e d s o i l 
weighed 54% of those grown i n the c o n t r o l . The s t a l k s were 
then d r i e d i n a vacuum oven t o c o n s t a n t w e i g h t , and the 
p l a n t s from the hydrophobe-treated s o i l now weighed 47% o f 
the c o n t r o l p l a n t s . These r e s u l t s show t h a t the growth o f 
p l a n t s was g r e a t l y impeded by the s u r f a c t a n t . 
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F i g u r e 1. E f f e c t o f g l y c e r i n e c o n c e n t r a t i o n on c o n t a c t 

angle the p a r t i a l l y hydrogenated t a l l o w f a t t y 

acid-DETA r e a c t i o n p r o d u c t . 

gure 2. E f f e c t of s o i l hydrophobe on soybean g e r m i n a t i o n . 
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Binding of Alkylpyridinium Cations by Anionic 
Polysaccharides 
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Solid state electrodes selective for alkylpyridinium 
cations are used t  stud  th  bindin f thes  surfac
tants cations, wit
to a number of anionic polyelectrolytes. The electrodes 
are shown to be effective from very low surfactant con
centrations to the cmc, and can be used for accurate 
cmc determinations in solutions of high ionic strength. 
Binding isotherms of the alkylpyridinium cations with 
polyacrylate, alginate, pectate and pectinates are pre
sented. All isotherms are highly cooperative. The 
surfactant chainlength dependence of the overall bin
ding constant is identical to the case of micelle for
mation of the free surfactant, but for a given surfac
tant the overall binding constant depends strongly on 
the charge density of the polyion. 

The binding of ionic surfactants by polyions of opposite charge 
distinguishes itself from the much more widely studied case of 
binding by neutral water soluble polymers mainly because binding 
occurs at much lower free surfactant concentrations (1 5 2) · Thus, 
while the binding of ionic surfactants by neutral polymers is nor
mally studied at concentrations close to or above the cmc of the 
surfactant, in the case of oppositely charged polyions and surfac
tant ions the first binding may take place at concentrations 
orders of magnitude below the cmc of the surfactant. It is there
fore not surprising that a detailed study of this, binding pro
cess had to await the development of suitable analytical methods, 
notably surfactant selective electrodes (2-10). The pioneering 
paper by Satake and Yang (2) demonstrates the strongly cooperative 
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c h a r a c t e r of the b i n d i n g of d e c y l s u l f a t e anions by h i g h l y charged 
c a t i o n i c p o l y p e p t i d e s . These a u t h o r s i n t e r p r e t t h e i r b i n d i n g i s o 
therms i n terms of a n e a r e s t neighbour i n t e r a c t i o n model, w i t h 
h y d rophobic i n t e r a c t i o n s between n e i g h b o u r i n g bound s u r f a c t a n t 
i o n s a c c o u n t i n g f o r the i n c r e a s e of the apparent b i n d i n g c o n s t a n t 
w i t h i n c r e a s e d b i n d i n g . They a p p l y the t h e o r y of Zimm and Bragg, 
developed to d e s c r i b e the h e l i x c o i l t r a n s i t i o n i n p o l y p e p t i d e s 
( 1 1 ) , to the case of s u r f a c t a n t b i n d i n g by polymers, e f f e c t i v e l y 
f i t t i n g the observed b i n d i n g i s o t h e r m t o two parameters, i . e . K, 
the " i n t r i n s i c b i n d i n g c o n s t a n t " between an i s o l a t e d polymer 
b i n d i n g s i t e and a s i n g l e s u r f a c t a n t i o n , and u, a " c o o p e r a t i v e t y 
parameter" presumably determined by the hydrophobic i n t e r a c t i o n s 
between n e i g h b o u r i n g s u r f a c t a n t s . The Satake-Yang treatment pa
r a l l e l s the t h e o r y o f Schwarz developed t o d e s c r i b e t h e b i n d i n g of 
a n i o n i c dyes t o l i n e a r b i o p o l y m e r  ( 1 2 ) d i  f a c  th  b i n d i n
of l o n g c h a i n s u r f a c t a n t
t h e o r y than the case o y y  dy

S i n c e the work o f Satake and Yang, a number o f o t h e r s t u d i e s 
have appeared employing s u r f a c t a n t s e l e c t i v e e l e c t r o d e s to study 
the b i n d i n g of a n i o n i c s u r f a c t a n t s by c a t i o n i c polymers (13-15) o r 
of c a t i o n i c s u r f a c t a n t s by a n i o n i c polymers (7,10,16-19), w i t h 
most of these s t u d i e s r e l y i n g on the t h e o r i e s o f Schwarz and Sa
t a k e and Yang t o d e s c r i b e the observed h i g h l y c o o p e r a t i v e b i n d i n g 
i s o t h e r m s . A l t h o u g h i n a number of cases s p e c i a l a t t e n t i o n was 
g i v e n to c o n f o r m a t i o n a l changes of the polymer induced by s u r f a c 
t a n t a d s o r p t i o n (2,7,20,21) i t i s of i n t e r e s t to n o t e the d i f f e 
r ence between the models used t o d e s c r i b e these d a t a a t v e r y low 
s u r f a c t a n t and polymer c o n c e n t r a t i o n s , and the much more w i d e l y 
s t u d i e d case o f b i n d i n g measurements c l o s e t o o r p a s t the s u r f a c 
t a n t cmc (1,22-28). Thus, whereas the g e n e r a l l y a c c e p t e d model 
f o r m i c e l l a r b i n d i n g envisages a complex where the polymer enve
l o p s many d i s t i n c t , m i c e l l a r - l i k e s u r f a c t a n t aggregates (24,26) i n 
s u r f a c t a n t i o n p o l y i o n b i n d i n g s t u d i e s a t low s u r f a c t a n t concen
t r a t i o n s i t i s g e n e r a l l y assumed t h a t t h e p o l y i o n m a i n t a i n s a w e l l 
d e f i n e d s o l u t i o n c o n f o r m a t i o n , o r the p o l y i o n c o n f o r m a t i o n i s not 
c o n s i d e r e d a t a l l , w i t h a d e s c r i p t i o n of the b i n d i n g i s o t h e r m i n 
terms of a n e a r e s t neighbour model. Such a d e s c r i p t i o n l e a v e s 
open the q u e s t i o n whether the hydrophobic p a r t of the bound s u r 
f a c t a n t remains exposed to the aqueous phase, or whether a f t e r 
b i n d i n g the s u r f a c t a n t s aggregate i n t o m i c e l l e - l i k e groups, w i t h 
the polymer s u r r o u n d i n g the a g g r e g a t e s . I t i s i m p o r t a n t to n o t e 
t h a t the b i n d i n g between o p p o s i t e l y charged s u r f a c t a n t i o n s and 
p o l y i o n s i n i t i a l l y t akes p l a c e w i t h o u t phase s e p a r a t i o n , and i s 
f u l l y r e v e r s i b l e . T h i s d i s t i n g u i s h e s the b i n d i n g measurements a t 
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 from the s t u d i e s on p r e c i p i t a t i n g 
systems w i t h or w i t h o u t subsequent r e d i s s o l u t i o n (1,24). 

I n p r e v i o u s s t u d i e s we have d e s c r i b e d the b i n d i n g of a l k y l -
trimethylammonium i o n s t o a v a r i e t y of p o l y a n i o n s (16-19). As has 
been observed by o t h e r a u t h o r s , both the a l k y l c h a i n l e n g t h depen
dence and the i o n i c - s t r e n g h t dependence of the b i n d i n g p r o c e s s 
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were found t o be remarkably s i m i l a r t o the case o f m i c e l l e forma
t i o n , a p p a r e n t l y independent of whether t h e p o l y i o n has a w e l l -
d e f i n e d backbone c o n f i g u r a t i o n such as w i t h DNA o r p e c t i c a c i d 
(18,19), o r may be presumed to be ext r e m e l y f l e x i b l e , e.g. dex-
t r a n s u l f a t e o r p o l y ( s t y r e n e s u l f o n a t e ) (16,17). On the o t h e r hand, 
the b i n d i n g c o n s t a n t s f o r a g i v e n alkylammonium c a t i o n a r e found 
to depend s t r o n g l y on the polymer s t r u c t u r e and charge d e n s i t y 
( 1 9 ) . I n t h i s paper we extend these measurements t o the case o f 
a l k y l p y r i d i n i u m c a t i o n s w i t h d o d e c y l , t e t r a d e c y l , and h e x a d e c y l 
a l k y l groups ( t o be a b b r e v i a t e d as C i 2 p y * C ^Py^and C ^ P y * r e s p e c 
t i v e l y ) . As p o l y a n i o n s we choose two p o l y s a c c h a r i d e s of w e l l de
f i n e d s t r u c t u r e , i . e . a l g i n i c a c i d , a copolymer of mannuronic and 
g u l u r o n i c a c i d , and p e c t i c a c i d , a l i n e a r polymer o f D - g a l a c t u r o -
n i c a c i d ( 2 9 ) . The i n f l u e n c e o f the charge d e n s i t y of the p o l y i o n 
i s s t u d i e d by comparing
e s t e r i f i c a t i o n of the c o r r e s p o n d i n
70%. I n a d d i t i o n , r e s u l t s a r e p r e s e n t e d f o r b i n d i n g t o the sodium 
s a l t o f p o l y ( a c r y l i c a c i d ) (PAA). Polymer s t r u c t u r e s a r e shown 
i n F i g u r e 1. 

Ex p e r i m e n t a l 

S u r f a c t a n t s . C-^PyCl and C-^PyBr were commercial p r o d u c t s (Tokyo 
K a s e i K o g y i Co., L t d and Eastman Kodak Co., r e s p e c t i v e l y ) . These 
p r o d u c t s were p u r i f i e d by rep e a t e d r e c r y s t a l l i z a t i o n from acetone 
and treatment w i t h a c t i v e c h a r c o a l . C-^PyBr was s y n t h e s i z e d by 
r e a c t i n g the c o r r e s p o n d i n g a l k y l b r o m i d e (Eastman Kodak), p u r i f i e d 
by f r a c t i o n a l d i s t i l l a t i o n , w i t h a s l i g h t excess o f p y r i d i n e (30). 
The crude product was p u r i f i e d by e x t r a c t i o n w i t h d i e t h y l e t h e r , 
f o l l o w e d by up to 6 r e c r y s t a l l i z a t i o n s from acetone and treatment 
w i t h a c t i v e c h a r c o a l . 
P o l y s a c c h a r i d e s . N a - a l g i n a t e was i s o l a t e d from L a m i n a r i a Hyperbo-
r e a . The g u l u r o n i c a c i d c o n t e n t was found to be 63.6%, c o r r e s p o n 
d i n g t o an M/G (mannuronic a c i d / g u l u r o n i c a c i d ) r a t i o of 0.57. 
The t o t a l c a r b o x y l a t e c o n c e n t r a t i o n was determined by i o n exchange 
t o the a c i d form f o l l o w e d by t i t r a t i o n w i t h NaOH. P e c t i n s of v a 
r i o u s degrees of e s t e r i f i c a t i o n , E, were prepared from a p u r i f i e d 
c i t r u s p e c t i n (Genu P e c t i n , Kopenhagen, Denmark) by c o n t r o l l e d 
a l k a l i n e d e e s t e r i f i c a t i o n ( 3 1 ) . Degree o f e s t e r i f i c a t i o n , i n t r i n 
s i c v i s c o s i t y [η] and v i s c o s i t y m o l e c u l a r w e i ght were determined 
u s i n g s t a n d a r d procedures (31,32). The c o n c e n t r a t i o n of f r e e c a r -
b o x y l groups i n the i n i t i a l ( s t o c k ) s o l u t i o n s of potassium p e c t a ^ + 

t e and sodium p e c t i n a t e were determined by p r e c i p i t a t i o n w i t h Cu 
(33,34). 

A n a l y t i c a l grade N a C l , p o l y v i n y l c h l o r i d e ( A l d r i c h , h i g h mol. 
w t . ) , b i s ( 2 - e t h y l h e x y l ) p h t a l a t e (GR, A l d r i c h ) , and t e t r a h y d r o f u r a n 
(AR, BDH Chemicals) were used w i t h o u t f u r t h e r p u r i f i c a t i o n . P o l y -
a c r y l i c a c i d , mol. wt. 250,000 ( A l d r i c h ) was t i t r a t e d w i t h NaOH t o 
o b t a i n a s t o c k s o l u t i o n o f NaPAA of known c a r b o x y l a t e c o n c e n t r a 
t i o n . 
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P o t e n t i o m e t r y . Free 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 determined by 
means of s o l i d s t a t e membrane e l e c t r o d e s r e s p o n d i n g t o the a l k y l 
p y r i d i n i u m c a t i o n s . The e l e c t r o d e s were made as b e f o r e (16-19) 
except t h a t the c a r r i e r complex was prepared by r e a c t i n g the r e 
q u i r e d p u r i f i e d a l k y l p y r i d i n i u m bromide w i t h h i g h l y p u r i f i e d s o -
d i u m d o d e c y l s u l f a t e and r e p e a t e d r e c r y s t a l l i z a t i o n from acetone o f 
the r e s u l t i n g p r e c i p i t a t e . B i n d i n g curves were determined by 
means of a t i t r a t i o n t e c h n i q u e , where s u r f a c t a n t s o l u t i o n i s added 
to the polymer s o l u t i o n by means of a m o t o r i z e d p i s t o n b u r e t . The 
polymer c o n c e n t r a t i o n i s kept c o n s t a n t by adding an eq u a l volume 
of polymer s o l u t i o n of double the i n i t i a l c o n c e n t r a t i o n from a se
cond p i s t o n b u r e t ( 1 8 ) . I n a r e c e n t improvement of our experimen
t a l s e t - u p , the e l e c t r o m e t e r output i s now d i g i t i z e d and s t o r e d i n 

j a microcomputer which a l s o checks f o r constancy of the e.m.f. and 
a c t i v a t e s the p i s t o n b u r e t s  Thu  complet  b i n d i n  b
determined unattended. I
c o n s t a n t a t 30.0 ± 0.1°C

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

The s u r f a c e t e n s i o n of the p y r i d i n i u m s u r f a c t a n t s a t 30°C as a 
f u n c t i o n of c o n c e n t r a t i o n were measured by means of a Du Nouy r i n g 
t e n s i o m e t e r ( F i g u r e 2 ) . No minima a r e apparent i n the C-^ and 
c u r v e s , but a s m a l l minimum i n the C-j^ curve i n d i c a t e s the p r e s e n 
ce of a minor i m p u r i t y i n the commercial C-joPyCl used, even a f t e r 
r e p e a t e d r e c r y s t a l l i z a t i o n s . I n s p i t e of t h i s , our r e s u l t f o r the 
cmc, 1.40 (± 0.04) χ 10~2 m i s i n v e r y r e a s o n a b l e agreement w i t h 
l i t e r a t u r e d a t a r e p o r t e d as 1.46 χ 10"" 2, 1.48 χ 10""* and 1.78 χ 
10~2 from conductance (35-37) and 1.62 χ 10"^ from s u r f a c e t e n s i o n 
( 3 7 ) , a l l a t 25°C. F o r C 1 4 P y B r we f i n d a cmc of 2.65 (± 0.05) χ 
10""^ m, t y p i c a l l i t e r a t u r e v a l u e s are g i v e n as 2.57 χ 10"" 3 m from 
s u r f a c e t e n s i o n (35) and 2.63 χ 10"^ m from conductance ( 3 6 ) . F i 
n a l l y , f o r C 1 6 P y B r we o b t a i n 6.2 (± 0.1) χ 10"^ m, where l i t e r a t u 
r e v a l u e s v a r y r a t h e r w i d e l y , i . e . 5.8 χ 10~4 (35,38) a t 25°C and 
7.05 χ 10""^ a t 30°C ( 3 6 ) , b o t h v a l u e s from conductance, and 6.6 χ 
10-4 a t 25°C from s u r f a c e t e n s i o n ( 3 9 ) . Note t h a t Anacker (40) 
has p o i n t e d out some d i f f i c u l t i e s i n the d e t e r m i n a t i o n of the cmc 
of C ^ P y C l by conductance. 

T y p i c a l e l e c t r o d e performances a r e shown i n F i g u r e 2 f o r C-j^ 
and C;L£ p y r i d i n i u m c a t i o n s i n the presence of a l a r g e excess o f 
NaCl. We not e t h a t the e l e c t r o d e s have an e x c e l l e n t s e l e c t i v i t y 
f o r the s u r f a c t a n t c a t i o n . Response i s N e r n s t i a n from below 10~6 
m to the cmc f o r C ^ P y t and from about 3 χ 10"^ m to the cmc f o r 
C-j^Py and C - ^ P y ^ i n o t shown). I n f a c t , the e l e c t r o d e s p r o v i d e f o r 
a c o n v e n i e n t and a c c u r a t e method to determine the cmc i n p a r t i c u 
l a r o f t h e h i g h e r c h a i n l e n g t h c a t i o n i c s u r f a c t a n t s i n s o l u t i o n s o f 
h i g h i o n i c s t r e n g t h , where o t h e r methods become i n c r e a s i n g l y more 
d i f f i c u l t ( 4 0 ). An example of the p o s s i b l e a p p l i c a t i o n of these 
e l e c t r o d e s i n thermodynamic s t u d i e s i s shown i n F i g u r e 4, where 
the cmc as o b t a i n e d from d a t a such as i n F i g u r e 3 i s p l o t t e d v s 
the t o t a l c o u n t e r i o n c o n c e n t r a t i o n . When e x t r a p o l a t e d t o = 
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V T oTk poly mannuronic acid 
Η θ Υ ^ \ θ / 

H O ° / o ^ ° ^ / polygului ronic acid 

ALGINIC ACID 

M O-V^ HO 1 
polygalacturonic acid PECTIC ACID 

- f Ç H - C H ^ 
COOH 

POLYACRYLIC ACID 

F i g u r e 1. Polymer s t r u c t u r e s . 

logmD 

F i g u r e 2. S u r f a c e t e n s i o n of a l k y l p y r i d i n i u m h a l i d e s a t 30°C. 
ο C i 2 P y C l ; Δ C 1 4 P y B r ; • C i 6 P y B r . 
Note s h i f t s i n v e r t i c a l s c a l e f o r C]_2 and C^ 4. 
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0, we o b t a i n f o r pure C-^PyCl l o g cmc = -2.37 ± 0.03, and f o r 
C-i^PyCl l o g cmc = -3.07 ± 0.02. O b v i o u s l y b e t t e r a c c u r a c y can be 
o b t a i n e d i n a more complete s t u d y w i t h d a t a a t lower NaCl concen
t r a t i o n s , but even these numbers are i n r e a o n a b l e agreement w i t h 
l i t e r a t u r e d a t a a t 25°C f o r l o g cmc quoted as -2.40 (36) and -3.05 
(35) f o r C-j^PyCl and C^^PyCl r e s p e c t i v e l y . S i m i l a r l y , i f we c a l 
c u l a t e the f r e e energy o f m i c e l l i z a t i o n , AG from the i n t e r c e p t a t 
l o g m N a c i = 0 we o b t a i n -29.9 kJ/mole f o r C ^ P y C l and -23.5 k J / 
mole f o r C-^PyCl, i . e . a c o n t r i b u t i o n per CH2 group o f 3.2 kJ/mole 
or 1.27 RT, and from the s l o p e o f the l o g cmc v s l o g m N ac^ c u r v e s 
we c a l c u l a t e an apparent degree of c o u n t e r i o n d i s s o c i a t i o n o f 
0.30 ± 0.02 i n b o t h c a s e s . These numbers a r e i n good agreement 
w i t h expected v a l u e s ( 4 1 ) , perhaps even s u r p r i s i n g l y so g i v e n the 
h i g h i o n i c s t r e n g t h o f the systems from which these v a l u e s have 
been c a l c u l a t e d . F o r th
l i a b l e performance o f th
r y i n g i o n i c s t r e n g t h , such as encountered i n the p r e s e n t b i n d i n g 
s t u d i e s , and we l e a v e the a p p l i c a t i o n of the e.m.f. method t o cmc 
d e t e r m i n a t i o n s e s p e c i a l l y of systems w i t h low cmc and h i g h concen
t r a t i o n of v a r i o u s added e l e c t r o l y t e s , i n c l u d i n g m u l t i v a l e n t coun-
t e r i o n s , t o the f u t u r e . 

I n p r e v i o u s p u b l i c a t i o n s (10,16) we have d e s c r i b e d the p r o c e 
dure used t o o b t a i n the degree of b i n d i n g , 3, d e f i n e d as 

β = (% - ν ξ ) / % f (1) 
where m D i s the 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 , m D the f r e e s u r 
f a c t a n t c o n c e n t r a t i o n and m p the monomolar p o l y i o n c o n c e n t r a t i o n 
( i . e . moles COO /kg H 20) , from the e.m.f. d a t a . A l l our d a t a w i l l 
be p r e s e n t e d as " b i n d i n g i o s t h e r m s " , where 3 i s p l o t t e d v s l o g m̂ . 
As has been demonstrated b e f o r e (19) the average l i n e a r charge s e 
p a r a t i o n on the polymer i s the predominant f a c t o r i n d e t e r m i n i n g 
the m|) r e g i o n where c o o p e r a t i v e b i n d i n g i s observed. T h i s charge 
s e p a r a t i o n on the p o l y i o n i s o f t e n expressed i n the form o f a 
charge d e n s i t y parameter ξ , 

ξ = e 2/cbkT (2) 
where e i s the p r o t o n i c charge, ε the d i e l e c t r i c c o n s t a n t , k the 
Bolzmann c o n s t a n t and Τ the temperature, and b i s the average l i 
n ear charge s e p a r a t i o n on the polymer, i . e . the average d i s t a n c e 
between charged groups on the f u l l y extended polymer. Thus the 
charge d e n s i t y parameter ξ o f p o l y a c r y l a t e has the v a l u e 2.83 t y 
p i c a l f o r v i n y l i c polymer c h a i n s . F o r p e c t a t e ξ = 1.61 i f we as
sume t h a t the 10% n e u t r a l sugars i n t h i s polymer a r e not randomly 
d i s t r i b u t e d . As i s d i s c u s s e d i n r e f . 19, i n the case of a l g i n a t e 
t h e r e a r e good reasons t o assume t h a t the charge d e n s i t y parameter 
ξ i s s l i g h t l y l a r g e r than the v a l u e o f 1.43 expected f o r a polyman-
n u r o n i c a c i d c h a i n . Both the presence o f g u l u r o n i c a c i d b l o c k s , 
and the l a r g e r f l e x i b i l i t y o f t h i s polymer (42) would i n d i c a t e a 
v a l u e i n between 1.43 and 1.61, the v a l u e f o r p e c t a t e ( 1 9 ) . A t y 
p i c a l example o f the i n f l u e n c e o f the charge d e n s i t y i s shown i n 
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F i g u r e 5, where we compare the b i n d i n g of C-j^Py*" i n the presence o f 
0 . 0 1 m NaCl t o PAA, p e c t a t e and a l g i n a t e . We not e t h a t the o r d e r 
o f the o v e r a l l b i n d i n g c o n s t a n t Ku, d e f i n e d by (_2,J^»12»16) v a r i e s 

Ku = ( J ^ (3) 
i n the o r d e r PAA » a l g i n a t e > p e c t a t e . T h i s o r d e r of Ku i s the 
same as was observed f o r a l k y l t r i m e t h y l a m m o n i u m i o n s ( 1 9 ) , but i n 
the p r e s e n t case o f a l k y l p y r i d i n i u m i o n s the d i f f e r e n c e between 
a l g i n a t e and p e c t a t e i s s l i g h t l y more pronounced. A number of 
ot h e r minor but t y p i c a l c h a r a c t e r i s t i c s can be observed i n F i g u r e 
5. B i n d i n g t o PAA reaches a second c r i t i c a l p o i n t around 3 = 0 . 7 , 
a g a i n s i m i l a r t o t h e case of the c o r r e s p o n d i n g trimethylammonium 
i o n s . A l l a l k y l p y r i d i n i u m b i n d i n g c u r v e s g i v e i n d i c a t i o n s of a 
two-step b i n d i n g p r o c e s s , as may be deduced from the b e h a v i o u r of 
the b i n d i n g i s o t h e r m s belo  3
seems t o l e v e l o f f abov
k y l p y r i d i n i u m i o n can b i n  a p p r o x i m a t e l y  sugar
p r e s e n t i n p e c t a t e but not i n a l g i n a t e . A l l the p e c t a t e b i n d i n g 
curves e x h i b i t a s i g n i f i c a n t l y lower c o o p e r a t i v i t y , i . e . the r i s e 
i n 3 w i t h i n c r e a s i n g m^ i s l e s s s t e e p , than the c o r r e s p o n d i n g a l 
g i n a t e b i n d i n g c u r v e . 

