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Abstract

INTERFACIAL PROPERTIES, MICELUZATION, AND SYNERGISM OF SURFACTANTS IN
HYDROCARBON/AQUEOUS SYSTEMS

by

Dennis S. Murphy

Adviser: Professor Milton J. Rosen

Structure/property relationships, and fundamental parameters for well
purified, well characterized individual surfactants and binary surfactant mixtures
in hydrocarbon/aqueous systems have been elucidated. For the individual
surfactants, fundamental parameters measured include: critical micelle
concentration in the aqueous phase, maximum interfacial excess concentration and
minimum area per molecule at hydrocarbon/aqueous solution interfaces, efficiency
and effectiveness of interfacial tension reduction, and standard thermodynamic
parameters of micellization and adsorption. Individual surfactants investigated are:
C12H25(0C2H4)gOH, C12H25(0C2H4)40H, C12H25(0C2H4)30H,
C12H25(0CoH4)20H, C1gH33(0C2H4)gOH, N-decyl-2-pyrrolidine,
N-octyl-2-pyrrolidine, Cq2H25N+*(CH2CgHg5)(CH3)CH2COO",
C12H25803 Nat, two isomeric compounds, C1gH33(0C2oH4)5S04 Na*, where in
both compounds the hydrophobic group has Cg and Cg alkyl groups attached to the (3

carbon, but in one the groups are both straight chain and in the other they are both
branched, and finally, the analogous isomeric unsulfated alcohols
C1gH33(0CoH4)50H.

For binary surfactant mixtures in liquid-liquid systems, nonideal solution
theory has been used to derive equations that predict interfacial mole fractions, and
conditions for the existence of synergism or negative synergism, and the existence
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or absence of synergism or negative synergism in three phenomena: 1) interfacial
tension reduction efficiency; 2) mixed micelle formation; and 3) interfacial tension
reduction effectiveness. These equations involve the experimentally determined

arameters, 39 and [BM , related to the molecular interactions between the two
P LL LL

surfactants in the mixed monolayer at the liquid-liquid interface and in the mixed
micelles, respectively. Experimental results are in good agreement with
theoretical predictions. The effect of various factors on molecular interaction and
synergism have been investigated.  Factors investigated are: presence of the
hydrocarbon and its structure, length of the surfactant hydrophobic group,
branching of the surfactant hydrophobic group, number of EO groups in mixtures of
POE nonionics, and surfactant head group type. Types of mixtures studied include:
betaine/anionic, anionic/nonionic, and nonionic/nonionic.
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CHAPTERI
INTRODUCTION

1.1 Surfactant/Hydrocarbon/Aqueous Systems

The modifying properties of surface active agents (surfactants) in
hydrocarbon/aqucous systems have been known for a long time. Perhaps the first
reference to the use of surfactants in hydrocarbon/aqueous systems was made by
Galen (131 - ¢.201), a Greek physician (1), who noted the emulsifying power of
beeswax.

Clayton (2), gives credit to Selmi (3) for the first modern definition of an
emulsion. Selmi's definition in 1845, then, marks the beginning of scientific study
of hydrocarbon/aqueous systems containing surfactants.

~ The major use of surfactants in these systems is for emulsification.  Otier
uses with practical applications are for modeling biological systems (4-6) with
biosurfactants such as proteins, steroids, or glycolipids, and for modeling oily soil
removal in detergency (7-9).  Three types of emulsions have been identified: 1)
macroemuisions, which have droplet sizes in the range of 1000-10,000 nm, 2)
microemulsions, which have droplet sizes from 10-100 nm, and 3)
miniemulsions (10-13) which have zn average droplet size of = 200 nm. It is still
not clear if miniemulsions have properties distinct from micro- and
macroemulsions or whether they are just a borderline case between the two.

The emulsions referred to by Galen and Selmi, above, were macroemulsions.
Macroemulsions, therefore, are the oldest known type of emulsions. In the 1800's,
technological use of macroemulsions surged, but scientific studies aimed at
explaining the underlying reasons for this phenomenon had to wait until the 1900's.
Technologically, cosmetics (14), pesticides, margarine, ice cream, cutting oils, and
textile processing oils (15) are macroemulsions. Scientifically, several books
(16-20) have been written about macroemulsion, and researchers wiho have made
major contributions in understanding macroemulsions include: Bancroft (21), who
correlated surfactant soluwvility in each phase to the type of emulsion obtained
("Bancroft's ruie"), and pointed out the importance of the interfacial film; Davies
and Rideal (22), who adapted von Smoluchowski's theory (23,24) of the