I n F i g u r e 6 we compare the b i n d i n g of C i 2 P y + a n d C-j^Py*" t o PAA 
to the case o f t h e + c o - r e s p o n d i n g d o d e c y l - and t e t r a d e c y l t r i m e t h y l 
ammonium i o n s (DTA and TTA +) b o t h i n the presence o f 0 . 0 1 m NaC l , 
and i n F i g u r e 7 a s i m i l a r comparison i s made f o r C^4Py +and C-j^Py"*" 
b i n d i n g t o a l g i n a t e and p e c t a t e . The remarkably c o n s i s t e n t b i n 
d i n g p a t t e r n s of the v a r i o u s c a t i o n s and p o l y i o n s a t t e s t not o n l y 
t a the r e p r o d u c i b i l i t y of the r e s u l t s , b ut a l s o t o the h i g h l y spe
c i f i c c h a r a c t e r of the b i n d i n g p r o c e s s . I n the case of p o s t - m i -
c e l l a r b i n d i n g the polymer c o n c e n t r a t i o n i s an imp o r t a n t parameter 
( 2 4 ) . I n the p r e s e n t case the r e l a t i o n between t h e degree of b i n 
d i n g , 3 , and the f r e e s u r f a c t a n t c o n c e n t r a t i o n , m^, i s c o m p l e t e l y 
independent o f the e q u i v a l e n t polymer c o n c e n t r a t i o n . F o r i n s t a n 
ce, «curves i n F i g u r e s 5-8 r e p r e s e n t polymer monomolal c o n c e n t r a 
t i o n s o f 1 0 " 4 , 5 χ 1 0 _ 4 , a n d i f j - 3 m , w i t h o u t any n o t i c e a b l e d i f f e 
r ence i n the t r e n d s observed. F i n a l l y , i n F i g u r e 8 we show the 
i n f l u e n c e of t h e polymer backbone, v a r y i n g the degree o f e s t e r i f i -
c a t i o n o f the c a r b o x y l group i n p e c t i n a t e s d e r i v e d from the same 
p o l y p e c t a t e . R e l e v a n t parameters c h a r a c t e r i z i n g the p e c t a t e and 
p e c t i n a t e s used a r e g i v e n i n T a b l e I ( 3 1 , 4 3 ) . A l l b i n d i n g i s o 
therms i n F i g u r e 8 are f o r an e q u i v a l e n t p o l y i o n c o n c e n t r a t i o n 
(COO c o n c e n t r a t i o n ) of 1 χ 1 0 " 3 m, note t h a t t h e r e f o r e t h e a c t u a l 
polymer c o n c e n t r a t i o n i n c r e a s e s as the degree of e s t e r i f i c a t i o n 
i n c r e a s e s . The i n f l u e n c e o f the charge d e n s i t y i s e v i d e n t . I n 
a d d i t i o n , t h e i n f l u e n c e o f the added NaCl c o n c e n t r a t i o n shows an 
i n t e r e s t i n g p a t t e r n : t h e d i f f e r e n c e between the m^ v a l u e s a t the 
h a l f - b o u n d p o i n t ( 3 = 0 . 5 ) between m N a C i = 0 . 0 1 and 0 . 0 2 i s l a r 
g e s t f o r p e c t a t e (and a p p r o x i m a t e l y as expected compared e.g. t o 
the case of d e x t r a n s u l f a t e ( 1 6 ) ) and becomes p r o g r e s s i v e l y s m a l l e r 
as the p o l y i o n charge d e n s i t y d e c r e a s e s . 
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F i g u r e 7. P o l y u r o n i d
ο N a - a l g i n a t e ; à K - p e c t a t e . Curves 1: C 1 6 P y B r 
(1 χ 10_3 m u r o n i d e ) ; 2: C ^ P y B r , 3: C 1 2 P y C l 
(1 χ 10 m u r o n i d e ) . 
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TABLE I . C h a r a c t e r i z a t i o n o f P e c t a t e and P e c t i n a t e s 

235 

P o l y u r o n i d e s Ε M* r3 
-1 η 

% % 
K-pectate 
N a - p e c t i n a t e (2) 
Na - p e c t i n a t e (3) 
Na - p e c t i n a t e (4) 

84.9 
86.1 
83.8 
88.9 

0 
20.6 
46.1 
70.0 

0.133 
0.211 
0.327 
0.092 

29,000 
41,000 
56,000 
22,000 

1.61 
1.28 
0.87 
0.48 

1 Degree o f e s t e r i f i c a t i o n 
2 I n t r i n s i c v i s c o s i t y 
3 M o l e c u l a r w e i ght c a l c u l a t e d from v i s c o s i t y ( r e f . 43). 

A l l b i n d i n g parameters d e r i v e d from f i t t i n g the b i n d i n g i s o 
therms t o the e q u a t i o n s
are c o l l e c t e d i n T a b l e I I
b i n d i n g c o n s t a n t Ku can be determined a c c u r a t e l y ( e s t i m a t e d a t 
± 2%) , but the d e t e r m i n a t i o n of Κ and u s e p a r a t e l y i s much more 
i n a c c u r a t e . G e n e r a l l y we e s t i m a t e the p o s s i b l e e r r o r i n u a t 
± 20%. Even i f the model c o n s i d e r a t i o n s which equate u to a coo-
p e r a t i v i t y parameter d e s c r i b i n g the a g g r e g a t i o n of bound s u r f a c 
t a n t m o l e c u l e s , prove i n c o r r e c t o r i n a p p l i c a b l e , from an e x p e r i 
mental p o i n t o f v i e w u may be seen s i m p l y as a parameter i n d i c a 
t i n g the s l o p e of the b i n d i n g i s o t h e r m i n the c o o p e r a t i v e r e g i o n , 
i . e . h i g h e r u v a l u e s mean s t e e p e r b i n d i n g i s o t h e r m s . What i s most 
obvious from T a b l e I I i s the i d e n t i c a l s u r f a c t a n t c h a i n l e n g t h de
pendence of the Ku v a l u e s f o r a l l polymers, independent of the py
r i d i n i u m of trimethylammonium head group o f the s u r f a c t a n t and of 
the presence o f added s a l t . The d i f f e r e n c e per CIL? group i n I n Ku 
f o r a l l cases p r e s e n t e d i n T a b l e I I averages 1.19 +kT, v e r y + c l o s e 
to the v a l u e of 1.23 kT found f o r the case o f DTA and TTA b i n 
d i n g t o DNA w i t h o r w i t h o u t added NaCl ( 1 8 ) . I t i s h a r d t o f i n d 
any o t h e r e x p l a n a t i o n f o r t h i s remarkable constancy than t o assume 
t h a t t h i s f a c t o r r e f l e c t s o n l y the d i f f e r e n c e i n hydrophobic i n 
t e r a c t i o n s between the C ^ > c14> o r c 1 6 a l k y l groups, and t h a t the 
i n t r i n s i c b i n d i n g between s u r f a c t a n t and p o l y i o n i s u n a f f e c t e d by 
the s u r f a c t a n t hydrophobic c h a i n l e n g t h . Of course the s i m i l a r i t y 
between t h i s h ydrophobic e f f e c t i n s u r f a c t a n t b i n d i n g by polymers 
and m i c e l l e f o r m a t i o n has been p o i n t e d out many t i m e s , but i t i s 
n e v e r t h e l e s s s a t i s f y i n g t o see t h i s almost p e r f e c t correspondence 
between such w i d e l y v a r y i n g systems. 

F i n a l l y , we w i l l c o n s i d e r the v a r i a t i o n i n Ku w i t h s u r f a c t a n t 
head group, polymer s t r u c t u r e and charge d e n s i t y , and added s a l t 
c o n c e n t r a t i o n . G e n e r a l l y , Ku decreases w i t h i n c r e a s i n g s a l t con
c e n t r a t i o n , which i s e a s i l y e x p l a i n e d i n terms of i n c r e a s e d s h i e l 
d i n g o f the polymer charges. I t remains t o be seen whether i n 
f a c t t h i s i s a c o r r e c t i n t e r p r e t a t i o n , i t might f o r i n s t a n c e be 
argued t h a t s i m i l a r t o the case o f m e t a l i o n b i n d i n g by p o l y e l e c -
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t r o l y t e s i t i s the entropy g a i n of the r e l e a s e d c o u n t e r i o n s ( i . e . 
Na +) which s h o u l d be c o n s i d e r e d (44,45). Both approaches would 
p r e d i c t a decrease i n Ku w i t h i n c r e a s i n g s a l t c o n c e n t r a t i o n f o r a 
gi v e n p o l y i o n - s u r f a c t a n t system, and bo t h approaches would a l s o 
p r e d i c t a s m a l l e r dependence o f Ku on the added s a l t c o n c e n t r a t i o n 
the s m a l l e r the p o l y i o n charge d e n s i t y . T h i s l a s t e f f e c t i s sen
s i t i v e l y demonstrated not o n l y i n our d a t a f o r the p e c t i n a t e s , but 
a l s o i n the comparison between the s a l t dependence o f Ku f o r dex-
t r a n s u l f a t e , p o l y s t y r e n e s u l f a t e (16) and p o l y a c r y l a t e ( T a b l e I I ) , 
a l l w i t h charge d e n s i t y parameters o f 2.8, and a l g i n a t e and p e c t a 
t e . 

The i n f l u e n c e o f the head group, i . e . p y r i d i n i u m o r t r i m e -
thylammonium, on t h e o v e r a l l b i n d i n g c o n s t a n t Ku and the coopera-
t i v i t y parameter u i s r e l a t i v e l y s m a l l . I t i s perhaps s u r p r i s i n g 
t h a t i n a l l cases Ku f o
the trimethylammonium s a l t
C-j^Py +and TTA +, j u s t as the cmc f o r p y r i d i n i u m s a l t s i s always l o
wer than the cmc of the c o r r e s p o n d i n g trimethylammonium s a l t . 
T h i s may be caused by two f a c t o r s . F i r s t of a l l , i n the case o f 
p y r i d i n i u m s a l t s t h e r e may be a c o n t r i b u t i o n from t h e hydrophobic 
i n t e r a c t i o n s between n e i g h b o u r i n g bound headgroups (an e f f e c t 
w hich would not c o n t r i b u t e t o the f r e e energy o f m i c e l l e forma
t i o n ) . Secondly, a s t e r i c h i n d r a n c e e f f e c t may pr e v e n t the p o s i 
t i v e chrge on the trimethylammonium head group from approaching 
c l o s e t o the p o l y i o n charge. 

I n comparing b i n d i n g d a t a f o r the v a r i o u s polymers, i t i s 
c l e a r t h a t indeed the charge d e n s i t y i s the dominant f a c t o r gover
n i n g Ku. The i n v e r s i o n i n Ku v a l u e s observed between a l g i n a t e and 
p e c t a t e s h o u l d then be a t t r i b u t e d t o the l a r g e r f l e x i b i l i t y o f the 
a l g i n a t e p o l y i o n (42) , a l l o w i n g i t t o b i n d and "en v e l o p " the s u r 
f a c t a n t aggregates more e f f i c i e n t l y . I t i s noteworthy t h a t the Ku 
v a l u e s f o r DTA + a t 0.01 m NaCl w i t h d e x t r a n s u l f a t e and p o l y a c r y l a 
t e a r e v i r t u a l l y i d e n t i c a l (16,190 b u t t h a t i n the case of p o l y -
s t y r e n e s u l f o n a t e Ku f o r DTA + i s much l a r g e r , and u v e r y much lower. 
These t h r e e p o l y i o n s a l l have an i d e n t i c a l charge d e n s i t y parame
t e r o f 2.8, and we conclude t h a t o n l y i n the case of p o l y s t y r e n e -
s u l f o n a t e a t l e a s t p a r t o f the s u r f a c t a n t a l k y l group b i n d s t o the 
hydrophobic polymer backbone, and does not c o n t r i b u t e t o the coo
p e r a t i v e b i n d i n g between n e i g h b o u r i n g s u r f a c t a n t s . Thus i t seems 
l i k e l y t h a t , a l l o t h e r t h i n g s b e i n g e q u a l , more f l e x i b l e polymers 
ar e more e f f i c i e n t i n b i n d i n g s u r f a c t a n t s , as i s p a r t i c u l a r l y 
c l e a r from the case o f DNA (18) . We have p o i n t e d out the s i m i l a 
r i t y between p o l y i o n s u r f a c t a n t i o n i n t e r a c t i o n and m i c e l l e forma
t i o n o f f r e e s u r f a c t a n t s . T h i s s i m i l a r i t y can be seen from e.g. 
the c h a i n l e n g t h dependence o f the o v e r a l l b i n d i n g c o n s t a n t as d i s 
cussed above, o r from a comparison o f the thermodynamic parameters 
d e s c r i b i n g b o t h p r o c e s s e s ( 4 6 ) . In the p r e s e n t c o n t e x t i t now 
seems l i k e l y t h a t t h i s s i m i l a r i t y extends t o the a c t u a l aggrega
t i o n p r o c e s s o f the bound s u r f a c t a n t s , w i t h the p o l y i o n e n v e l o p i n g 
the m i c e l l e - l i k e aggregates and n e u t r a l i z i n g the charge of the 
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s u r f a c t a n t head groups. The remarkable f a c t remains t h a t t h i s 
charge n e u t r a l i z a t i o n a l l o w s a g g r e g a t i o n to take p l a c e a t f r e e 
s u r f a c t a n t c o n c e n t r a t i o n s o r d e r s of magnitude below the cmc, de
pendent on the p o l y i o n charge d e n s i t y . 
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16 
Linear Sodium Alkylbenzene Sulfonate Homologs 
Comparison of Detergency Performance with Experimental 
and Thermodynamic Wetting Theories 

J A M E S A. WINGRAVE 1 

Conoco, Inc., Chemical Research Division, Ponca City, OK 74603 

Pure homologs of
sodium salts (LAS
performance. The surface tensions of the wash 
liquors used for these detergencies were then 
measured and used in conjunction with a wetting 
model to calculate a theoretical detergency per
formance. The theoretical and experimental deter
gency results were compared. The molecular struc
ture effects of the LAS homologs on detergency 
performance were calculated by incorporating into 
the detergency equation several molecular struc
ture theories such as the cohesive energy ratio 
concept, molar-attraction constants, internal 
liquid pressure, and liquid thermal properties. 
The assets and deficiencies of these approaches 
are discussed. 

The process of detergency involves the complete separation of 
two substances by means of a detersive bath. The success of 
such a process requires a knowledge of the chemistry between the 
two substances to be separated (henceforth referred to as soil 
and substrate). From this knowledge, a detergency bath can be 
designed with chemical characteristics necessary to separate the 
soil and substrate by overcoming the attractive forces between 
them. However, stating the principles of detergency and achiev
ing them in practice are different; the latter being far more 
difficult, as noted by the voluminous literature on the subject 
(1-10). It will , therefore, be the purpose of this paper to 
develop a better understanding of how surfactant structure 

1Current address: Ε. I. du Pont de Nemours, Inc., Chambers Works, Deepwater, NJ 08023 
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effects detergency performance by using a homologous series of 
l inear alkylbenzene sulfonate sodium sa l t (LAS) derivat ives i n 
the detergency bath. 

The k ine t i c effects of detergency w i l l not be explored i n 
this study, but review a r t i c l e s on this topic can be found e lse
where (1-5). Instead, the agi tat ion w i l l be held constant (see 
Experimental Section) so that the equi l ibr ium (or near e q u i l i b 
rium) processes can be observed. Equi l ibr ium was achieved for 
s imi lar so i l / substrate systems within 5-10 minutes in previous 
studies (3). 

For this study, the s o i l w i l l be a mineral o i l constituted 
as shown i n Figure 1. The c loth used w i l l be a cotton/polyester 
blend with a polyethylene g lyco l fabr ic f i n i s h . Since the s o i l 
w i l l be a l i q u i d , ef fect ive detergency w i l l require a bath that 
can overcome the physica
( i . e . , the fabric f i n i s h )
comes one of developing a model of the detergency system, then 
combining this model with wetting theory in order to produce a 
detergency equation for detergency performance. 

Discussion 

S o i l - F a b r i c Morphology. In Figure 2, scanning electron micro
graphs of the fabric used in this study are shown. In the 
threads of the fabric are f ibers which run very nearly p a r a l l e l . 
When soi led with a l i q u i d s o i l , a pendular drop of s o i l should 
form between contiguous f ibers as shown i n cross section i n 
Figure 3. The ba th / so i l interface i s shown planar and p a r a l l e l 
with the plane passing through the f iber centers (Figure 4 a ) . 
When one chooses a part i cu lar detergent b a t h / s o i l / f i b e r com
binat ion , the contact angle, ψ (measured through the s o i l 
phase), at the l i n e where a l l three phases meet w i l l s t r ive to 
a t t a i n a spec i f i c value based on the properties of the three 
phases, as shown i n Figure 4 b . Therefore, the tr iple-phase l i n e 
(TPL) w i l l move to assume a value of ψ . T h i s , i n turn, w i l l 
cause a curvature J i n the so i l /ba th interface . This movement 
of the TPL is the process by which large so i l drops can be 
formed on / in the fabric as ψ approaches values of 90° and 
greater, as shown i n Figure 4 c . This process i s r e l a t i v e l y 
rap id , occurring within 10 minutes for most systems, and i s gen
e r a l l y referred to as the r o l l - u p mechanism of s o i l removal. 
From this descr ipt ion , i t is obvious how ag i ta t ion and buoyant 
effects of the s o i l could speed up th is mechanism ( in fac t , 
r o l l up cannot occur at a l l unless buoyant or ag i tat ion forces 
act on the s o i l ) , but soil-removal rate is a k i n e t i c question 
and w i l l not be pursued further here. 

Another soil-removal mechanism is also working, s imulta
neously, to remove s o i l a lbe i t a much slower process ( i . e . , up 
to several hours) . When the b a t h / s o i l interface becomes curved 
due to a change i n ψ (see Figure 4 d ) , i t s chemical potent ial i s 
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Figure 1. Constitution of the Mineral Oil Soil. 
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Figure 2. Scanning Electron Micrographs of Fabric Used for Detergency 
Studies. 
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Figure 3. Cross-Sectiona

Figure 4. Mechanism for Soiled Fabric Fiber Detergency. 
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greater than a f l a t , ba th / so i l interface . The instantaneous 
curvature J w i l l change through s o i l d i s so lut ion u n t i l i t 
achieves a smaller curvature ( f l a t t e r interface) J e . The s o i l 
removed i n this way w i l l e i ther s o l u b i l i z e i n the bath, co l l ec t 
as small macroscopic o i l droplets at the ba th /a i r interface , or 
emulsify i f ag i ta t ion is present. Hence, i n a detergency system 
that has attained equi l ibr ium, s o i l lenses or small (nominally 
1 mm diameter) s o i l droplets are commonly seen f loat ing at the 
a i r / b a t h interface . Under these circumstances, the curvature i s 
very small (nominally 1 mm diameter), and when applied to the 
scale of pendular o i l droplets between f ibers (nominally 1 to 
10 Urn diameter) the ba th / so i l interface w i l l be f l a t for a l l 
p r a c t i c a l purposes. Therefore, the model i n Figure 3, showing a 
f l a t ba th / so i l interface , should be v a l i d for a l l detersive sys
tems where bulk s o i l i  observed d fabr i  f iber  small 
(<100 nm diameter). 

From this model, the volume of s o i l can be determined for 
the geometry shown i n Figure 5 and the Appendix. The equation 
for this volume of a p a r t i a l l y s o i l - f i l l e d pore with a contact 
angle ψ compared to the to ta l pore volume, V R , i s (11) 

V R = 2 C Q S Φ ( 2 " s i n Φ) ~ (ΤΓ-2 Ψ) ( 1 ) 
(4-ïï) 

Then since detergency is a soi l-removal process, the r e l a 
t ive detergency, D R , can be written as a function of ψ only as 

D = ι 2 cos ψ (2-s in ψ) - ( π - 2 ψ) ( 2 ) 

R (4-π) 
The quantity DR ignores the adsorbed s o i l on the f iber sur

faces. However, th is can be shown (11) to be an ins ign i f i cant 
amount of s o i l compared to the pore-held s o i l unless the f iber 
diameters were <0.1 \lm. Hence Equation 2 should be quite s a t i s 
factory for almost a l l c loth in which f iber diameters are gener
a l l y > 1.0 \lm. 

It i s also noteworthy that the contact angle has been de
fined as being measured through the o i l phase since that i s the 
medium of interes t . Furthermore, ψ varies d i r e c t l y with DR by 
this d e f i n i t i o n (see Figure 6) . Conventionally, contact angle 
is measured through the most dense medium (which would be the 
aqueous detergent bath) and given the symbol Θ. Hence, the sym
bol ψ w i l l be used i n this work while i t i s clear that the two 
quantit ies are related as, ψ = 180° - θ . 

With this geometric model for DR as a function of ψ , i t i s 
now necessary to develop a method to evaluate ψ from wetting or 
surface chemistry parameters. 

Evaluation of the S o i l - F i b e r Morphology Equation. The most d i 
rect method of evaluating Equation 2 for DR i s to measure the 
contact angle ψ for the f i b e r - s o i l - b a t h system of interes t . 
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Figure 6 . Dependence of Detergency on Soil-Fiber-Water Contact Angle. 
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While d i r e c t , th is method i s the most d i f f i c u l t experimentally 
due to the diminutive nature of f iber diameters and the uncer
ta inty involved with contact angle measurements and hysteres is . 
The value ψ can also be measured on f l a t sheets of the f iber 
material but due to fabric f inishes and d i f ferent surface prop
ert ies incurred during manufacture, the surface energetics of 
the sheet and f iber may be very d i s s i m i l a r . Therefore, the 
value of cosip was determined i n the following manner from deter
gency data. The Kubelka-Munk Equation (12-13), 

V r ( k m ) = " s o i l - "wash ( 3 ) 

a s o i l a c l e a n 

Κ (1-R d )2 
where α = — = 

S 2R

R<1 = reflectanc
deta i l s ) 

Κ = coef f ic ient of r e f l e c t i v i t y (12-13) 
S = coef f ic ient of l i gh t scattering (12-13) 

0 t w a s | 1 = K/S for soi led c loth after washing 
a s o i l = K / s f o r so i led c loth 

a c l e a n = K / S for unsoiled c loth 

was combined with Equations 1 and 3 

VR(KM) = a s o i l " ^ a s h = 2 cos ψ (2-s in ψ) - ( π - 2 ψ) ^ 
a s o i l " a c l e a n ( 4 - π ) 

This y ie lds an equation from which contact angle values, ψ, 
can be determined d i r e c t l y from reflectance readings (see 
Table 1). 

Wet tabi l i ty Dependence of Detergency. The dependence of DR on ψ 
was described above. The purpose of th is section w i l l be to 
develop an expression for ψ i n terms of experimentally acces
s ib le i n t e r f a c i a l tension quant i t i es . To begin with, the TPL 
has a geometry as shown i n Figure 7. For this system, the 
Young-Dupre" equation (14-16) can be writ ten as 

Yfw = Yfs + Ysw c o s Ψ <5) 

In a s imi lar manner, an expression for the i n t e r f a c i a l ten
s ion, Yf w can be written using the geometric mean d e f i n i t i o n for 
work of adhesion, W^ (see Figure 8), and the Gir i fa lco-Good 
interact ion parameter (17-18), Φ as, 

WA = 2 A s w V*fs <6) 

or 
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Figure 7. Triple-Phase Line Geometry for Soil/Fiber System. 

INITIAL STATE 

Figure 8. 
Process for Defining the Work of 
Phases. 

FINAL STATE 

Adhesion Between Two Dense 
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y% - Ysw + Yfs " 2 Φ% / Y S W Y?s (7) 

where the aster isk s ign i f i e s that Yf s i s measured in the 
absence of the detergent bath and Y f w i n the absence of the 
s o i l . 

Notice that the aster isk designation i s not required when 
the th i rd phase is a i r , or the vapor of one or more of the com
ponents already present in the system, since i n t e r f a c i a l i n t e r 
actions are not s i gn i f i cant ly affected by phase d i sso lut ion and 
adsorption of a i r or a common vapor. Hence the aster isk desig
nation was not required i n G i r i f a l c o and Good's o r i g i n a l work 
(17-18). In a s imi lar fashion, the as ter i sk i s not used with 
Y s w since the s o l i d is assumed insoluble i n both the s o i l and 
bath. 

When Equations 5 an
Giri falco-Good-type equatio

cos ψ - 1 - 2 ! ψ * (8) 
1Y sw T sw 

where ïïfs = γ ^ 8 - y f s 

irfw = Yfw - Yfw 
I f the subst i tut ion for Φ £ ν 

$fw = ^fw - D + 1 (9) 
is combined with Equation 8 and the resu l t ing equation 
rearranged, then 

A (10) 

Equation 10 i s obviously a Gir i fa lco-Good equation for a s o l i d 
( f ) , l i q u i d (s) , l i q u i d (w) system. I f values of ψ and Y S W are 
measured for a series of surfactant homolog so lut ions , a plot of 
cos ψ versus 1//Ysw w i l l give a Gir i fa lco-Good plot from which 
values of Y f s and other surface energetic parameters can be 
determined under appropriate condit ions. This evaluation w i l l 
be the topic of the following sections. 

Wettabi l i ty Parameters From Detergency Data. I f a series of 
surfactant homolog solutions is used to evaluate ψ and y s w for a 
given fiber and s o i l system, a Gir i fa lco-Good plot can be con
structed. Such data was gathered for LAS homologs at 50, 150, 
and 300 ppm hard ion concentration and plotted i n Figure 9. 
From the form of Equation 10, i t i s c lear that a plot of cos ψ 
versus l / / y s w w i l l give a l inear plot which w i l l f i t a s t ra ight -
l ine equation 
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COSINE ψ 

I Δ 3 0 0 

Figure 9. 
Girifalco-Good Plot of Wettability Data From Detergency and 
Interfacial Tension Data. 
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cos ψ = (11) 

where a 2 /Yf7 
b •f f s " 1 1 fw + 2 ( 1 - *fw > AswYfs 

From the form of Equation 11, i t is clear that the slope, 
a, will be independent of the aqueous surfactant solution. How
ever, b in the intercept, 1 + (b/Y s w), will not be zero; in fact, 
it will not even be independent of the aqueous surfactant solu
tion. Therefore, the conventional methods of Girifalco-Good 
plot analysis with an intercept of unity will not work for the 
detergency systems of interest in this work. The impediment to 
the Girifalco-Good analysis method is obvious from Figure 9
where no set of data point
through the coordinates  ψ
the surface chemical properties will require a different evalua
tion method. 

Wetting Parameters in the Detergency Equation. The detergency 
system has three interfaces which have three interfacial ten
sions at equilibrium with a l l three phases: Y s w, Yfs> a n <* Yfw 
When only two phases are in equilibrium, three other surface 
tensions are possible: Y*w> Yfs> a n d Yfw (however, when the 
fiber is an insoluble solid, Ysw = Ysw* a n (* s o οη^Ύ Ysw will be 
referenced). Corresponding to these interfaces are Girifalco-
Good interaction parameters: $*w> r̂"s> a n d $fw T n e f i - n a l -
parameter type in a detergency system is film pressure of the 
two liquids on the solid fiber: ïïfs and TTfw. 

These ten interfacial parameters give a very complete des
cription of the energetics of a detergency system. Further sur
face tension variables for a fluid-air or solid-air interface 
will also be used to evaluate these ten interfacial parameters. 
The remainder of this section will explore their evaluation. 

To begin with, as many of the parameters as possible were 
experimentally measured. These values are given in Table 2. 
The contact angle ψ was determined from detergency results as 
described earlier. 

The values of Y s, Y w, and Y s w were measured by spinning 
drop interfacial tensiometry (SDIT) as described in the Experi
mental Section. The values of Yf and Y f s were obtained by the 
SDIT method using a polyethylene glycol (PEG), Jeffox PEG-300 

* Note that the cos Ψ = - cos Θ, hence, Equation 6 differs 
from References 14-16 due to the definition of the contact 
angle. 
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T a b l e I I 

Hard
ness 
(ppm) 

HF 
LAS 
Homo-
l o g 

MEASURED VALUES a 
Hard
ness 
(ppm) 

HF 
LAS 
Homo-
l o g cos ψ Yw Ysw $sw $fw 

50 10 0.74
11 0.70
12 0.699 30.2 7.24 0.879 1.007 
13 0.682 30.7 5.57 0.908 0.996 
14 0.677 30.2 4.04 0.932 0.985 

150 10 0.897 41.7 17.6 0.764 0.984 
11 0.793 33.0 8.2 0.870 1.003 
12 0.667 26.7 2.8 0.951 0.977 
13 0.667 25.9 1.9 0.968 0.964 
14 0.660 25.8 0.4 0.995 0.911 

300 10 0.929 38.3 13.3 0.811 0.997 
11 0.727 30.3 4.5 0.925 0.989 
12 0.671 26.0 1.2 0.981 0.945 
13 0.737 27.5 0.7 0.989 0.923 
14 0.764 26.0 0.4 0.994 0.911 

a 0 t h e r measured v a l u e s : 
γ* =29.6 dynes/cm. 
Y f =39.7 dynes/cm. 

Y f s = 1 0 · 5 dynes/cm. 
b 0 t h e r c a l c u l a t e d v a l u e s : 
Φ£ 8 = 0.858. 
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CALCULATED VALUE S ̂ 
Yfw Yfw TTfw Y f s ïïfs b 

2.19 16.1 
0.65 12.0 
0.19 5.95 
0.83 4.74 
1.71 3.65 

1.36 16.0 
0.08 6.96 
2.70 2.74 
3.79 2.17 
7.16 1.47 

0.23 12.4 
1.41 3.94 
4.99 1.63 
6.19 1.089 
7.17 0.782 

-5.76 0.887 
-3.91 0.943 
-1.94 0.910 

-14.64 0.180 
-6.88 0.455 
-0.04 0.843 
1.62 0.901 
5.69 1.203 

-12.2 0.072 
-2.53 0.665 
3.36 0.802 
5.10 0.573 
6.39 0.477 

9.6 -15.3 
9.6 -13.52 
9.6 -11.72 

10.3 -25.4 
10.05 -16.9 
9.7 -9.94 
9.6 -8.30 
9.3 -3.96 

10.4 -22.7 
9.8 -12.5 
9.7 -6.73 
9.9 -5.24 

10.0 -4.00 
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(Jefferson Chemical Company, Aust in , Texas), for the f iber sur
face analog. This subst i tut ion was made since the fabric used 
i n this study had a PEG fabric f i n i s h . This fabric f i n i s h 
d i f fered from the Jeffox PEG-300 only i n the fact that the f o r 
mer was higher molecular weight and therefore s o l i d , while the 
l a t t e r was a l i q u i d and amenable to SDIT measurement of Yf and 
Y f s . With these values, the remaining eight surface parameters 
can be ca lculated . 

The Gir i fa lco-Good equation for the soi l -water i n t e r f a c i a l 
tension 

Ysw = Ys + Yw 2 Φ*, /γ* γ* (12) 

can be rearranged to calculate Φ * ν as 

+ Y™ 'SW 

2 /Ys YW 
(13) 

where Φ * ν = $ s v > as was the case for sw i n t e r f a c i a l tensions. 

For the quantity Y f s , one can combine the Young-Dupre"* equation 

Yfw = Yfs + Ysw cos ψ 

with the Gir i fa lco-Good equation 

Ysw = Yfs + Yfw " 2 Φ 8 ν ' Y f s Yfw 

to y i e l d the quadratic equation for Y f s as 

(14) 

(15) 

Y2fs 
(1 " $sw> Ysw cos ψ ^ w (1 - cos Ψ) 

4 (1 - ) 
= 0 

which can be solved and s impl i f ied to y i e l d 

Yfs = 
2 (1 - Ο 

1 - (1 Φ^ ν ) cos Ψ 

i (1 Φ Β „ ) c o s Ψ 2 - (1 Ψ)2 

(16) 

(17) 

Using the value of Y f s > the quantity Y f w can be calculated 
from the Young-Dupre Equation 14. 

The quantity Y f w can be calculated by the simultaneous 
so lut ion of two Gir i fa lco-Good equations for Y f w : 

Yfw - Yf + Yw - 2 Φ Ι ν ΛΪ Ϋ£ (18) 
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and 

Yfw - Ysw + Yfs " 2 $ r w A s w Yfs <7> 
to y i e l d 

v* . <r.„ * τι.) - T ^ T - (il * *S > / ΰ ^ ! 7 
γ " ^ ^ - α , „ ϊ { , ( 1 9 ) 

Equation 7 can then be rearranged to allow ca lcu la t ion of ^f w as 

$ f w = ^ *, ^ W (20) 
2 ^sw Yfs 

The last quantity to be s ,
mined from the Gir i fa lco-Good equation for Y f s as 

« . . < * < - <• ( 2 1 , 
2 

Equations 12 through 21 were used to calculate the i n t e r -
f a c i a l parameters for the detergency system consist ing of PEG-
finished polyester/cotton c lo th , mineral o i l s o i l , and detergent 
baths consist ing of varying homolog solutions of LAS homologs 
from 10- to 14-carbon-atom a l k y l chain length. The calculated 
and experimentally determined results are l i s t e d i n Table 2. 
These results w i l l be the topic of the following sect ion. 

In ter fac ia l Parameters i n the Detersive System. Three phases 
are present i n the detergency system i n th is study: a PEG 
( f i b e r ) , a hydrocarbon ( s o i l ) , and an aqueous surfactant (bath) 
phase. These three phases meet to form three binary interfaces , 
whose i n t e r f a c i a l energetic properties vary as a function of LAS 
homolog molecular weight. 

The i n t e r f a c i a l tension data l i s t e d i n Table 2 show v a r i a 
tions with LAS homolog molecular weight that can be ascribed to 
the Ferguson effect (19). This is best demonstrated at 50 ppm 
hardness for "fw , where the 12-carbon homolog gives the minimum 
i n t e r f a c i a l tension. The lower and higher homologs give greater 
i n t e r f a c i a l tensions ( i . e . , have less i n t e r f a c i a l a f f i n i t y ) as a 
result of being too water-soluble and inso luble , respect ive ly . 
Other surface and i n t e r f a c i a l tensions, such as Y w and Y s w , show 
only a decrease i n value with increasing LAS homolog carbon 
chain number. However, i f tension values on LAS carbon chain 
homologs >14 were measured, increasing tension values with car
bon chain would eventually be observed. 
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The f i lm pressure values for the detergency system are also 
l i s t e d i n Table 2. These quantit ies represent the difference i n 
i n t e r f a c i a l tension between two pure phases and the i n t e r f a c i a l 
tension of the same two phases which are at saturation equi 
l ibr ium with the t h i r d phase. Since the PEG fiber surface was 
assumed insoluble i n either the bath or s o i l , π

8 ν = 0. 
The value of ïïfs i s seen to be nearly constant, indicat ing 

that the adsorption of the bath (water, surfactant, and hard
ness) at the fs interface is n e g l i g i b l e . The T f w value i s , how
ever, quite interest ing in that i t shows dramatic variat ions 
with homolog and hardness changes from negative to pos i t ive i n 
magnitude. From the data, i t can be seen that with the i n t r o 
duction of s o i l into the fw i n t e r f a c i a l system, the value of Y f w 

increases. While the mechanism for this behavior was not deter
mined i n this study, i t
ior occurs as a resul t o
either emulsify or s o l u b i l i z e into the s o i l phase. Since the 
free energy prpcess that corresponds to the ïïfw value could only 
be spontaneous i f ^ f w was pos i t ive , another compensating process 
in the bath phase which had a greater free energy change, such 
as s o i l emuls i f icat ion or s u r f a c t a n t - i n - s o i l s o l u b i l i z a t i o n , 
must occur simultaneously. 

Molecular Structure Effects and Detergency. The corre la t ion of 
surfactant structure with i n t e r f a c i a l and c o l l o i d properties i s 
a poorly understood science. Much study i n this area has been 
thermodynamic which has been a useful endeavor but which never
theless f a i l s to provide spec i f i c molecular s tructure /phys ica l 
property corre la t ions . The following study has also been 
large ly thermodynamic to this point; however, since the data has 
been col lected on pure LAS homologs, i t provides an opportunity 
to apply some of the quasi-thermodynamic treatments that have 
been proffered in the l i t e r a t u r e to date. 

The f i r s t of these to be discussed w i l l be the Cohesive 
Energy Rat io , R concept ( 2 0 ) . Using the concept of cohesive 
energy between molecules, Winsor recognized four structures . 
These are present in an immiscible two-phase system (0 and W 
denoting o i l and water, respect ively) containing a t h i r d -
surfactant component with p a r t i a l s o l u b i l i t y i n both bulk phases. 
Each surfactant molecule has a hydrophi l ic (denoted by H) and a 
l i p o p h i l i c (denoted by L) sect ion. Conceptually then Winsor 
views a l l the possible molecular interact ions i n such a system 
i n terms of the ir cohesive energy (denoted by C ) . For such a 
system, there are then 10 possible cohesive molecular i n t e r 
actions ( i . e . , 10 unique combinations of the l e t t ers 0, W, H, 
and L ) . In the ideal case, the l i p o p h i l e - o i l and the 
hydrophile-water interact ion w i l l be the predominant in terac
t ions . The r e l a t i v e magnitude (R) of these two interact ions 
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then defines the locat ion of the surfactants i n the oi l -water 
interface , and the nature of the emulsion formed, i f any, as 

C l 0 (R > 1, W/O emulsion 
R = - — < R = 1, planar interface (22) 

H W (R < 1, O/W emulsion 

the R system corresponds to the HLB scale (20-22) where 

R > 1 ·> HLB < 10 
R = 1 + HLB = 10 (23) 
R < 1 + HLB > 10 

The main advantage
feature of treating a l l
surfactant system. However, to date only the simple form of 
Equation 22 has been exploited quant i ta t ive ly (21, 23) as 

R m vj^ vo^o ( 2 4 ) 

V H δ Η v w <$W 

To incorporate the surfactant structure concept, i t is now 
convenient to introduce the group addit ive concept for cohesive 
energy densit ies (CED) introduced by B u r r e l l and others (24, 
25). Molecular segments are given a molar-at tract ion constant 
G. The CED is then determined for the i t h compound as 

δ£ = J - 5 (25) 

where the sum of a l l group molar-at tract ion constants i n the 
molecule of interest i s represented as Σ G. 

To f a c i l i t a t e the use of CED calculat ions for Equation 24, 
a semiquantitative re lat ionship developed by Beerbower and 
others (26-29) relates the surface tension of a phase to i t s CED 
as 

62 = 16 <26> 

A f i n a l quasi-thermodynamic approach to molecular structure 
effects has been proposed by Good et a l . (17-18) which relates 
molar volumes and the Gir i fa lco-Good in teract ion parameter, Φ, 
as 

A 8 W 4 (V 8 V w ) l / 3 4 (V S V w ) l / 3 
S W " ( A s s Α ^ ) 1 / 2 ' ( V . l / 3 + V w l / 3 > 2 ( V . l / 3 + V / 3 ) 2 
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where A = a t trac t ive coeff ic ient in the Lennard-Jones 6-12 po-
t e n t i a l equation. 

V£ = molar volume of i t h phase. 

The values of A are not readi ly avai lable for the phases i n 
this study, so the commonly made approximation (17) of sett ing 
the r a t i o of A values to 1 w i l l be made. 

With these concepts, expressed i n Equations 24 to 26, three 
types of questions can now be given semiquantitative answers: 
(1) CED values can be determined from surface tension measure
ments, (2) the effects of par t i cu lar molecular components of 
surfactant molecules on surface tension and CED can be addressed, 
and (3) the emulsion type and s t a b i l i t y can be evaluated based 
on either molecular structure surface tension and/or CED. 

In Table 3 are th
aqueous LAS homolog solut ions
those for the pure LAS homolog independent of water. The j u s t i 
f i c a t i o n for this comes from the Winsor R model (20, 21) and 
work by Scriven and Davis (30) who showed that accurate CED 
values can be obtained from a s t a t i s t i c a l mechanical treatment 
of an interface using only 2 or 3 atomic or molecular layers of 
that interface . For a surfactant so lut ion , the surfactant w i l l 
predominate i n the interface , hence the choice of pure LAS for 
the solut ion molar volumes. 

Using the Beerbower Equation 26, values of the CED were 
calculated and l i s t e d i n Table 3. At a l l hardnesses, the 10 and 
11 carbon LAS homologs have s i g n i f i c a n t l y larger CED values. 
This is probably an a r t i f a c t as a resul t of a l l solutions being 
.024 weight/weight percent. Because the two lower homologs have 
CMC values above th is concentation and vice versa for the higher 
homologs, the δ values for the 10 and 11 carbon homologs v io la te 
the premise of a surfactant-saturated inter face . Therefore, the 
δ values for the two lowest__homologs are tenuous because, among 
other things, the value of V used i n the Beerbower equation 
would be uncertain. 

In the las t columns of Table 3 are the calculated and 
experimental values of Φ 8 ν . Comparison of these values shows 
the ca lcu la t ion to do a poor job of predict ing the experimental 
$sw values. This discrepancy could resul t from many sources. 
An obvious source of error could be the approximation of sett ing 
the A r a t i o to 1, thereby neglecting differences i n types of 
interact ions between the s and w phases across the sw interface . 
Another possible cause for the poor predict ive power of Equa
t ion 27 could be the fact that the value of V w used i n that equa
t ion was for the LAS homolog molecule, while the phase i s 
actual ly an aqueous LAS so lut ion . As discussed e a r l i e r , th is 
approximation for surfactant solutions is probably good when the 
interface is saturated with surfactant molecules but should i n 
clude the molar volume of water molecules as the mole f rac t ion 
of adsorbed surfactant decreases. Since the lower LAS homologs 
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are below the ir CMC values, as evidenced by Y w and Ύ s w values, 
thereby having a greater mole fract ion of adsorbed water, i t 
seems reasonable that molar volumes for the lower LAS Homologs 
should be lower than those shown i n Table 3. D i r e c t i o n a l l y , 
this would make calculated values of ^ s w lower for the lower LAS 
homologs, which would improve agreement between experimental and 
theoret ica l values. 

Another aspect of this quasi-thermodynamic approach is to 
use Equation 25, along with G values from Table 4, to calculate 
the molar-at tract ion constant for the sodium sulfonate molecular 
group or 

G s u l f = δ ί · V - 1114 - 133 (n-3) (28) 

where η = number of carbon
= cohesive energ

so lut ion . 

Using Equation 28, the values of G s u i f determined in this 
manner are l i s t e d i n Table 3. The most obvious feature of the 
G s u l f values is that the 10 and 11 homologs give much higher 
values. However, this apparent deviat ion is a resu l t of Y w 

values being measured on less than saturated air/aqueous i n t e r 
faces (below the CMC for that surfactant) . Hence these values 
should be expected but are probably a r t i f a c t s . 

For the higher homologs ( i . e . , 12 to 14 LAS), the values of 
G s u l f a r e m o r e nearly, but not completely, constant. They vary 
f i r s t due to hardness. This re f lects on the fact that G s u i f 
values of y w at 50 ppm are higher than at 150 and 300 ppm. At 
the higher hardnesses, the sulfonate group repuls ion for the 
adsorbed LAS molecules is at a minimum i n the presence of excess 
divalent cation ( i . e . , hardness). This resul ts i n better LAS 
packing i n the interface , lower surface tensions, and lower CED 
values which f i n a l l y culminates in a lower G s u i f . It should be 
pointed out that this difference between G s u i f values at 50 ppm 
hardness and those at 150 and 300 ppm hardness is a result of 
the V values used i n i t s ca l cu la t ion . The value of V was 
arrived at by d iv id ing the spec i f ic density of pure LAS by i t s 
molecular weight. The adsorbed molecules only approach this 
molar volume such that i f the actual V of the i n t e r f a c i a l ad
sorbed density of the LAS molecules were known and could be used 
to calculate G s u x f , i t s value at a l l hardness levels should be 
more nearly constant. 

Another trend for the G s u i f values i s also seen within each 
hardness group i n which this constant decreases for the 12 to 14 
homologs. There is no simple explanation for this trend except 
to say that a d d i t i v i t y theories l i k e Equation 25 are not abso
l u t e l y precise . Therefore, an average value of G s u i f for the 12 
to 14 homologs at 150 and 300 ppm w i l l be taken as the G s u i f 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



16. W I N G R A V E LAS: Detergency and Wetting 263 

value and a 95 percent confidence in terva l for these s ix data 
(given as ± ) are l i s t e d i n Table 4. While an uncertainty of 
120 units i n G s u i f may seem large compared to i t s value of 295, 
for most δ calculat ions by the molar-at tract ion constant method, 
the value of Σ G i n Equation 25 w i l l be> 2,000 for most mole
cules of in teres t . Therefore, the r e l a t i v e uncertainty w i l l be 

< 10 percent, which i s about the best prec i s ion one can expect 
from this method for ca lculat ing δ anyway, e spec ia l ly for polar 
moieties. 

A th ird molecular s tructure /phys ica l property corre la t ion 
that can be made is to calculate the Winsor R for the homolog 
solutions by Equation 24. The resu l t ing values are l i s t e d i n 
Table 3. The R values are a l l clustered around the value of 2. 
This would suggest the surfactant would tend to form water- in-
o i l emulsions. From a detergenc
cates that s o l u b i l i z a t i o
mechanism. A f i n a l observation on this data i s that R does not 
correlate well with detergency performance, as shown i n the cor
r e l a t i o n plot of Figure 10. The quantity R is not a s ingle 
valued function of detergency as can be seen i n Figure 10. The 
reason for th is i s d i f f i c u l t to ascertain since the ca lcu la t ion 
scheme for R used i n this study i s so approximate. Neverthe
l e ss , the value of ca. 2 i s a v a l i d observation. Therefore, as 
noted above, o i l - in -water emulsions, or detergency by the so lu
b i l i z a t i o n mechanism, is not the apparent mechanism suggested by 
these data for the systems studied. 

Summary 

A model for detergency performance was developed based on SEM 
photographs of c loth and f iber bundles within a c l o t h . The 
detergency or r e l a t i v e s o i l removal for th is model was shown to 
be ent i re ly dependent on the contact angle at the s o i l / f i b e r / 
detergent bath tr iple-phase l i n e . A wetting equation was then 
derived so that the s o i l removal performance could be d i r e c t l y 
related to the wetting character i s t i c s of the s o i l , f i b e r , and 
detergent bath i n t e r f a c i a l properties through the contact angle. 
The detergency performance equation was then applied to experi
mental detergency data, so that the wetting character i s t i c s of 
the pure LAS homolog solutions could be examined and molecular 
structure .effects could be invest igated. This segment of the 
work showed that detergency performance was dependent exclus ively 
on the s o i l / b a t h i n t e r f a c i a l tension so long as only the molec
ular weight of the LAS homolog changed. This resul t i s consis
tent with other studies involving the effects of i n t e r f a c i a l 
tension on detergency performance (31, 32). 

Other LAS homolog s tructura l effects on wet tab i l i ty and 
s o i l removal were found when the data were analyzed using the 
cohesive energy r a t i o , R, the regular so lut ion theories of the 
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T a b l e IV. M o l a r - A t t r a c t i o n Group Constants 
For Cohesive Energy D e n s i t y D e t e r m i n a t i o n 

REFERENCES 23, 24 
Group 

CALCULATED 
Group 

-CH 3 

-CH 2-

-CH 

214 

133 

28 

-S0 3N a 295 ± 120 
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Figure 10. 
Correlation Plot of Cohesive Energy Ratio for LAS Homolog 
Detergency of Mineral and the Experimental Soil Removal. 
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Beerbower equation and the a d d i t i v i t y concepts of molar-at trac
t ion constants for determining the cohesive energy density. 
From these treatments, i t was possible to calculate a molar-
at tract ion group constant for the sodium sulfonate group of 120 
( in Hildebrand un i t s ) . 

Experimental 

The s o i l used i n this study was a mineral o i l (see Figure 1) 
manufactured by Squibb, which had a trace amount of an o i l -
soluble red dye added for v i sua l acui ty . The l inear alkylben
zene sulfonate sodium sal ts (LAS) were homologously pure 
samples, each with a different l inear a l k y l carbon chain of 10, 
11, 12, 13, or 14 carbon atoms. Each of the LAS samples was a 
mixture of isomers with
equal amounts from 2 throug
chain length). These LAS samples were made with an HF cata lys t . 

Inorganic ingredients were used as received from the ir 
supplier and included; sodium tripolyphosphate or STPP (FMC 
Corporation) and RU s i l i c a t e or Si02/Na20 (the P .Q. 
Corporation). 

The detergency test ing was done using a Tergotometer (U.S. 
Testing Company, I n c . ) . Synthetic hard water was prepared by 
adding varying amounts of a concentrated solut ion of calcium and 
magnesium chlorides i n a 4:1 cation mole r a t i o , respect ive ly , to 
the detergency bath. The Tergotometer was run for 10 minutes at 
100°F and 100 rpm with one l i t e r of a 0.15 percent detergent 
formulation i n each pot followed by a 5-minute, 100-rpm rinse 
with 1 l i t e r of deionized water. The formulation was 16 percent 
LAS, 30 percent STPP, and 10 percent Si0 2 /Na20. The cloths were 
a 35/65 blend of cotton/Dacron with a polyethylene g lyco l perma
nent press f in i sh (Test fabrics , I n c . , Cloth No. S/7406) that had 
been s ized. The cloths were soi led i n a Benz s o i l i n g unit 
(Ernst Benz AG) type KLFM "K" and KTF/M. The reflectance read
ings on clean, so i l ed , and washed cloths were performed on a 
Gardner Colorimeter (Gardner Laboratory, Inc . ) using the Y axis 
of the YXZ scale . The c loth readings were made on indiv idual 
cloths using a backing plate then corrected graphica l ly for the 
backing plate e f fect . 

Surface and i n t e r f a c i a l tension measurements were made at 
40°C with a Model 300 Spinning Drop Tensiometer obtained from 
the Univers i ty of Texas at Aust in , Chemistry Department. 
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Appendix 
Pore Volume Between Fibers 

The pore volume, shown as a cross section of two parallel fibers 
of length, L, and radius, R, has a half-surface dimension, r p , 
and meets the fiber surface with an angle, ψ (see Figure 5). 
The volume of such a pore, Vj), will be 

VD = 2L YdX 
R-r r 

(29) 

Then since 

Y = Λ 2 - Χ2 

Equations 29 and 30 combine to yield 

R 
VD = 2L [ h r p - ; 

R-r r 

A2 - Χ2 dX 

(30) 

(31) 

which can be integrated to yield 

2Lhrp + 2L 
R2 

+ — sin ,-1 2 R-rr (32) 

or 
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= 2Lhr + L f(R - r ) / R 2 - (R - r ) 
D ρ L ρ ρ 

2
 + 

( 3 3 ) 

2 . - ' R s in 

Then noting 

h = R cos ψ (34) 

R - r p = R s in ψ (35) 

Equations 33 through 36 can be combined and s impl i f i ed to y i e l d 
the desired expression of Vn as 

V D = L R 2 cos ψ (2 - s in ψ ) - L R 2 j - ψ (37) 

The to ta l pore volume, V-j, can be determined from Equation 37 
when ψ = 0 as, 

V T = L R 2 I 2 - 'i ] ( 3 8 ) 

I f a c loth is so i l - sa turated , then the re la t i ve s o i l removal of 
the duplex c loth-held s o i l , V R , w i l l be, 

V R = J * (39) 

or combining Equations 37 and 39 y i e l d s , 

v = 2 cos ψ (2 - s in ψ) - (π - 2φ) ( 4 Q ) 

R 4 - ïï 
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Relationship Between Surfactant Structure 
and Adsorption 

P. SOMASUNDARAN, R. MIDDLETON, and Κ. V. VISWANATHAN 

School of Engineering and Applied Science, Columbia University, New York, NY 10027 

Adsorption of a surfactant on solids is dependent, 
among other things, on the structure of both the hydro
phobic and hydrophili
number of mechanism
and an understanding of the effects of the structure of 
the surfactant can help in elucidating the role of these 
mechanisms. In this study, the effect on adsorption on 
alumina of some structure variations of sulfonates (chain 
length and the branching and the presence of ethyoxyl, 
phenyl, disulfonate and dialkyl groups) is examined 
above and below CMC as a function of surfactant concen
tration, pH and salinity. Co-operative action between 
an ionic alkylsulfonate and a nonionic ethoxylated 
alcohol is also studied. 

Surfactant adsorption on solids from aqueous solutions plays a 
major role in a number of interfacial processes such as enhanced 
oil recovery, flotation and detergency. The adsorption mechanism 
in these cases is dependent upon the properties of the solid, 
solvent as well as the surfactant. While considerable information 
is available on the effect of solid properties such as surface 
charge and solubility, solvent properties such as pH and ionic 
strength (1,2,3), the role of possible structural variations of the 
surfactant in determining adsorption is not yet fully understood. 

Adsorption is governed by a number of forces: covalent bond 
formation or electrostatic attraction or hydrogen bond formation 
between the adsorbate and the adsorbent, electrostatic repulsion 
among the adsorbate species, lateral associative interaction among 
adsorbed species, solvation of adsorbate or adsorbent surface 
species. Structural modifications can affect one or more of the 
above interactions that might be predominant in different concen
tration regions, and it is the cumulative effect of all of these 
modifications on all interactions in various concentration regimes 
that will determine the overall adsorption behavior of a surfac
tant (4,5). Thus while in practice chain length or branching will 
affect only the lateral interactions in the hemi-micellar region, 

0097-6156/84/0253-0269506.50/0 
© 1984 American Chemical Society 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



270 STRUCTURE/PERFORMANCE RELATIONSHIPS IN SURFACTANTS 

presence of m u l t i f u n c t i o n a l groups (such as disulfonates with an 
ether linkage) can a f f e c t both e l e c t r o s t a t i c and l a t e r a l a s s o c i a 
t i o n i n t e r a c t i o n s . Coadsorption between d i f f e r e n t surfactant 
species also can be expected to be influenced s i g n i f i c a n t l y by such 
s t r u c t u r a l v a r i a t i o n s . 

In t h i s paper the adsorption c h a r a c t e r i s t i c s of a s e r i e s of 
s t r u c t u r a l l y modified surfactants w i l l be analyzed. Figure 1 
summarizes t h i s s e r i e s showing the fol lowing s t r u c t u r a l v a r i a t i o n s : 
a r y l a d d i t i o n , chain length v a r i a t i o n , branching, xylene a l k y l 
a d d i t i o n , ether l inkage and etheylene oxide a d d i t i o n , with alumina 
as the adsorbent. By understanding the e f f e c t of s t r u c t u r a l 
v a r i a t i o n s upon the adsorption mechanism a guidel ine may be estab
l i s h e d by which a surfactant may be t a i l o r e d with s p e c i f i c 
s t r u c t u r a l modif ications for c e r t a i n s i t u a t i o n s . 

Experimental 

Surfactants, η - s o d i u m dodecylsulfonate s p e c i f i e d to be 99.4% 
pure was purchased from A l d r i c h Chemicals. 

η - s o d i u m o c t y l , d e c y l , dodecyl and tetradecylbenzene sulfonates 
were synthesized and p u r i f i e d i n our laboratory. Character izat ion 
of these chemicals using p-NMR, C-13 NMR, mass spectrometry and 
ALC showed these compounds to be i s o m e r i c a l l y pure. Branched 
hexadecyl benzene sulfonate was obtained from Conoco and used 
as received a f t e r c h a r a c t e r i z a t i o n . 

A l k y l a r y l orthoxylene sulfonates were a l s o invest igated. 
The f i r s t being a l i n e a r nonyl orthoxylene sulfonate and the second 
being a branched dodecyl one. Both were supplied by the Exxon 
Corporation and contain known amounts of unsulfonated hydrocarbons 
(14% and 25.2% r e s p e c t i v e l y ) . 

The d i s u l f o n a t e , Dowfax 3B2, used was a didecylphenoxy-
disulfonate containing 10% monosulfonated i m p u r i t i e s . HPLC 
analysis showed t h i s surfactant to be a mixture of several com
pounds . 

T r i t o n X-200 was used to study the e f f e c t s of ethoxylation on 
the sulfonates. Nonionic ethoxylated surfactants were investigated 
using Synfac 8216 obtained from the M i l l i k e n Corporation. This 
was stated to be 100% act ive with a molecular weight of 1100-1200. 
HPLC showed t h i s surfactant to be a mixture of several components. 

M i n e r a l . Alumina used i n t h i s study was a high p u r i t y a - Linde 
sample purchased from the Union Carbide Corporation. BET surface 
area was determined to be 15.0 m2/g. 

Procedure. A gram of the mineral was preconditioned f o r 90 minutes 
with 5cc of a 0.2 kmol/m3 sodium c h l o r i d e s o l u t i o n at 75°C on a 
wrist act ion shaker. Then a 5cc s o l u t i o n of known surfactant 
concentration i s added and allowed to shake f o r four hours. Four 
hours mixing was found to be s u f f i c i e n t to reach equi l ibr ium 
from adsorption t e s t conducted as a function of mixing time. The 
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supernatant was obtained using a thermostated centrifuge at 4500 
rpm. Analyzation of surfactant concentration was completed using 
a two-phase t i t r a t i o n technique and U.V. spectroscopy. 

Results and Discussion 

The adsorption isotherm obtained for dodecylsulfonate (DDS) 
on alumina i s given i n Figure 2. This isotherm i s similar to that 
obtained i n the past for sulfonate/alumina systems (4). This 
isotherm behaves i n an s-shaped manner (6) revealing i t s four 
characteristic regions of adsorption: 1) E l e c t r o s t a t i c interaction 
2) Lateral association (hemimicellization), 3) E l e c t r o s t a t i c 
hindrance and 4) m i c e l l i z a t i o n . 

In Region 1, under low surfactant concentration conditions, 
adsorption occurs mainl
between the surfactant io
face ( 3 ) . The beginning of Region 2 i s characterized by the onset 
of l a t e r a l association among the adsorbed surfactant species ^4). 
This process i s analogous to m i c e l l i z a t i o n but takes place at 
a lower surfactant concentration assisted by the e l e c t r o s t a t i c 
attractive forces between the hemi-micelle and the charged s o l i d 
(7, 4). While s u f f i c i e n t surfactant ions have been adsorbed to 

neutralize the surface charge of the mineral, further adsorption 
progresses owing to continued hemimicellization. Charge reversal 
occurs and adsorption i n this concentration region i s hindered by 
the increasing e l e c t r o s t a t i c repulsion between the now s i m i l a r l y 
charged s o l i d and surfactant species (Region 3) ( 4 ) . Region 3 
ends and a new region begins with the onset of m i c e l l i z a t i o n (8 ) . 
In the micellar region, adsorption i s nearly constant due to the 
absence of a marked increase i n a c t i v i t y of the surfactant species 
i n this region with an increase i n i t s concentration ( 8 ) . In this 
region apparent "adsorption" can, however, undergo drastic changes 
owing, among other things, to precipitation or micellar redissolu
tion of the surface precipitate ( 5 , 9 ) , resulting in adsorption 
maxima and minima. While adsorption i n the hemimicellar region, 
l i k e that i n the micellar region, i s dependent on the hydrophobic 
properties of the surfactant, adsorption i n the e l e c t r o s t a t i c re
gion and alterations i n adsorption owing to pr e c i p i t a t i o n , 
redissolution and reprecipitation w i l l depend upon solution proper
ti e s such as pH, s a l i n i t y and hardness. Thus factors to be 
considered while examining the effect of surfactant structure 
w i l l include changes i n the e l e c t r o s t a t i c attraction and repulsion 
of the adsorbate and adsorbent, solvent power of the medium for the 
surfactant and i t s precipitates, and l a t e r a l association as well 
as e l e c t r o s t a t i c repulsive interactions among the adsorbed species. 

Aryl Addition. Surfactants having an aryl group added between 
the sulfonate and alk y l chain are studied using the standard 
adsorption procedure, and compared with an a l k y l sulfonate. Figure 
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3 shows the a d s o r p t i o n i s o t h e r m s o f DDS, OBS and DDBS. Under t h e 
assumption t h a t one benzene r i n g e q u a l s 3.5 a l k y l u n i t s ( 1 0 ) , t h e 
e q u i v a l e n t a l k y l c h a i n l e n g t h o f OBS and DDBS can be c a l c u l a t e d : 
11.5 and 13.5 r e s p e c t i v e l y . DDS and OBS, both h a v i n g s i m i l a r 
e q u i v a l e n t a l k y l c h a i n l e n g t h s (.5 a l k y l d i f f e r e n c e ) , do be
have w i t h s i m i l a r a d s o r p t i o n c h a r a c t e r i s t i c s . Comparison of 
DDS and DDBS shows the l a r g e i n c r e a s e i n a d s o r p t i o n a s s o c i a t e d 
w i t h t he a r y l a d d i t i o n . 
C h a i n Length V a r i a t i o n . A d s o r p t i o n i s o t h e r m s o b t a i n e d f o r 
a l k y l b e n z e n e s u l f o n a t e s o f v a r y i n g c h a i n l e n g t h are g i v e n i n 
F i g u r e 4. A d s o r p t i o n c l e a r l y i n c r e a s e s as the c h a i n l e n g t h o f the 
a l k y l group i s i n c r e a s e d from 8 to 14. T h i s i s found t o be the 
case even i n Region 1 where a d s o r p t i o n has been proposed t o take 
p l a c e owing t o e l e c t r o s t a t i c a t t r a c t i o n o n l y . S i n c e i n a l l c a s e s , 
the charge of the s u l f o n a t
t r o s t a t i c r e g i o n s h o u l d
The f a c t t h a t i t i s , t o the c o n t r a r y , dependent on the c h a i n 
l e n g t h suggests the p o s s i b l e i n f l u e n c e of the reduced d i e l e c t r i c 
c o n s t a n t i n the i n t e r f a c i a l r e g i o n ( 1 1 ) . T r a n s f e r o f the monomer c h a i n 
i n t o a l e s s d i e l e c t r i c r e g i o n s h o u l d r e s u l t i n a l o w e r i n g of 
f r e e energy, w i t h the r e d u c t i o n b e i n g l a r g e r f o r the l o n g e r c h a i n s . 
A d s o r p t i o n of the l o n g c h a i n s u l f o n a t e s i n Region 1 sho u l d t h e r e 
f o r e be c o n s i d e r e d t o be the r e s u l t of e l e c t r o s t a t i c a t t r a c t i o n as 
w e l l as i n c r e a s e d s o l v e n t power of the i n t e r f a c i a l water. 
I n c r e a s e i n a d s o r p t i o n seen i n the lower t h r e e r e g i o n s ( F i g u r e 
4) can be a t t r i b u t e d t o the i n c r e a s e i n h y d r o p h o b i c i t y 
w i t h c h a i n l e n g t h r e s u l t i n g i n s t r o n g e r h e m i - m i c e l l i z a t i o n 
as w e l l as monomer t r a n s f e r . The s h i f t i n t h e m i c e l l a r 
r e g i o n s of the AAS isoth e r m s i s i n e f f e c t a measure of the 
i n c r e a s e d h e m i m i c e l l i z a t i o n v e r s u s m i c e l l i z a t i o n as the c h a i n 
l e n g t h i s i n c r e a s e d ( 1 2 ) . When the h e m i - m i c e l l i z a t i o n i s 
e s s e n t i a l l y complete a t the end of Region 3, the end methylene 
group o f the p e r i p h e r a l c h a i n s i n each h e m i m i c e l l e i s s t i l l 
exposed t o b u l k water; however, the f r a c t i o n of exposed groups 
per c h a i n w i l l decrease w i t h i n c r e a s e i n c h a i n l e n g t h . Any 
such change i n the case of m i c e l l i z a t i o n c o u l d be expected to be 
of a lower magnitude. Thus the h i g h e r a d s o r p t i o n of l o n g e r 
c h a i n s a c h i e v e d a t the b e g i n n i n g of the Region 4 can c o n c e i v a b l y 
be the r e s u l t of the g r e a t e r energy of h e m i m i c e l l i z a t i o n energy i n 
r e l a t i o n t o t h a t of m i c e l l i z a t i o n . 
E f f e c t of B r a n c h i n g . The e f f e c t o f b r a n c h i n g was i n v e s t i g a t e d 
by comparing the a d s o r p t i o n o f v a r i o u s hexadecylbenzene s u l f o n a t e s 
( F i g u r e 5 ) . The f i r s t had t h e benzene group occupying t h e 
number 2 p o s i t i o n upon the a l k y l c h a i n and the second had i t 
at the 8 p o s i t i o n . A d s o r p t i o n of the 2 φ HDBS i s s i g n i f i c a n t l y 
h i g h e r than t h a t of the 8 ψ HDBS. In the low c o n c e n t r a t i o n r e g i o n 
the former appears t o adsorb almost an order of magnitude more than 
the l a t t e r ; i t i s however to be noted t h a t a d s o r p t i o n i n t h i s r e g i o n 
borders upon the e x p e r i m e n t a l l i m i t a t i o n s ; even i n the m i c e l l a r 
r e g i o n , a d s o r p t i o n of i t i s h i g h e r . 2ψ HDBS which i s l e a s t branched 
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i s c o n s i d e r e d t o have a l a r g e r e f f e c t i v e a l k y l c h a i n than t h e δ φ 
HDBS (13) , s i n c e t he CMC o f t h e former i s c o n s i d e r a b l y l o w e r than 
t h a t o f the l a t t e r . I t must, however, be p o i n t e d out t h a t w h i l e 
f o r m a t i o n o f a s p h e r i c a l m i c e l l e might be more e a s i l y a c complished 
w i t h t h e 2 φ HDBS than w i t h t he 8 φ HDBS, i t i s not f u l l y e v i d e n t 
as t o why a p l a n a r h e m i - m i c e l l e s h o u l d be more e a s i l y a c h i e v e d 
w i t h the 2φ HDBS. 

Comparison o f these a d s o r p t i o n i s o t h e r m s w i t h those o b t a i n e d 
f o r t h e l i n e a r a l k y l a r y l s u l f o n a t e s ( F i g u r e 6) r e v e a l s t h e be
h a v i o r o f the 2 φ HDBS t o be c l o s e t o t h a t which would be expected 
f o r a 1 φ HDBS and t h a t o f the 8 φ HDBS t o be e q u i v a l e n t t o t h a t 
o f a t r i d e c y l benzene s u l f o n a t e . Development o f a q u a n t i t a t i v e 
model t h a t can account f o r the e f f e c t o f the p o s i t i o n of the benzene 
group on the c h a i n w a r r a n t s a d d i t i o n a l d a t a f o r a v a r i e t y o f 
s u r f a c t a n t s w i t h branche

A l k y l A d d i t i o n on the Ar o m a t i  R i n g
t o be r e p r e s e n t a t i v e o f t h i s s e c t i o n were a l k y l a r y l s u l f o n a t e s 
h a v i n g an a d d i t i o n a l a l k y l groups s u b s t i t u t e d i n the aro m a t i c 
r i n g . These compounds were c o m m e r c i a l l y named a l k y l a r y l -
o r t h o x y l e n e s u l f o n a t e s and r e f e r r e d t o as such. The a d s o r p t i o n 
b e h a v i o r of t h e f o l l o w i n g x y l e n e s u l f o n a t e s was examined: l i n e a r 
n o n y l o r t h o x y l e n e s u l f o n a t e and branched d o d e c y l o r t h o x y l e n e s u l 
f o n a t e . Such o r t h o x y l e n e s u l f o n a t e s have been r e p o r t e d t o 
be v e r y e f f e c t i v e i n r e d u c i n g i n t e r f a c i a l t e n s i o n s ; however, 
a d s o r p t i o n c h a r a c t e r i s t i c s o f these compounds a r e n o t c l e a r l y 
known. R e s u l t s o b t a i n e d f o r t h e two a l k y l o r t h o x y l e n e s u l f o n a t e s 
are g i v e n i n F i g u r e 7. S i n c e t h e p o s i t i o n o f t h e a r y l group 
i n t h e do d e c y l c h a i n was unknown f o r t he branched o r t h o x y l e n e 
s u l f o n a t e , an e s t i m a t e o f the r e l a t i v e h y d r o p h o b i c i t y o f the two 
compounds was o b t a i n e d u s i n g HPLC. Two peaks were a n a l y z e d 
f o r b o t h o f t h e compounds g i v i n g r e t e n t i o n times o f 2.4 and 
3.0 minutes f o r NXS and 2.8 and 3.74 minutes f o r DDXS. T h e r e f o r e , 
DDXS, even though branched can be c o n s i d e r e d t o possess an 
e f f e c t i v e c h a i n l e n g t h l o n g e r than t h a t o f NXS; the l a r g e r 
a d s o r p t i o n o f the former i s i n a c c o r d w i t h the r e s u l t s o f t h e 
above HPLC a n a l y s i s . The above samples o f the commercial x y l e n e 
s u l f o n a t e s were, however, r e p o r t e d t o c o n t a i n s i g n i f i c a n t 
amounts o f u n s u l f o n a t e d hydrocarbons ( o i l ) , NXS c o n t a i n i n g 14% 
and DDXS c o n t a i n i n g 25.2%. As o i l i s known t o produce marked 
e f f e c t s on a d s o r p t i o n , i t becomes ne c e s s a r y t o determine t h e ad
s o r p t i o n b e h a v i o r o f the d e o i l e d samples o f t h e above s u l f o n a t e s 
i n o r d e r t o more p r e c i s e l y i d e n t i f y t he p r o p e r t i e s o f x y l e n e 
s u l f o n a t e s . The a d s o r p t i o n i s o t h e r m s o f the d e o i l e d x y l e n e 
s u l f o n a t e s are g i v e n i n F i g u r e 8 a l o n g w i t h those o f OBS and DBS 
f o r comparative purposes. 

F i r s t l y , d e o i l i n g i s seen t o produce lower a d s o r p t i o n ; second
l y , t he isot h e r m s f o r these d e o i l e d s u l f o n a t e s a l s o show low e r ad
s o r p t i o n l e v e l s when compared w i t h t h e s t r a i g h t c h a i n a l k y l a r y l 
s u l f o n a t e s . I n F i g u r e 8, t h e n o n y l x y l e n e s u l f o n a t e a c t s 
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F i g u r e 6. S t r u c t u r a l comparison: branched v s . l i n e a r AAS. 
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F i g u r e 7, A l k y l a r y l o r t h o x y l e n e s u l f o n a t e a d s o r p t i o n . 
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F i g u r e 8 . S t r u c t u r a l comparison: x y l e n e s u l f o n a t e ( d e o i l e d ) 
v s . AAS. 
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e q u i v a l e n t l y w i t h the OBS and the branched d o d e c y l x y l e n e s u l f o n a t e 
approximates the b e h a v i o r of DBS. T h i r d l y the s l o p e of the hemi-
m i c e l l a r r e g i o n d i d decrease w i t h o u t any measurable e f f e c t i n the 
m i c e l l a r r e g i o n i t s e l f . E v i d e n t l y the presence of the a l k y l 
group on the benzene r i n g c r e a t e s some s t e r i c h i n d r a n c e i n the 
two-dimensional p a c k i n g of the s u r f a c t a n t s p e c i e s i n t o the hemi-
m i c e l l e s . The f a c t o r s r e s p o n s i b l e f o r these d i f f e r e n t e f f e c t s of 
the x y l e n e s u l f o n a t e s i n d i f f e r e n t r e g i o n s c o u l d s i m i l a r l y y i e l d 
d i f f e r e n t i n t e r f a c i a l e f f e c t s ( i n t e r f a c i a l t e n s i o n v s . a d s o r p t i o n ) 
and a f u l l u n d e r s t a n d i n g of the mechanisms r e s p o n s i b l e f o r i t 
s h o u l d prove u s e f u l . 

E t h e r L i n k a g e ( D i s u l f o n a t e ) . The d i s u l f o n a t e used here i s e s s e n 
t i a l l y two decylbenzene s u l f o n a t e s connected through an oxygen 
(1 4 ) . The i s o t h e r m o b t a i n e
i s compared i n F i g u r e 9
The d i s u l f o n a t e s i s o t h e r s c h a r a c t e r i z e d by the absence o
m u l t i p l e r e g i o n s o b t a i n e d i n a l l o t h e r c a s e s . A d s o r p t i o n i n the 
" E l e c t r o s t a t i c r e g i o n " i s comparable, but at h i g h e r c o n c e n t r a t i o n s , 
a d s o r p t i o n of the d i s u l f o n a t e i s markedly lower than t h a t of the 
DBS. I m p o r t a n t l y , t h e r e i s an absence of the sharp r i s e i n ad
s o r p t i o n ( a t t r i b u t e d t o h e m i - m i c e l l i z a t i o n ) . E v i d e n t l y , the 
d i s u l f o n a t e w i t h the oxygen l i n k a g e i n between the two AAS p r e v e n t s 
the a l k y l c h a i n s from p a c k i n g t i g h t l y t o form the two-dimensional 
aggregate. A l s o , a m o l e c u l a r model o f the compound suggests the 
p o s s i b i l i t y of c o i l i n g of the two a l k y l c h a i n s , even i n the b u l k , 
m i n i m i z i n g the d r i v i n g f o r c e f o r a g g r e g a t i o n on the s u r f a c e ( F i g u r e 
1 0 ) . A d s o r p t i o n under these c o n d i t i o n s s h o u l d be c o n s i d e r e d to be 
the r e s u l t of e l e c t r o s t a t i c a t t r a c t i o n o n l y . The f a c t t h a t the 
d i s u l f o n a t e s a d s o r p t i o n was g r e a t e r than the monosulfonates i n the 
e l e c t r o s t a t i c a t t r a c t i o n r e g i o n h e l p s prove these assumptions. 
A l s o , a v a l u e of 1 ^ was o b t a i n e d f o r the s l o p e of the i s o t h e r m 
(3 χ 10~6 - 2 χ 10 kmol/m^ range) f u r t h e r s u p p o r t s t h i s con
s i d e r a t i o n . 

E t h y l e n e Oxide A d d i t i o n . A n i o n i c and n o n i o n i c a l k y l a r y l compounds 
c o n t a i n i n g amound of t h y l e n e oxide were used i n t h i s study. A d d i t i o n 
of e t h y l e n e o x i d e groups i s known to impart s a l t t o l e r a n c e to the 
s u r f a c t a n t and t h e r e f o r e these compounds are of p a r t i c u l a r 
i n t e r e s t f o r m i c e l l a r f l o o d i n g purposes. 

The a n i o n i c a l k y l a r y l p o l y e t h e r s u l f o n a t e used i n t h i s 
study was T r i t o n X-200. The c h e m i c a l c o m p o s i t i o n of t h i s compound 
i s » such t h a t the s u l f o n a t e i s connected t o a s m a l l a l k y l group 
which i n t u r n i s connected to the e t h y l e n e o x i d e group. Then 
comes the a r y l and a l k y l groups. Due to the a l k y l s u l f o n a t e 
l i n k comparison w i t h an a l k y l s u l f o n a t e might prove more h e l p f u l 
than comparisons made w i t h a l k y l a r y l s u l f o n a t e s . The i s o t h e r m 
o b t a i n e d f o r T r i t o n X-200 i s s i m i l a r i n shape t o t h a t of the 
a l k y l s u l f o n a t e , o f e q u i v a l e n t c h a i n l e n g t h ( F i g u r e 11) , w i t h 
the e l e c t r o s t a t i c , h e m i - m i c e l l a r , e l e c t r o s t a t i c h i n d e r e d and m i c e l 
l a r r e g i o n s a l l b e i n g comparable. When a 10~2 kmol/m s o l u t i o n of 
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F i g u r e 9. S t r u c t u r a l comparison: d i s u l f o n a t e v s . AAS. 
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S03Na S03Na S03NQ S03No 

F i g u r e 10. D i s u l f o n a t e a d s o r p t i o n model. 
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F i g u r e 1 1 . S t r u c t u r a l comparison: e t h o x y l a t e d s u l f o n a t e 
v s . AS. 
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calcium chloride was added to each of these systems the alk y l 
sulfonate precipitated while the Triton X-200 adsorption values 
remained r e l a t i v e l y unchanged proving the s a l t tolerance of the 
ethelyne oxide groups. 

The nonionic surfactant used i s Synfac 8216, an a l k y l a r y l -
ethoxylated alcohol. This compound did not adsorb by i t s e l f on 
alumina at a concentration of 4.3 χ 10~4 kmol/m3 even after a salt 
l e v e l of 30% at 27°C. At 75°C measurements were conducted i n up 
to 5% NaCl and no sig n i f i c a n t adsorption was obtained. Synfac 
did however, undergo sig n i f i c a n t adsorption i n the presence of 
dodecylsulfonate with maximum adsorption under the tested condi
tions at 1.5 χ 10~ 3 kmol/m3 DDS (see Figure 12). The adsorption 
of sulfonate was also enhanced by the addition of Synfac except in 
the micellar region (Figure 13). Synergetic interaction between 
Synfac and dodecylsulfonat
tween the chains of the
can enhance hemi-micellization of ionic surfactants on account 
of the reduced l a t e r a l e l e c t r o s t a t i c repulsion between the ionic 
heads and thereby also increase the overall adsorption of both 
the compounds. Indeed, i f most or a l l of the adsorption sites 
are occupied, the two species w i l l have to share the s i t e s , and 
under these conditions the individual adsorption of both the com
pounds w i l l undergo a decrease unless multilayer adsorption can 
take place. It i s clear from the results given i n Figures 12 and 
13 that interactions between various surfactants and co-surfactants 
can play a major role i n determining the adsorption i n the system 
depending p a r t i c u l a r l y on their chemical structure. 

Conclusions 

Structural variations of sulfonate surfactants i n terms of 
chain length and branching, incorporation of phenyl, ethoxyl and 
multiple functional groups are found to produce s p e c i f i c effects 
in various adsorption regimes (electrostatic, hemimicellar, 
el e c t r o s t a t i c hindered and micellar regions): 

a) Incorporation of the phenyl group between the a- CU^ and 
the sulfonate of the octyl and decyl sulfonate increased the effec
ti v e chain length by 3 to 4 CE^ groups with respect to i t s ad
sorption on alumina; 

b) Increase i n the chain length of the a l k y l groups increased 
the adsorption i n a l l the regions except the micellar region. 
These effects suggest the role of hemi-micellization as well as 
the enhanced solvent power of the i n t e r f a c i a l region for the 
longer chains; 

c) The position of the branching of the sulfonate has a 
measurable effe c t on adsorption. The nature of the effect of 
the positioning on adsorption, p a r t i c u l a r l y i n hemi-micellar 
region, i s suggestive of the type of packing of the surfactant 
species i n the two-dimensional aggregates; 

d) Presence of alk y l substitutions on the aromatic ring 
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Figure 12. Ethoxylated a lcohol coadsorption. 
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F i g u r e 13. E f f e c t of e t h o x y l a t e d a l c o h o l upon AS a d s o r p t i o n . 
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of the a l k y l a r y l sulfonate decreased the adsorption. Further
more, the h e m i - m i c e l l i z a t i o n e f f e c t was also reduced apparently 
due to the s t e r i c hindrance produced by the xylene group. 

e) Adsorption of the d i s u l f o n a t e , while comparable i n the 
e l e c t r o s t a t i c region, was markedly lower at higher concentrations 
than that of the monosulfonate. Non-appearance of the sharp 
t r a n s i t i o n observed normally between Regions 1 and 2 suggests 
absence of h e m i - m i c e l l i z a t i o n i n the present case due to the head 
group bulkiness introduced by the ether l inkage connecting the two 
sulfonates; 

f) Adsorption c h a r a c t e r i s t i c s of an anionic and a nonionic 
surfactant containing ethylene oxide groups were also studied. 
Even though s a l t (Ca) tolerance of the alky lary lpolyether 
sulfonate was markedly higher than that of the a l k y l sulfonate 
of s i m i l a r chain length, t h e i r -adsorptions were not s i g n i f i c a n t l y 
d i f f e r e n t . The nonionic
d i d not adsorb on alumina under the conditions studied. However, 
i t s adsorption was s i g n i f i c a n t when the a l k y l sulfonate was 
present i n the system. This co-adsorption was also found to 
enhance the adsorption of the sulfonate. 

The important r o l e of the structure of the surfactants i n 
determining adsorption i s evident. Some of the surfactants 
discussed above can produce low i n t e r f a c i a l tension and some 
others have excel lent s a l t tolerance. A knowledge of the 
structure of such surfactants i n adsorption can be h e l p f u l i n 
developing surfactants that w i l l meet d i f f e r e n t requirements 
simultaneously for s p e c i a l a p p l i c a t i o n s such as i n enhanced o i l 
recovery. 
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The presence of pre-adsorbed polyacrylic acid 
significantly reduce
dodecylsulfonate
solutions. Nonionic polyacrylamide was found to 
have a much lesser effect on the adsorption of 
sulfonate. The isotherm for sulfonate adsorption in 
absence of polymer on positively charged hematite 
exhibits the typical three regions characteristic of 
physical adsorption in aqueous surfactant systems. 
Adsorption behavior of the sulfonate and polymer is 
related to electrokinetic potentials in this system. 
Contact angle measurements on a hematite disk in 
sulfonate solutions revealed that pre-adsorption of 
polymer resulted in reduced surface hydrophobicity. 

Technological problems caused by fine particulates occur in many 
industrial situations including mineral processing circuits. The 
processing of fine particle suspensions has been the topic of 
several technical conferences in recent years (1-2) . One method 
exhibiting significant potential for recovering valuable minerals 
from fine-particle suspensions is selective flocculation. This 
involves the use of a polymer or long-chained organic molecule to 
selectively aggregate particles of one of the minerals prior to a 
separation stage. Depending on the process and mineral composi
tion, either the valuable or gangue mineral may be flocculated. 
To obtain a suitable concentrate, the flocculated particles must 
be separated from the suspension. The usual method is sedimenta
tion of the floes combined with elutriation of the dispersed 
particles. Flotation of the flocculated particles is a possible 
method to achieve that separation. The effect of polymers used 
as flocculants on the flotation of a few minerals has received 

1Current address: U.S. Bureau of Mines, Avondale Metallurgy Research Center, 4900 
LaSalle Road, Avondale, MD 20782 
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l i m i t e d i n v e s t i g a t i o n ( 3 - 5 ) , and d e t a i l s on the mechanism o f 
polymer and f l o t a t i o n c o l l e c t o r c o a d s o r p t i o n and r e l a t i o n t o 
f l o t a t i o n are l a c k i n g . T h i s paper r e p o r t s the r e s u l t s of an 
i n v e s t i g a t i o n undertaken to d e l i n e a t e the r o l e of polymer and 
c o l l e c t o r i n t e r a c t i o n s w i t h f i n e p a r t i c l e s and t h e i r r e l a t i o n t o 
r e s u l t a n t s u r f a c e w e t t a b i l i t y . In p a r t i c u l a r , the a d s o r p t i o n o f 
an a n i o n i c s u r f a c t a n t on a s u r f a c e w i t h p r e v i o u s l y adsorbed non-
i o n i c or a n i o n i c polymer i s examined. 

E x p e r i m e n t a l Methods and M a t e r i a l s 

M a t e r i a l s . S y n t h e t i c hematite was obt a i n e d from J . T. Baker 
Chemical Company, P h i l l i p s b u r g , NJ. P a r t i c l e s i z e a n a l y s i s u s i n g 
a HIAC instrument ( M o n t c l a i r , CA) i n d i c a t e d the p a r t i c l e s to be 
80 percent (number) f i n e  2
a d s o r b a t e , the B.E.T. s p e c i f i
square meters per gram. The p o i n t o f zero charge, as ob t a i n e d 
from e l e c t r o p h o r e t i c measurements i n the presence of i n d i f f e r e n t 
e l e c t r o l y t e s , o c c u r r e d at pH 8.3. 

P o l y a c r y l i c a c i d (PAA) was obt a i n e d from S c i e n t i f i c Polymers, 
I n c . , O n t a r i o , NY, as a secondary standard w i t h a mass-averaged 
m o l e c u l a r weight o f two m i l l i o n . The p o l y a c r y l a m i d e (PAM) used 
was Separan MGL obta i n e d from Dow Chemical Company, Mi d l a n d , MI. 
I t s r e p o r t e d m o l e c u l a r weight was i n the range o f 500,000 t o 
5,000,000. The monomer s t r u c t u r e s of PAA and PAM are i l l u s t r a t e d 
i n F i g u r e 1. 

Sodium d o d e c y l s u l f o n a t e (SDS) was prepared from dodecyl a l c o 
h o l by Ben Den Chemical Company, N a p e r v i l l e , I L . The m a t e r i a l 
was r e c r y s t a l l i z e d by d i s s o l u t i o n i n hot e t h a n o l s o l u t i o n , f i l 
t e r i n g and c o o l i n g to c r y s t a l l i z e the SDS. The p r e c i p i t a t e was 
f i l t e r e d , washed w i t h c o l d e t h a n o l , and d r i e d i n a d e s s i c a t o r 
under vacuum. A n a l y t i c a l - g r a d e HC1 and NaOH were used f o r pH 
adjustment and NaCl f o r c o n t r o l l i n g i o n i c s t r e n g t h . 

A d s o r p t i o n Methods. F i v e grams of hematite were f i r s t c o n d i 
t i o n e d i n 0.001 M NaCl at pH 4.1. A f t e r the SDS had been added 
to the s l u r r y and the pH ad j u s t e d as r e q u i r e d , the samples were 
c o n d i t i o n e d on a r o t a t i n g shaker f o r two hours. The s o l u t i o n s 
were then c e n t r i f u g e d , and the supernatant l i q u i d analyzed f o r 
i t s SDS co n t e n t . The amount of SDS adsorbed was c a l c u l a t e d as 
the d i f f e r e n c e between the i n i t i a l amount added and the r e s i d u a l 
amount measured. E x p e r i m e n t a l r e s u l t s showed tha t two hours was 
s u f f i c i e n t time f o r e q u i l i b r i u m to be reached. Somasundaran (6) 
observed s i m i l a r e q u i l i b r i u m a d s o r p t i o n times f o r s u l f o n a t e 
a d s o r p t i o n on aluminum o x i d e . 

For a d s o r p t i o n on f l o c c u l a t e d p a r t i c l e s , the polymer was 
added i n a drop-by-drop-wise manner from a b u r e t t e c o n t a i n i n g a 
50 cc s o l u t i o n t o a 50 cc s o l u t i o n c o n t a i n i n g the s o l i d s . F l o c -
c u l a t i o n was performed i n an u n b a f f l e d v e s s e l , 58 mm i n diamet e r . 
A g i t a t i o n was achieved w i t h a 3-bladed p r o p e l l e r , 35 mm i n 
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P O L Y A C R Y L I C A C I D ( P A A ) 
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F i g u r e 1. Chemical s t r u c t u r e of p o l y a c r y l i c a c i d and p o l y a -

c r y l a m i d e monomers and sodium d o d e c y l s u l f o n a t e . 
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d i a m e t e r , which was l o c a t e d a p p r o x i m a t e l y 10 mm from the bottom 
of the v e s s e l . Each blade was 13 mm across h a v i n g a p i t c h o f 
about 30 degrees. A f t e r a g i t a t i n g the s l u r r y f o r 10 minutes at 
600 rpm, the s o l u t i o n was decanted and the r e s i d u a l polymer 
determined. Polymer a d s o r p t i o n was r a p i d , and the method o f 
polymer a d d i t i o n to these well-mixed suspensions was found to 
y i e l d r e p r o d u c i b l e r e s u l t s . The f l o e s were t r a n s f e r r e d to 70-cc 
g l a s s sample b o t t l e s to which SDS was added. The pH was a d j u s t e d 
as r e q u i r e d , and the samples were c o n d i t i o n e d on a r o t a t i n g 
shaker ( a p p r o x i m a t e l y 60 rpm) f o r two h o u r s . Two hours was 
observed to be adequate f o r c o n s t a n t a d s o r p t i o n v a l u e s to be 
reached i n the case of p a r t i c l e s that had been p r e v i o u s l y f l o c c u 
l a t e d w i t h polymer. 

E l e c t r o k i n e t i c Measurements
measured w i t h a f l a t - c e l
B r o t h e r s , Cambridge, England. In a d d i t i o n , s e v e r a l m o b i l i t y 
v a l u e s were checked f o r a c c u r a c y w i t h a Zeta Meter, New York. 
M o b i l i t i e s were determined w i t h a s m a l l volume of the suspension 
( a p p r o x i m a t e l y 25 cc) t h a t had been prepared f o r the a d s o r p t i o n 
experiments. The pH of the s o l u t i o n was measured p r i o r to d e t e r 
m i n i n g the e l e c t r o p h o r e t i c m o b i l i t i e s , which i n v o l v e d measuring 
the v e l o c i t i e s of f i v e to ten p a r t i c l e s i n each d i r e c t i o n . An 
average v a l u e o f the m o b i l i t i e s was r e c o r d e d . Samples c o n t a i n i n g 
the f l o c c u l a t e d p a r t i c l e s were dipped i n t o an u l t r a s o n i c bath f o r 
a p p r o x i m a t e l y one second p r i o r to making the pH and m o b i l i t y 
measurements. 

Contact Angle Measurements. Contact angles were measured on a 
mounted d i s k of s y n t h e t i c h e m a t i t e . The d i s k was prepared by 
c o l d p r e s s i n g hematite powder i n a s t e e l d i e and s i n t e r i n g i t at 
1,000 degrees C e l s i u s f o r 8 hours i n a i r . X-ray d i f f r a c t i o n 
p a t t e r n s i n d i c a t e d that the sample was s t i l l α-hematite. The 
angle formed by a bubble a t t a c h e d to the d i s k was measured u s i n g 
a goniometer. To form a bubble, a J-shaped g l a s s c a p i l l a r y was 
pla c e d under the d i s k , which had been p o s i t i o n e d s u r f a c e - s i d e 
down i n the s o l u t i o n . Advancing and r e c e d i n g angles were 
o b t a i n e d by m a n i p u l a t i n g a i r i n and out o f the c a p i l l a r y tube. 
" E q u i l i b r i u m 1 1 angles were determined by d e t a c h i n g the bubble from 
the c a p i l l a r y . The d i s k was cleaned between each measurement by 
s e v e r a l turns on a p o l i s h i n g wheel. 

S u r f a c e Tension Measurements. The s u r f a c e t e n s i o n of s u r f a c t a n t 
s o l u t i o n was measured by the c a p i l l a r y r i s e method w i t h a g l a s s 
c a p i l l a r y tube, 18.66 cm i n l e n g t h and 0.0531 cm i n t e r n a l diam
e t e r . This was ob t a i n e d by f i l l i n g the c a p i l l a r y w i t h a column 
of mercury and weighing the c a p i l l a r y w i t h and without the mer
c u r y . The d e n s i t y o f mercury was taken to be 13.5939 grams per 
c u b i c c e n t i m e t e r at 20 degrees C e n t i g r a d e (_7). The h e i g h t o f 
c a p i l l a r y r i s e was measured w i t h a cathetometer manufactured by 
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Gaertner S c i e n t i f i c Corp., Chicago, I L , i n a temperature-
c o n t r o l l e d room at 21 degrees C e n t i g r a d e . 

A n a l y t i c a l Methods. I t was found th a t the c o n c e n t r a t i o n of both 
polymers c o u l d be analyzed by d e t e r m i n i n g the t o t a l carbon i n 
s o l u t i o n w i t h a carbon d i o x i d e coulometer, C o u l o m e t r i c s , I n c . , 
Wheat Ridge, CO. The accuracy o f t h i s method i s not good i n the 
low polymer c o n c e n t r a t i o n range, that i s l e s s than 10-15 ppm. 
For h i g h e r accuracy i n the low polymer c o n c e n t r a t i o n range, two 
d i f f e r e n t methods were used. In the case of PAA, p o t e n t i o m e t r i c 
t i t r a t i o n s o f s o l u t i o n s of PAA were performed w i t h 0.01 Ν NaOH 
u s i n g a Brinkman model, Westbury, NY, automated t i t r a t o r . Blank 
t e s t s i n d i c a t e d no i n t e r f e r i n g s p e c i e s . Known amounts of PAA 
were used to prepare a c a l i b r a t i o n curve immediately a f t e r 
t i t r a t i o n of the sample
The s t a r t i n g p o i n t of th
was reached near pH 8. T o t a l volumes o f 75 or 100 cc were used 
f o r the t i t r a t i o n s , and the i o n i c s t r e n g t h was c o n t r o l l e d at 0.01 
M NaCl. 

For the d e t e r m i n a t i o n o f PAM, UV adsorbance at 189 nm was 
measured f o r v a r i o u s PAM c o n c e n t r a t i o n s . The nephelometric 
t e c h n i q u e of A t t i a and Rubio (8) as m o d i f i e d by P r a d i p (9_) was 
used to check the c a l i b r a t i o n curve o b t a i n e d by the UV method. 

The amount of SDS i n s o l u t i o n was determined by the method o f 
Jones (10) m o d i f i e d i n a manner s i m i l a r to that of Somasundaran 
(6^). Methylene b l u e c h l o r i d e was added to a s o l u t i o n c o n t a i n i n g 
SDS. The r e s u l t i n g blue complex was e x t r a c t e d i n t o an o r g a n i c 
phase, and the absorbance i n the v i s i b l e range was measured. 
One-half cc of a one percent (by weight) methylene blue c h l o r i d e 
s o l u t i o n was added to a 4.5 cc sample o f s o l u t i o n c o n t a i n i n g 5-20 
micrograms of SDS. F i v e cc of c h l o r o f o r m was then added and the 
s o l u t i o n s shaken by hand f o r 30 seconds. For the f l o c c u l a t e d 
system, the polymer content was determined f i r s t and s u f f i c i e n t 
amounts o f polymer were added p r i o r to SDS d e t e r m i n a t i o n to main
t a i n the polymer l e v e l constant at 200 ppm. A c a l i b r a t i o n curve 
was made u s i n g absorbance at 652 nm as 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 . 

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

P o l y m 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 e r a c t i o n between polymers 
and s u r f a c t a n t s was r e c e n t l y reviewed by Robb (11) and s u r f a c t a n t 
a s s o c i a t i o n w i t h p r o t e i n s by S t e i n h a r d t and Reynolds ( 1 2 ) . 
P o l y m e r / s u r f a c t a n t i n t e r a c t i o n s are h i g h l y dependent on the chem
i c a l nature of the polymer and the s u r f a c t a n t . In g e n e r a l , s u r 
f a c t a n t s tend to a s s o c i a t e w i t h uncharged polymers i n aggregates 
r a t h e r than i n d i v i d u a l s u r f a c t a n t molecules i n t e r a c t i n g w i t h the 
macro-molecule. The a b i l i t y o f s u r f a c t a n t s to form m i c e l l e s i s 
thought to be an important f a c t o r i n the r o l e of s u r f a c t a n t be
h a v i o r i n i n t e r a c t i o n s w i t h polymers. I n d i v i d u a l s u r f a c t a n t 
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m o l e c u l e s can i n t e r a c t d i r e c t l y w i t h p o l y e l e c t r o l y t e s or polymers 
capable of some degree of i o n i z a t i o n , such as p r o t e i n s , w h i l e 
a s s o c i a t i o n between polymers and s u r f a c t a n t aggregates f o l l o w s at 
hi g h e r s u r f a c t a n t c o n c e n t r a t i o n s . E l e c t r o s t a t i c f o r c e s are p r i 
m a r i l y r e s p o n s i b l e f o r the d i f f e r e n t i n t e r a c t i o n b e h a v i o r o f 
s u r f a c t a n t s w i t h the charged and uncharged polymers. 

The measurement of the s u r f a c e t e n s i o n o f SDS s o l u t i o n s at 
constant polymer a d d i t i o n s was performed to i n v e s t i g a t e any pos
s i b l e i n t e r a c t i o n s between SDS and the polymers used i n these 
experiments. The r e s u l t s , shown i n F i g u r e 2, i n d i c a t e no i n t e r 
a c t i o n between SDS and e i t h e r PAA or PAM. I n t e r a c t i o n s between 
s i m i l a r l y charged s u r f a c t a n t and p o l y e l e c t r o l y t e are not common 
as e l e c t r i c a l e f f e c t s f r e q u e n t l y dominate to prevent any hydro
phobic or hydrogen bonding i n t e r a c t i o n . The h y d r o p h i l i c n a t u r e 
o f the amide d i p o l e of
a p o s s i b l e f a c t o r i n p r e v e n t i n
d o d e c y l s u l f a t e . 

A d s o r p t i o n o f SDS on Hematite. A d s o r p t i o n of SDS on hematite a t 
pH 4.1 i s i l l u s t r a t e d i n F i g u r e 3 as the zero polymer (t o p l i n e -
f i l l e d c i r c l e s ) a d d i t i o n . The r e s u l t s i n d i c a t e three d i s t i n c t 
r e g i o n s o f a d s o r p t i o n and i n t h i s r e s p e c t agree w e l l w i t h p r e 
v i o u s i n v e s t i g a t i o n s (13, 14) of systems i n v o l v i n g a d s o r p t i o n o f 
an a n i o n i c s u r f a c t a n t from an aqueous s o l u t i o n o f c o n s t a n t i o n i c 
s t r e n g t h onto a p o s i t i v e l y charged oxide s u r f a c e . Fuerstenau and 
Raghavan (15) have summarized the proposed mechanism' o f adsorp
t i o n by d e s c r i b i n g the three r e g i o n s of d i f f e r i n g s l o p e . In 
b r i e f , at low SDS 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 a d s o r p t i o n proc
ess i s d e s c r i b e d as being an e l e c t r o s t a t i c exchange of s u r f a c t a n t 
i o n s f o r counter i o n s i n the double l a y e r . The i n c r e a s e d s l o p e 
of the next r e g i o n i s a t t r i b u t e d to the onset of h e m i - m i c e l l e 
f o r m a t i o n . At h i g h SDS 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 z e t a 
p o t e n t i a l i s of s i m i l a r s i g n as the s u r f a c t a n t and 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 oppose s p e c i f i c i n t e r a c t i o n s r e s u l t i n g i n a reduced 
slope of the a d s o r p t i o n i s o t h e r m . 

A d s o r p t i o n on Hematite With Pre-Adsorbed PAA. The a d s o r p t i o n o f 
SDS on hematite p a r t i c l e s which were p r e v i o u s l y f l o c c u l a t e d by 
the a d d i t i o n of PAA i s i l l u s t r a t e d i n F i g u r e 3. The a d s o r p t i o n 
o f SDS decreases as i n c r e a s i n g amounts o f PAA occupy s u r f a c e 
s i t e s . The a d s o r p t i o n of PAA on he m a t i t e , which had been i n v e s 
t i g a t e d p r e v i o u s l y ( 1 6 ) , i s g i v e n i n F i g u r e 4 as a f u n c t i o n o f 
e q u i l i b r i u m PAA c o n c e n t r a t i o n f o r v a r i o u s pH v a l u e s . These 
r e s u l t s show t h a t the a d s o r p t i o n of PAA i s c h a r a c t e r i z e d by h i g h 
a d s o r p t i o n d e n s i t i e s at low e q u i l i b r i u m c o n c e n t r a t i o n s . The 
p l a t e a u or s u r f a c e s a t u r a t i o n v a l u e f o r pH 4.1 would be a p p r o x i 
m ately 0.41-0.42 rag PAA per square meter. This corresponds 
a p p r o x i m a t e l y t o the h i g h e s t PAA a d d i t i o n shown i n F i g u r e 3, 0.44 
mg PAA per square meter, where i t was determined that 0.41 mg PAA 
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30 μ 

Ι Ο " 4 ΙΟ" 3 Ι Ο " 2 

SODIUM DODECYL SULFONATE CONC, mole per dm3 

F i g u r e 2. Surface t e n s i o n s of sodium d o d e c y l s u l f o n a t e s o l u t i o n s 

w i t h and without polymer a d d i t i o n as measured by the c a p i l l a r y 

r i s e method. 
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EQUILIBRIUM SDS CONCENTRATION, mole per dm 0 

F i g u r e 3. E q u i l i b r i u m a d s o r p t i o n d e n s i t i e s of sodium d o d e c y l s u l -

fonate on hematite at pH 4.1 and 0.001 M NaCl i n the presence and 

absence of pre-adsorbed p o l y a c r y l i c a c i d . 
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EQUILIBRIUM CONCENTRATION PAA, mg/l 

F i g u r e 4. E q u i l i b r i u m a d s o r p t i o n d e n s i t i e s of p o l y a c r y l i c a c i d 

on hematite at v a r i o u s pH v a l u e s . Reproduced w i t h p e r m i s s i o n 

from Ref. 22. Copyright 1983, C o l l o i d s and S u r f a c e s . 
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per square meter had been adsorbed. No r e s i d u a l polymer was 
measured i n s o l u t i o n f o r the 0.11 mg PAA a d d i t i o n . 

In g e n e r a l , the a d s o r p t i o n of a s u r f a c t a n t on p a r t i c l e s w i t h 
p r e v i o u s l y adsorbed polymer can be i n f l u e n c e d by ( i ) a r e d u c t i o n 
o f s u r f a c e area a v a i l a b l e f o r a d s o r p t i o n as a r e s u l t o f the 
presence of adsorbed polymer, ( i i ) p o s s i b l e i n t e r a c t i o n s between 
polymer and s u r f a c t a n t i n the b u l k s o l u t i o n or i n the i n t e r f a c i a l 
r e g i o n ( t h a t i s , s u r f a c t a n t w i t h l o o p s , t a i l s or t r a i n s of ad
sorbed polymer m o l e c u l e s ) , ( i i i ) the s t e r i c e f f e c t o f adsorbed 
polymer, p r e v e n t i n g approach of s u r f a c t a n t molecules f o r adsorp
t i o n at the s u r f a c e , or ( i v ) p o s s i b l e e l e c t r o s t a t i c e f f e c t s i f 
polymer and/or s u r f a c t a n t are charged s p e c i e s . 

S i n c e there was no evidence of s u r f a c t a n t / p o l y m e r i n t e r 
a c t i o n s , the two most important f a c t o r s a f f e c t i n g SDS a d s o r p t i o n 
on P A A - f l o c c u l a t e d hematit
s t a t i c e f f e c t s and a r e d u c t i o
t i o n s i t e s due to adsorbed polymer segments. P o l y e l e c t r o l y t e 
a d s o r p t i o n on o p p o s i t e l y charged s u r f a c e s can i n v o l v e s t r o n g 
a t t r a c t i v e f o r c e s (as evidenced by the h i g h a f f i n i t y isotherm) 
and i s expected to r e s u l t i n a somewhat f l a t s u r f a c e c o n f i g u 
r a t i o n ( 1 7 ) . Using the s u r f a c e s a t u r a t i o n v a l u e o f 0.41 mg PAA 
per square meter and assuming a 25 square angstrom PAA monomer 
segment s i z e , 87 pet of the t o t a l s u r f a c e area would be occupied 
by polymer segments i f the segments were f r e e to make c o n t a c t 
i n d i v i d u a l l y . In a c t u a l i t y , polymer segments are not f r e e t o 
make i n d i v i d u a l c o n t a c t w i t h the s u r f a c e because of the nature o f 
the m o l e c u l a r c h a i n s t r u c t u r e . However, the adsorbed amounts 
shown i n the a d s o r p t i o n isotherms of SDS on P A A - f l o c c u l a t e d hema
t i t e i n d i c a t e t h a t the polymer cha i n s may have a s i g n i f i c a n t 
number of segments i n c o n t a c t w i t h the s u r f a c e , thereby r e d u c i n g 
the number of s i t e s a v a i l a b l e f o r SDS a d s o r p t i o n . 

The e f f e c t of polymer charge on the z e t a p o t e n t i a l i s g i v e n 
i n F i g u r e 5 where the e l e c t r o p h o r e t i c m o b i l i t y of hematite p a r t i 
c l e s f l o c c u l a t e d w i t h PAA and c o n d i t i o n e d i n SDS i s i n d i c a t e d as 
a f u n c t i o n o f SDS a d s o r p t i o n d e n s i t y . The e l e c t r o p h o r e t i c m o b i l 
i t i e s of hematite p a r t i c l e s without polymer i n the presence o f 
SDS are a l s o shown i n F i g u r e 5 ( f i l l e d c i r c l e s ) . In the presence 
of the a n i o n i c s u r f a c t a n t , the e l e c t r o p h o r e t i c m o b i l i t y decreases 
w i t h i n c r e a s i n g SDS a d s o r p t i o n d e n s i t y , r e v e r s e s i n s i g n and 
becomes ne g a t i v e i n value at h i g h SDS a d s o r p t i o n d e n s i t i e s . This 
b e h a v i o r i s t y p i c a l f o r a n i o n i c s u r f a c t a n t i n t e r a c t i o n w i t h an 
o p p o s i t e l y charged s u r f a c e and has been observed by other 
r e s e a r c h e r s ( 1 8 ) . At pH 4.1 i n the absence o f s u r f a c t a n t (and 
polymer), hematite p a r t i c l e s are p o s i t i v e l y charged and have a 
m o b i l i t y of 3.9 e l e c t r o p h o r e t i c m o b i l i t y u n i t s . 

For the a d d i t i o n of 0.11 mg PAA per square meter h e m a t i t e , 
the m o b i l i t y decreased at SDS a d s o r p t i o n d e n s i t i e s l e s s than 0.3 
micromoles per square meter but remained p o s i t i v e i n v a l u e . 
Above t h i s a d s o r p t i o n d e n s i t y , n e g a t i v e m o b i l i t i e s were r e c o r d e d . 
At PAA a d d i t i o n s of 0.22 and 0.44 mg per square meter h e m a t i t e , 
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F i g u r e 5. E l e c t r o p h o r e t i c m o b i l i t y of hematite at pH 4.1 and 

0.001 M NaCl as a f u n c t i o n of s u l f o n a t e a d s o r p t i o n d e n s i t y i n the 

absence and presence of pre-adsorbed p o l y a c r y l i c a c i d . 
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m o b i l i t y v a l u e s were n e g a t i v e f o r a l l SDS c o n c e n t r a t i o n s and 
became s l i g h t l y more n e g a t i v 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 adsorp
t i o n . The presence of PAA has a dramatic e f f e c t on the m o b i l i t y 
v a l u e s , a l t h o u g h s u r f a c t a n t a d s o r p t i o n a l s o c o n t r i b u t e d t o 
changes i n the m o b i l i t y , e s p e c i a l l y at PAA a d d i t i o n s l e s s than 
0.22 mg per square meter. Above SDS a d s o r p t i o n d e n s i t i e s of 1-2 
micromoles per square meter, the m o b i l i t i e s observed i n a l l the 
experiments were the same i n the absence or presence of pre-
adsorbed polymer. 

The s u r f a c e charge o f the hematite used here was measured by 
t i t r a t i o n (16) and found to be app r o x i m a t e l y 18 microcoulombs per 
square meter, e q u i v a l e n t t o a charge o f 5.40 χ 10 8 esu per square 
meter of hem a t i t e . Assuming one e q u i v a l e n t per monomer segment, 
the t o t a l charge o f PAA wou Id be 4.02 χ 10 9 esu per mg PAA f o r 
the t o t a l l y i o n i z e d polymer  Ap p r o x i m a t e l  0.11  ( i f 
t o t a l l y i o n i z e d ) would b
charge of one square mete  p o s i
t i v e m o b i l i t y to n e g a t i v e m o b i l i t y occurs between 0.11 and 0.22 
mg PAA per square meter h e m a t i t e , i n accordance w i t h the amount 
o f polymer charge r e q u i r e d t o n e u t r a l i z e the s o l i d s u r f a c e 
charge. 

A d s o r p t i o n on Hematite With Pre-Adsorbed PAM. A d s o r p t i o n of SDS 
on hematite f l o c c u l a t e d w i t h PAM was i n v e s t i g a t e d w i t h 0.44 mg 
PAM per square meter h e m a t i t e . SDS a d s o r p t i o n d e n s i t y as a 
f u n c t i o n of e q u i l i b r i u m SDS c o n c e n t r a t i o n i s shown i n F i g u r e 6 
fo r the same c o n d i t i o n s as used i n the PAA/SDS system. In the 
low SDS c o n c e n t r a t i o n range ( t h a t i s , l e s s than 0.0003 M SDS), 
a d s o r p t i o n of SDS was u n a f f e c t e d by the presence of PAM. At 
e q u i l i b r i u m c o n c e n t r a t i o n s g r e a t e r than 0.0003 M SDS, a d s o r p t i o n 
of SDS on the f l o c c u l a t e d p a r t i c l e s was reduced from that on the 
u n f l o c c u l a t e d p a r t i c l e s . A d s o r p t i o n o f PAM on hematite as a 
f u n c t i o n of PAM s o l u t i o n c o n c e n t r a t i o n i s shown i n F i g u r e 7. 
A d s o r p t i o n o f PAM does not e x h i b i t the s t r o n g a f f i n i t y observed 
f o r PAA, although the p l a t e a u or s a t u r a t i o n v a l u e i s s i m i l a r and 
s l i g h t l y h i g h e r f o r PAM. These r e s u l t s suggest t h a t PAM adsorp
t i o n may occur i n a more l o o s e l y packed s u r f a c e c o n f i g u r a t i o n . 

Some polymer molecules can be regarded to m a i n t a i n t h e i r 
approximate s o l u t i o n conformation upon a d s o r p t i o n (19). Adsorp
t i o n o f a n o n i o n i c polymer would lead t o a c o i l e d adsorbed 
polymer c o n f i g u r a t i o n w i t h a small number of polymer segments i n 
a c t u a l c o n t a c t w i t h the s u r f a c e . The number o f s u r f a c e s i t e s 
a v a i l a b l e f o r s u r f a c t a n t a d s o r p t i o n would remain q u i t e l a r g e . 

At e q u i l i b r i u m s u r f a c t a n t c o n c e n t r a t i o n s o f l e s s than 0.0003 
M SDS where the hematite s u r f a c e i s s t i l l p o s i t i v e l y charged, 
a d s o r p t i o n o f s u r f a c t a n t f o l l o w s i t s normal p a t t e r n due to the 
e l e c t r o s t a t i c f o r c e s which p r o v i d e the d r i v i n g f o r c e f o r adsorp
t i o n . S u f f i c i e n t e f f e c t i v e s u r f a c e area must be a v a i l a b l e f o r 
t h i s l e v e l of SDS a d s o r p t i o n d e n s i t y . As s u r f a c t a n t a d s o r p t i o n 
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F i g u r e 6. E q u i l i b r u i u m a d s o r p t i o n d e n s i t i e s of sodium d o d e c y l -

s u l f o n a t e on hematite at pH 4.1 and 0.001 M NaCl i n the presence 

and absence of pre-adsorbed p o l y a c r y l a m i d e . 
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increases with increasing SDS concentration, the surface charge 
is reversed (see Figure 8), and additional surfactant adsorption 
is reduced due to e l e c t r i c a l forces and also to a reduction of 
available surface area due to adsorbed PAM segments. No s i g n i f i 
cant change in slope is observed, and i t is possible that the 
presence of adsorbed polymer prevents or reduces the effect of 
hemi-micelle formation. 

The number of polymer segments in contact with the surface 
can be estimated from Figure 6 at high SDS concentrations. It i s 
assumed that reduction in sulfonate adsorption, for the nonionic 
polymer case, is due only to the presence of adsorbed polymer 
segments. The amount of reduction in SDS adsorption at high SDS 
concentrations is taken (from Figure 6) to be an average of 50 
percent, that is the effective area available for SDS adsorption 
is reduced by 50 percent
angstroms, a total of 10.
the area reduced which in this case is 22.5 square meters (to t a l 
sample surface area was 45 square meters). Since the uptake of 
PAM was an average of 18 mg PAM, i t is estimated that, at the 
most, approximately 50 to 60 percent of the PAM segments are in 
contact with the surface. 

Surface Wettability. Contact angles on hematite at pH 4.1 were 
measured as a function of PAA and PAM concentration at constant 
surfactant concentration of 0.001 M SDS. The results are given 
in Figures 9 and 10 for PAA and PAM, respectively. The hematite 
disk was conditioned for 15 minutes in a solution containing the 
polymer and then transferred to the SDS solution for contact 
angle measurement. The angles were measured after 15 minutes 
conditioning with SDS and were not observed to vary with longer 
conditioning times. With no polymer present, the bubble contact 
angle was high, indicative of a hydrophobic surface. It is 
evident that adsorbed polymer caused a dramatic decrease in the 
contact angle. No bubble contact, for the equilibrium angle, 
could be achieved above polymer solution concentrations of 2 ppm 
for either PAA or PAM. Both polymers, being hydrophilic in char
acter, prevent bubble attachment when a suffi c i e n t amount of 
polymer has been adsorbed. These results p a r a l l e l findings by 
Somasundaran and coworkers (20, 21) that adsorption of a large 
hydrophilic molecule masks any effect that adsorbed surfactant 
molecules may have on the surface wettability. 

Additional contact angles were measured at 0.001 M SDS con
centration. The hematite disk was conditioned in the SDS solu
tion before adding polymer to the solution. The contact angle 
was measured after adding suf f i c i e n t quantities of polymer for 
concentrations of 1, 3, and 5 ppm. For both PAA and PAM, the 
contact angle remained constant and identical to the value 
obtained in the absence of polymer. No polymer was able to 
adsorb on the surfactant-coated disk. It can be concluded that 
whichever species, surfactant or polymer, adsorbed f i r s t was not 
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F i g u r e 8. E l e c t r o p h o r e t i c m o b i l i t y of hematite at pH 4.1 and 

0.001 M NaCl as a f u n c t i o n o f s u l f o n a t e a d s o r p t i o n d e n s i t y i n the 

absence and presence of pre-adsorbed p o l y a c r y l a m i d e . 
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F i g u r e 9. Contact angles on a hematite d i s k at 0.001 M SDS, pH 

4.1, and 0.001 M NaCl as a f u n c t i o n o f the p o l y a c r y l i c a c i d con

c e n t r a t i o n i n which the hematite d i s k had been p r e c o n d i t i o n e d . 
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Figure 10. Contact angles on a hematite disk at 0.001 SDS pH 

4.1, and 0.001 M NaCl as a function of the polyacrylamide concen

tration in which the hematite disk had been preconditioned. 
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r e p l a c e a b l e by the o t h e r , at l e a s t under these p a r t i c u l a r 
c o n d i t i o n s . 

Summary 

The a d s o r p t i o n behavor of s u r f a c t a n t onto p a r t i c l e s i n the 
absence and presence o f pre-adsorbed polymer was determined. 
E l e c t r o k i n e t i c s t u d i e s of the system were made. Contact angle 
measurements y i e l d e d i n f o r m a t i o n on the l e v e l o f h y d r o p h o b i c i t y 
achieved at v a r i o u s a d d i t i o n s of polymer and c o l l e c t o r . 

The r e s u l t s are summarized as f o l l o w s : 
1. Surface t e n s i o n measurements i n d i c a t e d no bu l k i n t e r a c t i o n 

between the a n i o n i c s u r f a c t a n t and the a n i o n i c or n o n i o n i c 
polymer. 

2. The a d s o r p t i o n o f a
charged oxide s u r f a c
presence o f a pre-adsorbed a n i o n i c polymer. 

3. The presence of a pre-adsorbed n o n i o n i c polymer has almost 
n e g l i g i b l e e f f e c t s on s u r f a c t a n t a d s o r p t i o n except at h i g h 
s u r f a c t a n t c o n c e n t r a t i o n s where s u r f a c t a n t a d s o r p t i o n i s 
reduced. 

4. E l e c t r o k i n e t i c s t u d i e s r e v e a l e d t h a t the m o b i l i t i e s o f p a r t i 
c l e s w i t h pre-adsorbed a n i o n i c polymer i n the presence o f 
s u r f a c t a n t were c o n t r o l l e d by the charge a s s o c i a t e d w i t h the 
polymer, w h i l e the m o b i l i t i e s were u n a f f e c t e d by the presence 
o f pre-adsorbed n o n i o n i c polymer. 

5. Contact angle measurements i n d i c a t e d that c o n d i t i o n i n g w i t h 
i n c r e a s i n g amount o f polymer b e f o r e c o n d i t i o n i n g w i t h s u r f a c 
t a n t r e s u l t e d i n reduced s u r f a c e h y d r o p h o b i c i t y . P r e 
c o n d i t i o n i n g w i t h s u r f a c t a n t r e s u l t e d i n a hydrophobic 
s u r f a c e which was not a f f e c t e d by subsequent polymer 
a d d i t i o n s . 
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19 
Adsorption and Electrokinetic Effects of Amino 
Acids on Rutile and Hydroxyapatite 
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CA 94720 

The mechanism of interactio
aqueous solution interface
through adsorption and electrokinetic measurements. 
Isotherms for the adsorption of glutamic acid, proline 
and lysine from aqueous solutions at the surface of 
rutile are quite different from those on hydroxyapatite. 
To delineate the role of the electrical double layer in 
adsorption behavior, electrophoretic mobilities were 
measured as a function of pH and amino acid concen
trations. Mechanisms for interaction of these sur
factants with rutile and hydroxyapatite are proposed, 
taking into consideration the structure of the amino 
acid ions, solution chemistry and the electrical 
aspects of adsorption. 

Interest in the nature of interactions between shortchain organic 
surfactants and large molecular weight macromolecules and ions 
with hydroxyapatite extends to several fields. In the area of 
caries prevention and control, surfactant adsorption plays an im
portant role in the initial states of plaque formation (1-5) and 
in the adhesion of tooth restorative materials (6). Interaction 
of hydroxyapatite with polypeptides in human urine is important 
in human biology as hydroxyapatite has been found as a major or 
minor component in a majority of kidney stones (7). Hydroxya
patite is used in column chromatography as a material for separat
ing proteins (8-9). The flotation separation of apatite from 
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gangue m i n e r a l s as an impo r t a n t i n d u s t r i a l o p e r a t i o n i n which s u r 
f a c t a n t s a r e used to e f f e c t the s e p a r a t i o n ( 1 0 ) . Dewatering of 
the c o l l o i d a l p h o s p h a t i c s l i m e s t h a t are generated i n l a r g e quan
t i t i e s i n the p r o c e s s i n g of phosphate r o c k i s a major i n d u s t r i a l 
problem which has been s t u d i e d by a number of r e s e a r c h e r s i n r e c e n t 
y e a r s ( 1 1 ) . 

Only a few s y s t e m a t i c s t u d i e s have been c a r r i e d out on the 
mechanism of i n t e r a c t i o n of o r g a n i c s u r f a c t a n t s and macromolecules. 
M i s h r a e t a l . (12) s t u d i e d the e f f e c t of s u l f o n a t e s ( d o d e c y l ) , 
c a r b o x y l i c a c i d s ( o l e i c and t r i d e c a n o i c ) , and amines ( d o d e c y l and 
d o d e c y l t r i m e t h y l ) on the e l e c t r o p h o r e t i c m o b i l i t y of hydroxya-
p a t i t e . V o g e l e t a l . (13) s t u d i e d t h e r e l e a s e of phosphate and 
c a l c i u m i o n s d u r i n g the a d s o r p t i o n o f benzene p o l y c a r b o x y l i c a c i d s 
onto a p a t i t e . J u r i a a n s e e t a l . ( 1 4 ) a l s o observed a s i m i l a r r e 
l e a s e of c a l c i u m and phosphat
p e p t i d e s on d e n t a l enamel
h y d r o x y a p a t i t e and the a s s o c i a t e d r e l e a s e of phosphate i o n s was 
i n v e s t i g a t e d by Rawls e t a l . ( 1 5 ) . They found t h a t phosphate i o n s 
were r e l e a s e d i n t o s o l u t i o n i n amounts exceeding the q u a n t i t y of 
phosphonate adsorbed. 

The p r e s e n t i n v e s t i g a t i o n was undertaken t o study the mecha
nism of a d s o r p t i o n of s e l e c t e d amino a c i d s i n o r d e r to understand 
t h e i r i n t e r f a c i a l b e h a v i o r a t the h y d r o x y a p a t i t e s u r f a c e . The 
presence o f two or more f u n c t i o n a l groups i n amino a c i d s g i v e r i s e 
to s u r f a c e p r o p e r t i e s which a r e q u i t e d i f f e r e n t from the i n t e r 
f a c i a l p r o p e r t i e s f o r the a d s o r p t i o n of s i m p l e s u r f a c t a n t s , t h a t 
i s , those c o n t a i n i n g o n l y one charged group. The a d s o r p t i o n be
h a v i o r of h y d r o x y a p a t i t e i s f u r t h e r c o m p l i c a t e d because of i t s 
p a r t i a l s o l u b i l i t y . A c c o r d i n g l y , the i n t e r f a c i a l p r o p e r t i e s were 
a l s o determined f o r T1O2 and compared w i t h those of h y d r o x y a p a t i t e . 

P r o p e r t i e s of Amino A c i d s 

Amino a c i d s a r e c h a r a c t e r i z e d by the presence of a d j a c e n t c a r b o x 
y l i c (-CO^H) and amino (-NH) f u n c t i o n a l groups. The e q u i l i b r i u m 
c o n s t a n t t o r p r o t o n a t i o n o r d i s s o c i a t i o n o f these groups i s a 
f u n c t i o n of t h e i r p o s i t i o n i n the amino a c i d m o l e c u l e . T h e r e f o r e , 
w i d e l y d i f f e r i n g a c i d - b a s e p r o p e r t i e s of amino a c i d s o c c u r , de
pending upon the number of f u n c t i o n a l groups and t h e i r r e l a t i v e 
p o s i t i o n i n the m o l e c u l e . The d i s s o c i a t i o n c o n s t a n t s f o r v a r i o u s 
amino a c i d s used i n t h i s i n v e s t i g a t i o n a r e g i v e n i n Table I . 

The f i r s t d i s s o c i a t i o n c o n s t a n t f o r the -CO2H group i s the 
more a c i d i c group w i t h a pK of 1.8 to 2.4. T h i s group i n amino 
a c i d s i s s u b s t a n t i a l l y more a c i d i c than a c e t i c a c i d , which has a + 

pK =4.76 due t o the l a r g e i n d u c t i v e e f f e c t of the a d j a c e n t -NH^ 
group. The pK f o r the p r o t o n a t i o n of the amino group has a v a l u e 
of 9.0 to 10.0 which i s s l i g h t l y lower than t h a t f o r the c o n j u g a t e 
a c i d of methylamine w i t h a_ pK of 10.4. Thus, the amino a c i d s have 
a p o s i t i v e l y charged "NIL. group a c i d i c pH Ts (pH < 2) a p o s i t i v e 
-NH~ and a n e g a t i v e -C0 9~ group a t n e u t r a l pH's (3 < pH < 9) and 
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Table I . S t a b i l i t y Constants of Amino A c i d s 

Amino A c i d Formula v\ ρ κ 2 ρ κ 3 

Glutamic 
a c i d 

HOOC(CH 2) 2CHCOOH 2.13 4.32 9.95 

NH-

L y s i n e H 2N(CH 2) 4CHCOOH 2.16 9.20 10.80 

P r o l i n e H 0C CH 0 

2 ι ι 2 

H C CHCOOH 

1.95 10.64 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



314 STRUCTURE/PERFORMANCE RELATIONSHIPS IN SURFACTANTS 

a n e g a t i v e -C0 2 group i n a l k a l i n e pH's (pH > 10). I n a d d i t i o n , 
one must c o n s i d e r d i s s o c i a t i o n o f o t h e r f u n c t i o n a l groups p r e s e n t 
as p a r t of the amino a c i d . For example, g l u t a m i c a c i d c o n t a i n s 
another -C0 2 which has a pK ( d i s s o c i a t i o n c o n s t a n t ) of 4.32, and 
l y s i n e has another amine group w i t h the pK of i t s c o n j u g a t e a c i d 
b e i n g 10.80. P r o l i n e , because o f i t s n i t r o g e n b e i n g p a r t of the 
c y c l i c r i n g , has p K f s of 1.95 and 10.64. The charge on v a r i o u s 
f u n c t i o n a l groups as a f u n c t i o n of pH i s s c h e m a t i c a l l y i l l u s t r a t e d 
i n T a ble I I . I t i s e v i d e n t t h a t an amino a c i d znolecule may have 
s t r o n g l y charged p o s i t i v e and n e g a t i v e s i t e s even though the mole
c u l e has an o v e r a l l charge n e u t r a l i t y . The p r e s e n t study shows 
t h a t t h i s z w i t t e r i o n i c c h a r a c t e r of amino a c i d s p l a y s an important 
r o l e i n the a d s o r p t i o n p r o c e s s . 

E x p e r i m e n t a l Methods an

S y n t h e t i c h y d r o x y a p a t i t e prepared by g s t o i c h i o m e t r i c amounts 
of aqueous s o l u t i o n s o f c a l c i u m n i t r a t e and ammonium phosphate was 
used i n t h i s s t u d y . The pH of the b o i l i n g s u s p e n s i o n was main
t a i n e d a t about 10 by f l o w i n g a m i x t u r e of NH^ and N 2 throughout 
the p r e c i p i t a t i o n p r o c e s s . The p r e c i p i t a t e was r e p e a t e d l y washed 
u n t i l the c o n d u c t i v i t y of the supernatant l i q u i d was observed t o 
be c o n s t a n t . The washed sample was f r e e z e - d r i e d and a n a l y z e d . An 
ele m e n t a l a n a l y s i s of the b a t c h p r e p a r a t i o n showed the Ca/P molar 
to be r a t i o 1.64, w i t h the predominant i m p u r i t y b e i n g 2 

S i (0.12% S i 0 2 ) . The sample had a BET s u r f a c e a r e a o f 19.6 m /g 
and a d e n s i t y of 2.96 g/cm . The x - r a y d i f f r a c t i o n p a t t e r n was 
sharp and c h a r a c t e r i s t i c of s y n t h e t i c h y d r o x y a p a t i t e . " A n a l y t i c a l 
grade" rea g e n t s and C 0 2 - f r e e d o u b l e - d i s t i l l e d water were used 
throughout the i n v e s t i g a t i o n . The h y d r o x y a p a t i t e suspensions f o r 
the a d s o r p t i o n s t u d i e s 2 w e r e prepared by adding 0.25 g hydroxya
p a t i t e t o 25 ml of 10~ M KNO^ s o l u t i o n ( u n l e s s o t h e r w i s e i n d i 
cated) and the r e q u i s i t e amount of the amino a c i d . A f t e r e q u i l i 
b r a t i o n f o r one hour, the s o l i d s were s e p a r a t e d i n a c e n t r i f u g e 
and the l i q u i d was a n a l y z e d f o r i t s e q u i l i b r i u m amino a c i d con
c e n t r a t i o n by the m i n h y d r i n method. The s u s p e n s i o n was m a i n t a i n e d 
a t 37 ± 0.5°C throughout the a d s o r p t i o n e q u i l i b r a t i o n p e r i o d . 
E l e c t r o p h o r e t i c m o b i l i t i e s were measured w i t h a Zeta-Meter e l e c t r o 
p h o r e s i s a p p a r a t u s . Lower c o n c e n t r a t i o n s o f KNO^ ( g e n e r a l l y 
2 χ 10 M) were used i n these t e s t s t o a v o i d e x c e s s i v e com
p r e s s i o n o f the e l e c t r i c a l double l a y e r and t o m a i n t a i n t h e r m a l 
s t a b i l i t y of the s u s p e n s i o n i n an e l e c t r i c a l f i e l d . 

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

A d s o r p t i o n and E l e c t r o K i n e t i c B e h a v i o r of R u t i l e . Isotherms f o r 
the a d s o r p t i o n of l y s i n e , p r o l i n e and g l u t a m i c a c i d on r u t i l e 
( T i 0 2 ) a r e g i v e n i n F i g u r e 1. There i s no si m p l e r e l a t i o n s h i p 
between the a d s o r p t i o n d e n s i t y and 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 a d s o r p t i o n does not obey the Langmiur, F r e u n d l i c h or S t e r n -
Grahame r e l a t i o n s h i p s . The l e v e l i n g - o f f of the a d s o r p t i o n 
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isotherms a t h i g h c o n c e n t r a t i o n s shows an apparent decrease i n the 
f r e e energy o f a d s o r p t i o n w i t h i n c r e a s e i n c o n c e n t r a t i o n . T h i s 
decrease i n o v e r a l l a d s o r p t i o n energy may be a t t r i b u t e d t o r e p u l 
s i o n between the adsorbed m o l e c u l e s . F i g u r e 2 f u r t h e r i l l u s t r a t e s 
the e l e c t r o s t a t i c n a t u r e of i n t e r a c t i o n s between the r u t i l e s u r f a c e 
and the amino a c i d s . At pH's below the PZC of r u t i l e (pH 6.7) the 
s o l i d i s p o s i t i v e l y charged and i t i s n e g a t i v e l y charged a t h i g h e r 
pH's. G l u t a m i c a c i d which has two n e g a t i v e charges between pH 4.3 
and 10.0 adsorbs m a i n l y a t the p o s i t i v e s u r f a c e . A d s o r p t i o n 
through the amine group on the n e g a t i v e s u r f a c e i s much weaker, 
perhaps because of the r e p u l s i o n between the two n e g a t i v e l y charged 
c a r b o x y l a t e groups and the n e g a t i v e s u r f a c e . L y s i n e adsorbs o n l y 
through 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 a l s o , and t h e r e i s no i n d i c a t i o n 
of a d s o r p t i o n through c a r b o x y l i c groups. P r o l i n e e x h i b i t s a v e r y 
complex b e h a v i o r , however
c o n s i d e r e d t o i n v o l v e s p e c i f i
t e r p r e t e d by an e l e c t r o s t a t i c mode  r e o r i e n t a t i o  o  the s u r
f a c t a n t m o l e c u l e s i s taken i n t o c o n s i d e r a t i o n . As compared t o 
g l u t a m i c a c i d and l y s i n e , p r o l i n e m o l e c u l e s c o n t a i n o n l y two f u n c 
t i o n a l groups. A t a p o s i t i v e s u r f a c e t h e a d s o r p t i o n c o u l d occur 
through the c a r b o x y l a t e group, whereas a t a n e g a t i v e s u r f a c e the 
mo l e c u l e adsorbs through the amine group. S t r o n g e r r e p u l s i o n be
tween the i d e n t i c a l l y charged groups i n the a d s o r b i n g m o l e c u l e and 
the s u r f a c e i s perhaps the re a s o n f o r the r e l a t i v e l y lower ad
s o r p t i o n d e n s i t y o f p r o l i n e compared t o g l u t a m i c a c i d . 

The e l e c t r o p h o r e t i c b e h a v i o r of T i C ^ i n g l u t a m i c a c i d , l y s i n e 
and p r o l i n e s o l u t i o n s a r e g i v e n i n F i g u r e s 3, 4 and 5, r e s p e c t i v e l y . 
Below the PZC of T i 0 2 (pH < 6.7) a d s o r p t i o n of g l u t a m i c a c i d makes 
the e l e c t r o p h o r e t i c m o b i l i t y more n e g a t i v e as a n t i c i p a t e d . At pH fs 
g r e a t e r than the PZC (pH > 6.7) a weak a d s o r p t i o n through amine 
groups makes the e l e c t r o p h o r e t i c m o b i l i t y even more n e g a t i v e be
cause f o r each of the g l u t a m i c a c i d m o l e c u l e adsorbed, two carbox
y l a t e groups a r e a t t a c h e d t o the s u r f a c e . At pH's near 10 or 
h i g h e r , the a d s o r p t i o n of amine groups ceases because they h y d r o -
l y z e t o the n e u t r a l form. T h e r e f o r e a l l e l e c t r o p h o r e t i c m o b i l i t y 
curves merge a t pH 10. 

L y s i n e does not e x h i b i t any s i g n i f i c a n t i n f l u e n c e on the e l e c 
t r o p h o r e t i c m o b i l i t y at pH v a l u e s below the PZC o f TiO^. A t h i g h e r 
pH's, the e l e c t r o p h o r e t i c m o b i l i t y s l i g h t l y i n c r e a s e s because two 
amine groups a re adsorbed f o r each adsorbed m o l e c u l e . P r o l i n e 
makes the e l e c t r o p h o r e t i c m o b i l i t y s l i g h t l y more n e g a t i v e i n the 
i n t e r m e d i a t e pH range. A p p a r e n t l y , c a r b o x y l a t e i o n s i n the adsorb
i n g m o l e c u l e s a r e o r i e n t e d i n an outword d i r e c t i o n such t h a t they 
make the e l e c t r o p h o r e t i c m o b i l i t y more n e g a t i v e even though the 
p r o l i n e m o l e c u l e i s o v e r a l l n e u t r a l . 

A d s o r p t i o n and E l e c t r o k i n e t i c B e h a v i o r o f H y d r o x y a p a t i t e . The 
a d s o r p t i o n d e n s i t i e s o f g l u t a m i c a c i d and l y s i n e on h y d r o x y a p a t i t e 
are shown i n F i g u r e s ^ 6 and 7. The change i n s l o p e o f the ads o r p 
t i o n i s o t h e r m a t 10~ M g l u t a m i c a c i d i s c o n s i d e r e d t o be due t o a 
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Figure 2. The e f f e c t of pH on the adsorption of glutamic a c i d , 

l y s i n e and p r o l i n e on r u t i l e . 
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F i g u r e 4. The e f f e c t of l y s i n e on the e l e c t r o p h o r e t i c m o b i l i t y 

of r u t i l e . 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



19. FUERSTENAU ET AL. Adsorption, Electrokinetic Effects of Amino Acids 321 

F i g u r e 5. The e f f e c t of p r o l i n e on the e l e c t r o p h o r e c t i c m o b i l i t y 

of r u t i l e . 
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F i g u r e 6. The i s o t h e r m f o r a d s o r p t i o n of g l u t a m i c a c i d on 

h y d r o x y a p a t i t e . 
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Figure 7. The e f f e c t of pH on the adsorption of glutamic acid 

and l y s i n e on hydroxyapatite. 
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change i n the a d s o r p t i o n mechanism. At low c o n c e n t r a t i o n s , we 
propose t h a t the g l u t a m i c a c i d adsorbs whereas a t h i g h concen
t r a t i o n the system undergoes c h e m i c a l r e a c t i o n i n v o l v i n g the 
c a l c i u m i o n s a t the s u r f a c e . T h i s h y p o t h e s i s may e x p l a i n the com
p l e x e l e c t r o k i n e t i c b e h a v i o r of h y d r o x y a p a t i t e shown i n F i g u r e 8. 
At low c o n c e n t r a t i o n of g l u t a m i c a c i d , the e l e c t r o p h o r e t i c m o b i l 
i t y becomes more n e g a t i v e as would be expected i f g l u t a m i c a c i d 
a dsorbs. At h i g h e r c o n c e n t r a t i o n s , a ch e m i c a l r e a c t i o n o c c u r s 
w i t h the s u r f a c e becoming p o s i t i v e l y charged, a p p a r e n t l y because 
o f a h i g h c o n c e n t r a t i o n o f coadsorbed c a l c i u m i o n s . F u r t h e r 
s t u d i e s a r e r e q u i r e d t o c o m p l e t e l y understand t h i s h i g h l y complex 
system. 

The a d s o r p t i o n of both g l u t a m i c a c i d and l y s i n e i s almost an 
ord e r of magnitude s m a l l e r on h y d r o x y a p a t i t e than i t i s on TiO^ 
(compare F i g u r e s 2 and 7 )
s u g g e s t i n g t h a t the a d s o r p t i o
of the g l u t a m i c a c i d i o n . L y s i n e adsorbs o n l y a t a n e g a t i v e s u r
f a c e through the amine groups and a d s o r p t i o n ceases a t pH 10 
because the amine groups h y d r o l y z e . The i n f l u e n c e of l y s i n e on 
the e l e c t r o p h o r e t i c m o b i l i t y of h y d r o x y a p a t i t e i s p r e s e n t e d i n 
F i g u r e 9. The m o b i l i t y becomes p o s i t i v e because of the presence 
o f two p o s i t i v e l y charged amine groups f o r each a d s o r b i n g i o n . 

C o n c l u d i n g D i s c u s s i o n 

The a d s o r p t i o n of amino a c i d s on r u t i l e and h y d r o x y a p a t i t e e x h i b i t s 
some c h a r a c t e r i s t i c s of s p e c i f i c a d s o r p t i o n . The r e s u l t s can be 
i n t e r p r e t e d i n terms o f e l e c t r o s t a t i c models of a d s o r p t i o n , how
ev e r , i f r e o r i e n t a t i o n of adsorbed m o l e c u l e s i s taken i n t o con
s i d e r a t i o n . The e l e c t r o k i n e t i c b e h a v i o r of h y d r o x y a p a t i t e i n 
g l u t a m i c a c i d i s c o m p l i c a t e d because o f a ch e m i c a l r e a c t i o n , 
p o s s i b l y i n v o l v i n g c a l c i u m i o n s . The study shows t h a t i t i s 
n e c e s s a r y to t a k e i n t o c o n s i d e r a t i o n the o r i e n t a t i o n of adsorbed 
m o l e c u l e s , p a r t i c u l a r l y f o r z w i t t e r i o n i c s u r f a c t a n t s . 
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F i g u r e 9. The e f f e c t of l y s i n e on the e l e c t r o p h o r e t i c m o b i l i t y of 

h y d r o x y a p a t i t e . 
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20 
Interfacial Tension of Aqueous Surfactant Solutions 
by the Pendant Drop Method 

K. S. BIRDI and E. STENBY 

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

The low interfacial tensions between two liquids have 
been measured fo
dant drop method
stem: C12H25SO4Na+H2O+n-Butanol+Toluene, the interfa
cial data as measured by pendant drop method are com
pared with reported literature data, using other me
thods (with varying NaCl concentration). In order to 
understand the role of co-surfactant, ternary sy
stems were also investigated. The pendant drop method 
was also used for measuring the interfacial tension 
between surfactant-H2O/n-alcohol (with number of car
bon atoms in alcohol varying from 4-10). The interfa
cial tension variation was dependent on both the sur
factant and alcohol. 

In the current literature one finds that the knowledge of interfa
cial tension, Yi j , at liquids-liquidj is of much importance in ma
ny different systems, £._g. emulsions, microemulsions, ehnanced oil 
recovery etc. 

If one considers a system consisting of: water (with or with
out added electrolyte) + oil + surfactant (with or without a co-
surfactant) at equilibrium, there will most likely be present more 
than two phases (due to the formation of emulsion or microemulsion). 
The determination of the interfacial tension, Yi j , between the two 
liquid phases is, therefore, of much importance, in order to un
derstand the forces which stabilize these emulsions or microemul
sions. The interfacial tension can be measured by using a variety 
of methods, as described in detail in surface chemistry text-books 
(1-3). If the magnitude of Yij is of the order of few mN/m (=dyne/ 
cm), then the methods generally used are: Wilhelmy plate method or 
the drop volume (or weight) method (1-4). However, in certain sy
stems ultra-low (or low) interfacial tensions have been reported. 
Since these low values are reported to be essential in order to mo-

0097-6156/ 84/ 0253-0329S06.00/ 0 
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b i l i z e the r e s i d u a l o i l , these s t u d i e s are of much importance i n 
the enhanced o i l r e c o v e r y p r o c e s s e s (5,6,7). I n the c u r r e n t l i t e r 
a t u r e , almost a l l the low o r u l t r a - l o w y i j v a l u e s have been mea
sured by u s i n g the " s p i n n i n g drop" method (8-10). The purpose of 
t h i s study i s t o r e p o r t comparative d a t a of a system (11,12), ί·£· 
NaDDS (Ci2^580^3) +H 20+n-Butanol+Toluene, by u s i n g the pendant 
drop method. F u r t h e r , t h e pendant drop method i s used to determine 
the y i j of v a r i o u s t e r n a r y systems. The g e n e r a l a p p l i c a t i o n f e a s i 
b i l i t y o f the pendant drop method i s d e s c r i b e d . As rega r d s these 
v a r i o u s methods used f o r measuring the magnitudes of y i j a t two l i 
q u i d i n t e r f a c e s , we must mention t h a t the o n l y low y£j v a l u e of a 
known system i s f o r the i n t e r f a c e , n-Butanol/H 20 (yij=1.8 mN/m a t 
20 °C) (1,13). I n o t h e r words, whether one uses the s p i n n i n g drop 
method o r the pendant drop method (or any o t h e r ) , one w i l l have t o 
e x t r a p o l a t e from 1.8 mN/m to v e r y low v a l u e s of y i j (about 10~ 6 

mN/m as r e p o r t e d from s p i n n i n
dure o f e x t r a p o l a t i o n b
some t e r n a r y and q u a t e r n a r y systems by u s i n g the pendant drop me
thod. 

Theory 

The d e t a i l e d t h e o r e t i c a l d e r i v a t i o n s f o r the d e t e r m i n a t i o n of the 
i n t e r f a c i a l t e n s i o n by the pendant drop are g i v e n i n d i f f e r e n t l i 
t e r a t u r e r e p o r t s (1-3,14-19). The p r o f i l e o f any l i q u i d drop, F i 
gure 1, of a g i v e n volume hanging from the smooth h o r i z o n t a l c i r 
c u l a r s y r i n g e i s an unique f u n c t i o n of the tube r a d i u s , i n t e r f a c i 
a l t e n s i o n ( s u r f a c e t e n s i o n ) , d e n s i t y d i f f e r e n c e between the l i 
q u i d i n the s y r i n g e and the s u r r o u n d i n g ( a i r o r another l i q u i d ) 
and the g r a v i t a t i o n a l a c c e l e r a t i o n . As i s w e l l known, when one 
c r e a t e s such a drop, i t i n c r e a s e s t o a c e r t a i n h e i g h t (volume o r 
weight) u n t i l i t detaches i t s e l f . I t i s known t h a t a l l such drops 
are i n s t a b l e e q u i l i b r i u m , so t h a t the drop f a l l s when i t s t h e o r e 
t i c a l maximum weight (volume) i s a t t a i n e d . 

I f we c o n s i d e r the pendant drop as shown i n F i g u r e 1, we can 
w r i t e from the L a p l a c e e q u a t i o n (20) f o r the p o i n t Ρ i n terms of 
the p r e s s u r e d i f f e r e n c e s a c r o s s the i n t e r f a c e a t a r e f e r e n c e p o i n t 
B: 

( P B j . - g p . Z ) - (P^.-gPjZ) = Y . . ( l / R i > p + 1 / R j > p ) (1) 

where P^ . and P^ . are the p r e s s u r e s on the concave and the convex 
s i d e of tke s u r f a c e a t p o i n t B, r e s p e c t i v e l y ; y i j i s the i n t e r f a c i 
a l t e n s i o n , R^ p and R. p are the two p r i n c i p a l r a d i i o f c u r v a t u r e 
of the s u r f a c e * a t any** ' r e f e r e n c e p o i n t Ρ i n the c o o r d i n a t e s y 
stem, where p o i n t Β i s chosen as the o r i g i n . 

From geometry we f i n d t h a t a t p o i n t Β : IL . = R . = R , and 
(Ρ Ώ .-P„ .) = 2y../R . B ' J ° B , i B , j y T i j ' ο 
From E q u a t i o n 1 and these r e l a t i o n s we ge t : 
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Y . . ( l / R l j P + l / R 2 > P ) = 2Y../R o + (gZAp) (2) 

where Δρ = p j - p ^ . 
T h i s e q u a t i o n i s e x a c t , and t h e r e f o r e the d e t e r m i n a t i o n of the 

p r i n c i p a l r a d i i of c u r v a t u r e a t two p o i n t s on the i n t e r f a c e enab
l e s one t o e s t i m a t e y£j and R Q. However, i t i s a l s o c l e a r t h a t the 
p h o t o g r a p h i c image i f a n a l y z e d , as such, i s not a c c u r a t e enough t o 
g i v e a s a t i s f a c t o r y a c c u r a c y . 

Another procedure i s t o r e w r i t e the r e l a t i o n i n E q u a t i o n 2 i n 
terms of q u a n t i t i e s which can be a c c u r a t e l y measured from a photo
g r a p h i c image (1,2,20). At p o i n t Ρ we can l e t the r a d i u s of c u r v a 
t u r e be R i ρ of curve V i , F i g u r e 1. The curve V 2, which i s perpen
d i c u l a r t o V i , and passes through P, w i l l be such t h a t OP i s n o r 
mal to b o t h curves at P  F u r t h e r  s i n c  OP i  th  a x i f
l u t i o n , Ρ remains on curv
T h i s g i v e s the r e l a t i o n
of c u r v a t u r e of the i n t e r f a c e a t p o i n t Ρ = R 2 p. We can now r e w r i t e 
E q u a t i o n 2 as: 

Ύ ϋ ( 1 / Κ 1 , Ρ + 8 ί η φ / Χ ) = 2 ~ β Ζ / Κ
0 (3) 

2 
where 3 = - A p g R Q / y i j . 

The s t a n d a r d r e l a t i o n w h i ch g i v e s the r a d i u s of c u r v a t u r e of a 
curve i n the X-Z pl a n e (1) i s as f o l l o w s : 

R 1 > p = ( l + ( d Z / d X ) 2 ) 3 ' 2 / ( d 2 Z / d X 2 ) (4) 

Si n c e tan<|) = dZ/dX, and βίηφ = tancj)/(l+tan 2c|)) ̂ 2 , we can o b t a i n : 

d 2Z/dX 2 + (dZ/dX)/X(l+(dZ/dX/ 2) = (2/R - 3 Z / R 2 ) ( l + ( d Z / d X ) 2 ) 3 / 2 (5) 
ο ο 

These d e r i v a t i o n s have been d e s c r i b e d i n d e t a i l ( 1 5 ) . However, the 
r e l a t i o n s h i p i n E q u a t i o n 5 was found to be v e r y u n s u i t a b l e f o r the 
d e t e r m i n a t i o n of y ^ j , s i n c e the c u r v a t u r e s are not e a s i l y e v a l u a t 
ed from the p h o t o g r a p h i c images. E s p e c i a l l y , the o l d e r s t u d i e s 
were u n s a t i s f a c t o r y , a r i s i n g from the inadequate o p t i c a l and photo
g r a p h i c t e c h n i q u e s . I n a l a t e r a n a l y s i s an e m p i r i c a l procedure was 
d e s c r i b e d (21) which d e f i n e d a f u n c t i o n , S, which determines the 
drop shape as: 

S = d /d (6) e s 

where d e i s the maximum ( e q u a t o r i a l ) diameter of the pendant drop, 
and d s i s the diameter o f the drop a t a s e l e c t e d p l a n e a t a d i s 
tance d e from the apex of the drop, F i g u r e 2. As d e p i c t e d i n F i 
gure 1, the d i s t a n c e 0-E and OZ are d i f f e r e n t , which a r i s e s from 
the g r a v i t y f o r c e s . T h i s o b s e r v a t i o n (21) was d e s c r i b e d by another 
q u a n t i t y i n terms o f d e and R Q: 
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pendant drop. 
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H = - 3(d /Rf e ο 
(7) 

F u r t h e r , r e w r i t i n g E q u a t i o n 7 by e l i m i n a t i n g 3 we ge t : 

γ = Ap.g . ( d 2 /H) (8) 

T h i s r e q u i r e s the knowledge of d e , d s , Δρ, and (1/H). I n l i t e r a 
t u r e , t a b l e s a re found which g i v e (1/H) as a f u n c t i o n of S (19 ) . 
However, f o r g e n e r a l a c c u r a c y ( l e s s than 10 % ) , the f o l l o w i n g r e l a 
t i o n s h i p i s found to be s a t i s f a c t o r y ( 2 2): 

A l l c h e m i c a l s used wer
qu a t e r n a r y systems were mixed and a l l o w e d t o r e a c h e q u i l i b r i u m 
over a week a t c o n s t a n t temperature, w i t h o c c a s i o n a l s t i r r i n g . The 
o i l phase (top phase) was p l a c e d i n the measuring c e l l of the pen
dant drop a p p a r a t u s . The bottom (aqueous) phase was f i l l e d i n the 
s y r i n g e f o r the measurement. 

I n the t e r n a r y systems, the aqueous phase was f i l l e d i n the sy
r i n g e and the drop was formed, w i t h over 10 minutes i n t e r v a l , i n 
the o i l ( t o l u e n e or η-heptane or the η-alcohols) phase. 

c 1 2 H 2 5 S 0 4 N a (NaDDS) from B.D.H. or Serva (Germany); Na-deoxy-
c h o l a t e (NaDOC) from Sigma; C e t y l trimethylammonium bromide (CTAB) 
from Schuchardt, were used as s u p p l i e d by the r e s p e c t i v e manufactu
r e r (over 99 % p u r i t y ) . D i s t i l l e d water was used a f t e r treatment 
w i t h the M i l l i p o r e Q f i l t e r . 

Apparatus 

The apparatus c o n s i s t s o f a l i g h t source which i s p l a c e d next t o a 
c e l l w i t h t h e r m o s t a t . The o i l phase i s c o n t a i n e d i n the c e l l w h i l e 
the aqueous phase i s f i l l e d i n a s y r i n g e ( w i t h thermostat j a c k e t ) 
w i t h diameters as: 

o u t s i d e , 0.45 o r 0.2 mm; i n s i d e , 0.2 o r 0.10 mm, r e s p e c t i v e l y . 

The drop formed i s photographed by a s u i t a b l e camera ( L i n h o f , 
W.Germany) w i t h a m a g n i f i c a t i o n of about 20 tim e s . T h i s m a g n i f i c a 
t i o n i s s u f f i c i e n t f o r the range of y i j measured, s i n c e the diame
t e r s were measured by u s i n g a s u i t a b l e microscope ( w i t h an a c c u r a 
cy of ±0.01 mm). The whole setup was mounted on a v i b r a t i o n - f r e e 
o p t i c a l bench. 

(1/H) = 0.31270 (S) -2.6444 (9) 

E x p e r i m e n t a l and Methods 

R e s u l t s 
System A: NaDDS + H 90 + n-Butanol + Toluene 
The phase diagram of the system NaDDS+H 20+n-Butanol+Toluene 
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been e x t e n s i v e l y d e s c r i b e d i n the l i t e r a t u r e (11,12). F u r t h e r , the 
i n t e r f a c i a l t e n s i o n s of t h i s system when i t s e p a r a t e s i n t o two or 
th r e e phases has been r e p o r t e d , depending on the c o n c e n t r a t i o n of 
the added e l e c t r o l y t , N a C l , Tables I and I I . (12) 

Table I . Composition of the system (12) 

weight mol 
S a l t water 48 % 2.7 (H 20) 
Toluene 46 % 0.5 
NaDDS 2 % 0.042 
n-Butanol 4 % 0.051 
T o t a l 

Table I I . Number and Comp o s i t i o n of the Phases i n E q u i l i b r i u m as a 
f u n c t i o n of s a l i n i t y (11,12, t h i s study) a t 20 °C 

2-Phases 3-Phases 2-Phases 

O i l r i c h phase O i l r i c h phase Water i n o i l 
m i c r o e m u l s i o n 

O i l i n water M i c r o e m u l s i o n 
£inver s ion_zone}_ 

M i c r o emu 1 s i o n A^UJBOJI s _Pha s e _ 

0 6 
% NaCl 

I n t h i s system, i n the aqueous phase, the m i c e l l a r system, NaDDS, 
on a d d i t i o n of b u t a n o l would change i n f r e e energy due to mixed mi
c e l l e f o r m a t i o n ( i . _ e . NaDDS+n-Butanol), as we showed i n an e a r l i e r 
study ( 2 3 ) . The cahnge i n f r e e energy i s a l s o observed from the 
f a c t t h a t b o t h 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 (c.m.c.) and the 
K r a f f t p o i n t o f NaDDS s o l u t i o n change on a d d i t i o n of n-Butanol (23, 
24) . The a d d i t i o n o f e l e c t r o l y t e , N a C l , to t h i s system (11,12, 
p r e s e n t study) g i v e s r i s e t o the f o r m a t i o n of th r e e - p h a s e s , when 
the s a l i n i t y i s between 5.8 % to 7.8 %. On the o t h e r hand, the s y 
stem c o n s i s t s o f two-phases from 0 - 5.8 % and 7.8 to 10 % NaC l , 
a t 20 °C (experiments a t 25 °C gave the same r e s u l t s ; u n p u b l i s h e d ) 
Table I I . 

F u r t h e r , i t i s w e l l known t h a t the a d d i t i o n o f e l e c t r o l y t e s to 
i o n i c s u r f a c t a n t aqueous s o l u t i o n s i n c r e a s e the K r a f f t p o i n t (24, 
25) . T h i s i n d i c a t e s t h a t as one i n c r e a s e s the NaCl c o n c e n t r a t i o n , 
the K r a f f t p o i n t i s most l i k e l y h i g h e r than the e x p e r i m e n t a l tem-

Aqueous .phase 
8 10 
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p e r a t u r e , 20 °C, i n t h i s case. However, the meaning of K r a f f t p o i n t 
i s ambiguous a t lower NaCl c o n c e n t r a t i o n s where bo t h b u t a n o l and 
some t o l u e n e ( s o l u b i l i z e d i n NaDDS m i c e l l e s ) a r e p r e s e n t i n the 
aqueous phase. 

From these o b s e r v a t i o n s we w i l l argue t h a t the t r a n s i t i o n from 
the three-phase to the two-phase r e g i o n w i t h i n c r e a s i n g NaCl takes 
p l a c e where the K r a f f t p o i n t i s most l i k e l y h i g h e r than the e x p e r i 
mental temperature ( 2 4). 

The i n t e r f a c i a l t e n s i o n s , y o m and y m w , where o i l ( t o p ) , m i d d l e 
and bottom (water) phases a r e d e s i g n a t e d as o, m, and w, r e s p e c t i 
v e l y , a r e g i v e n i n F i g u r e 3. I t i s seen t h a t the magnitude of y Q w 

decreases on a d d i t i o n of NaCl a l l the way down t o where the system 
s e p a r a t e s i n t o t h r e e - p h a s e s , about 5.8 % NaCl (about 1.0 M/L i n 
aqueous phase). 

The pendent drop i n t e r f a c i a
gure 3 t o g e t h e r w i t h th
s e t s of d a t a agree w i t h each o t h e r f o r y o w to as low as 0.02 mN/m. 
In the three-phase r e g i o n , where u l t r a - l o w Y i j v a l u e s have been 
r e p o r t e d by the s p i n n i n g drop and o t h e r methods, the pendant drop 
c o u l d not p r o v i d e any u s e f u l d a t a when u s i n g a s y r i n g e of the d i a 
meter of 0.2 mm. However, i n v e s t i g a t i o n s a r e i n p r o g r e s s where much 
t h i n n e r s y r i n g e s w i l l be used. T h e o r e t i c a l l y one should not expect 
any r e a s o n why the pendant drop t h e o r y should not be v a l i d f o r 
v e r y s m a l l drops (19). T h i s i s the f i r s t time i n the c u r r e n t l i t e r 
a t u r e t h a t pendant drop has been used t o i n v e s t i g a t e the phase be
ha v i o u r o f multicomponent systems. The magnitude of Y o w i n the ab
sence o f NaCl i s 1.3 mN/m, which compares w i t h the v a l u e of 1.8 
mN/m f o r n-butanol-H 20 i n t e r f a c e . I n o r d e r to understand the e f 
f e c t of N a C l , we f u r t h e r i n v e s t i g a t e d the i n t e r f a c i a l t e n s i o n s o f 
ot h e r systems where n-butanol was absent. 

System B: Aqueous_Phase: ( S u r f a c t a n t + H 20 w i t h o r w i t h o u t n-Buta-
n o l ) 

Oil_Pha.se : Toluene or n-Heptane 

The purpose of t h i s s e r i e s was to determine the v a r i a t i o n of Y O W 

a t the aqueous phase ( w i t h the a d d i t i o n of NaCl to the s u r f a c t a n t 
( w i t h o r w i t h o u t b u t a n o l ) ) , and the o i l phase (η-heptane or t o l u 
ene) i n t e r f a c e . The da t a i n F i g u r e 4 (a,b) show c l e a r l y t h a t NaDOC 
g i v e s a h i g h e r Y o w i n b o t h systems, i n comparison w i t h NaDDS. The 
ge n e r a l e f f e c t , i_.je. decrease i n magnitude of Y o w , on a d d i t i o n of 
NaCl i s the same i n a l l the systems. 

The a d d i t i o n of 8 % b u t a n o l reduces the i n t e r f a c i a l t e n s i o n s 
by about 2 mN/m i n a l l the systems. The systems show d i v e r g e n t 
curves as re g a r d s the e f f e c t of added NaCl i n these systems. 

I n comparison w i t h System A, we thus f i n d t h a t d i f f e r e n t s u r 
f a c t a n t s would g i v e d i v e r g e n t phase b e h a v i o u r , due to the depen
dence of Y o w on s u r f a c t a n t c h a r a c t e r i s t i c s . F u r t h e r , the a d d i t i o n 
of n - b u t a nol g i v e s r i s e t o a l o w e r i n g o f Y o w by about 2 mN/m ( F i -
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0,05 

F i g u r e 3 : V a r i a t i o n of γ f o r the system: 
NaDDS + H 20 + n-Butanol + Toluene by Pendant Drop ( , ) 
and o t h e r (0; Ref. 12) methods. 
γ i s the i n t e r f a c i a ow 
bottom (water) phase. 
γ i s the i n t e r f a c i a l t e n s i o n between o i l (top) and Ow v t - / 
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(mN/m) 

A 

° 5 1,0 1,5 2,0 2,5 3.0 

°/o NaCl 

0,5 1,0 1,5 2,0 

% NaCl 
Figure 4. V a r i a t i o n of yQ of the systems. A, aqueous 
phase: surfactant + HoO; o i l phase: toluene; with pen
dant drop method (24 ° C ) . Concentration of detergent = 
20 g/L. NaDOC Ok); NaDOC + 8% n-butanol ( Δ ) ; NaDDS ( · ) ; 
NaDDS + 8% n-butanol (O). B, aqueous phase: surfactant 
+ H2O; o i l phase: η - h e p t a n e ; by pendant drop method 
25 ° C ) . Key same as for 4A. 

In Structure/Performance Relationships in Surfactants; Rosen, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



3 3 8 STRUCTURE/PERFORMANCE RELATIONSHIPS IN SURFACTANTS 

gure 4 ( a , b ) ) . T h i s i s i m p o r t a n t d i f f e r e n c e , s i n c e the r o l e of co-
s u r f a c t a n t , ^e. n - b u t a n o l , i s o b v i o u s l y r e l a t e d to t h i s o b s e r v a 
t i o n . 

System C: Aqueous Phase: S u r f a c t a n t + H 20 

Oil_Pha.se : n - A l c o h o l 

The purpose of t h i s s e r i e s of measurements was to study the i n t e r 
f a c i a l t e n s i o n , y W a between phases: 

Aqueous phase: S u r f a c t a n t + H 2 0 ; 0 i l phase: η-alcohol ( a f t e r 
the phases were a l l o w e d to r e a c h e q u i l i b r i u m ) , as a f u n c t i o n of 
s u r f a c t a n t and number of carbon atoms, n^, i n the a l c o h o l . The d i f 
f e r e n t s u r f a c t a n t s used were: NaDDS, NaDOC (Na-deoxycholate) and 
CTAB ( c e t y l t r i m e t y l ammoniu  bromide)  i  F i g u r
t h a t the magnitude of y
stem w i t h NaDDS or NaDOC ,  system  " l i q u i d - c r y
s t a l l i n e " s t r u c t u r e f o r m a t i o n when n-decanol i s the second phase 
(n-dodecanol g i v e s the same r e s u l t s ( B i r d i , u n p u b l i s h e d ) ) . These 
r e s u l t s show t h a the " l i q u i d - c r y s t a l " f o r m a t i o n i s not dependent 
on the s u r f a c t a n t , but m o s t l y on the c h a r a c t e r i s t i c s o f a l c o h o l . 
S i m i l a r s t r u c t u r e f o r m a t i o n s have been r e p o r t e d by ot h e r i n v e s t i 
g a t o r s (25) from s p i n n i n g drop s t u d i e s o f qu a t e r n a r y systems. T h i s 
o b s e r v a t i o n i s v e r y s i g n i f i c a n t , s i n c e i n the development o f equa
t i o n s under t h e o r e t i c a l s e c t i o n , the two-phases were assumed to be 
l i q u i d s . However, i f one of the phases i s transformed i n t o a l i 
q u i d - c r y s t a l l i n e s t a t e , the e q u a t i o n s used would need m o d i f i c a 
t i o n s . The same w i l l be t r u e f o r the a p p l i c a t i o n of s p i n n i n g drop 
a n a l y s e s . However, no such m o d i f i c a t i o n s have been r e p o r t e d i n l i 
t e r a t u r e , and t h i s w i l l be pursued as more d a t a becomes a v a i l a b l e 
i n the a u t h o r s l a b o r a t o r y . 

D i s c u s s i o n 

These s t u d i e s , c a r r i e d out by measuring i n t e r f a c i a l t e n s i o n s , y o w , 
between aqueous and o i l phases, by u s i n g the pendant drop method, 
show t h a t t h i s method i s v e r y u s e f u l f o r t e r n a r y and q u a t e r n a r y 
systems. I n one system ( A ) , e_.g. NaDDS + H 20 + n-butanol + Toluene 
the y o w d a t a as measured by pendant drop method agreed w i t h the l i 
t e r a t u r e d a t a (where another method was used ( 1 2 ) ) . 

The pendant drop method was s a t i s f a c t o r y f o r low y o w v a l u e s , 
0.02 mN/m. T y p i c a l d a t a a r e g i v e n i n T a b l e I I I . I n the s y 

stems where u l t r a - l o w y ^ j v a l u e s have been r e p o r t e d by o t h e r me
thods ( l i k e s p i n n i n g d r o p ) , the pendant drop needs f u r t h e r i n v e s t i 
g a t i o n s b e f o r e i t can be a p p l i e d , s i n c e t h i s would r e q u i r e s y r i n 
ges w i t h much s m a l l e r d i a m e t e r s (__.__. 10~ 3 mm). As reg a r d s the t h e 
o r e t i c a l a n a l y s e s , we cannot f i n d any concern why pendant drop 
should have any l i m i t a t i o n s f o r such s t u d i e s . (Same i s v a l i d f o r 
s p i n n i n g drop method). 

The presence of l i q u i d - c r y s t a l l i n e s t r u c t u r e s (25-28) a t aque-
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F i g u r e 5: V a r i a t i o n of of the systems: 
Aqueous Phase: S u r f a c t a n t ; O i l Phase: n - a l c o h o l ; 
CTAB, 20 g/L (O); NaDOC, 20 g/L (·); NaDDS, 10 g/L (O) ; 
20 g/L ( A ) . 
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o u s - o i l (η-alcohol) was observed between ( s u r f a c t a n t + H 20) and n-
decanol i n t e r f a c e s . The l i q u i d - c r y s t a l l i n e s t r u c t u r e s were found 
to be dependent on the magnitude of nç i n η-alcohol, w i t h no de
pendence on the c h a r a c t e r i s t i c s o f the s u r f a c t a n t . I n such systems 
the i n t e r f a c i a l t e n s i o n s measured a re not v a l i d , s i n c e the pendant 
drop t h e o r y i s d e r i v e d f o r l i q u i d i - l i q u i d j . The presence of l i q u i d -
c r y s t a l l i n e phases a t the i n t e r f a c e would thus r e q u i r e m o d i f i c a 
t i o n s i n the a p p l i c a t i o n s o f pendant drop t h e o r y . T h i s we w i l l a r 
gue, i s a l s o the same i f one uses o t h e r methods, such as the s p i n 
n i n g drop. 

I n c o n c l u s i o n we w i l l argue t h a t i f l i q u i d - c r y s t a l l i n e phases 
are indeed p r e s e n t a t o i l - a q u e o u s phases, then the magnitudes o f 
Y i j r e p o r t e d by any method must be accepted w i t h c a u t i o n . T h i s ob
s e r v a t i o n needs f u r t h e r a n a l y s e s , which i s the s u b j e c t of r e s e a r c h 
i n the au t h o r s l a b o r a t o r y

Table I I I . I n t e r f a c i a l T e n s i o n ( Y i j ) V a l u e s by Pendant Drop Me
thod: d e , d s , (1/H) and Δρ v a l u e s f o r d i f f e r e n t i n t e r f a c e s ( t h i s 

study 
t i p f a c t o r Δρ d e d s 1/H Y i j 
d i a - o f mag- (kg/m 3) (mm) (mm) (mN/m) 
meter n i f i c a -
(mm) t i o n 

NaDD S +H 20+n-Bu tano1 
+Toluene 0. ,20 21. 05 153.0 0.369 0.244 1. ,666 0.238 
(2.33 % NaCl) 0. ,45 20. 18 153.0 0.555 0.458 0. .5198 0.240 
NaDDS+H 20+n-Butanol 
+Toluene 0. ,20 21. 25 146.7 0.218 0.207 0, ,3583 0.0246 
(4.76 % NaCl) 
10 g/H SDS 0. ,20 20. 00 182.6 0.819 0.600 0. ,7120 0.854' 
v s . n-Heptane 0. ,45 21. 25 182.6 0.675 0.425 1. ,063 0.868 
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