coagulation of colloids for use with macroemulsions; Derjaguin and Landau (25)
and Verwey and Overbeek (26), who developed the "D.L.V.O." theory which explains
the flocculation behavior of solid particles in dispersions, but which is equally valid
for explaining flocculation of liquid droplets in macroemulsions; Griffin (27), who
developed a method known as the HLB (Hydophile-Lipophile Balance) method which
relates the surfactants structure to its emulsifying behavior; and Shinoda and Arai
(28,29), who developed the PIT (Phase Inversion Temperature) method which not
only relates surfactant structure to emulsifying behavior but also takes into account
the temperature of the system, which the HLB method does not.

Like macroemulsions, microemulsions are technologically important. They
are used in some pesticide formulations, pine oil cleaners, some cutting oils, flavor
oil emulsions, some emulsion polymerization processes, floor polish products, and
in flooding operations for tertiary oil recovery from oil wells. Microemulsions are
related to macroemulsions in that both have one normally immiscible liquid phase
dispersed in another, but differ in that microemulsions have much smaller
dispersed droplet sizes, form spontaneously, are thermodynamicaly stable, and have
very low interfacial tensions against both aqueous and hydrocarbon phases. Several
books (30-32) and review articles (33-35) have been written about
microemulsions.

The first microemulsion, made by George Rodawald in St. Louis, Missouri
(U.S.A.) in 1928, was carnauba wax-in-water (36). Colloidal dispersions such as
this were not identified as unique until 1943 by Hoar and Schulman (37).
Schulman went on to publish many papers on the subject, notably one in 1955 (38)
which greatly advanced the understanding of microemulsions. Other researchers
who have contributed to microemulsion science include: Shinoda (23,24), whose
PIT method is also applicable to microemulsions; Gogarty and Olsen (39), who
began the use of microemulsions in tertiary oil recovery by filing a patent for such
a process in 1962; Winsor (40), who worked on the phase behavior of
microemulsions; Healy and coworkers (41,42), who studied the effect of salinity
and cosurfactant on phase behavior; Wade and coworkers (43-45), who have
studied the factors which lead to ultralow interfacial tensions; and those who have
worked on models for formation and stability of microemulsions, e.g., Shah et
al. (46) and Rosano (47) and Gerbacia (48), who modified Bowcott and



Schulman's (38) idea of a transient negative interfacial tension as the cause for
spontaneous emulsification, and, Prince (49,50) and Robbins (51) who have
developed theories about phase behavior and stability of microemulsions.

Despite the diverse technological utilization of surfactants for their
modifying effects in hydrocarbon/aqueous systems, and the numerous studies on the
various types of emulsions, and on the surfactants used (52-58) in their
formation, relatively few studies of fundamental properties of highly purified, well
characterized single (55,56,59-69) or mixed (62,70,71) surfactants in
hydrocarbon/aqueous systems have been done. The done on emulsions have almost
always involved commercial materials, with the result that the correlation between
surfactant structure and emulsification is obscured by the presence of

manufacturing and raw material impurities.

This thesis presents fundamental properties for highly purified, well
characterized single and mixed surfactants in hydrocarbon/aqueous systems. Such
studies of fundamental properties on highly purified surfactants are important for
correlating surfactant structure with performance, allowing rational synthesis of
new, more effective surfactants, and for allowing a scientific approach to the

selection of surfactant mixtures for use in hydrocarbon/aqueous systems.

1.2 Thermodynamic and Interfacial Properties of Single Surfactants
This section wiil define, and give equations for the calculation of, some
fundamental properties of single surfactants in hydrocarbon/aqueous systems. Such
properties allow one to gain knowledge of surfactant performance, of the effects of
structural and environmental factors, and of what is happening on a molecular
scale, and are therefore valuable in making an overall assessment of a given

surfactant for a particular application.

1.2.1 Interfacial Adsorption
By definition, a surfactant will, at low concentrations, spontaneously adsorb




onto surfaces and interfaces, and substantially change the surface or interfacial free
energy. Interface is defined as a boundry between any two immiscible phases; a
surface occurs when one of the phases is a gas. Surfactants are invariably
amphipathic molecules consisting of a hydrophobic portion that has very little
attraction for water and a strong attraction for ail, and a hydrophilic portion that
has a strong attraction for water and wery little attraction for oil. When
amphipathic molecules are dissolved in a hydrocarbon/aqueous system, the
hydrophobic groups of the surfactant molecules in the aqueous phase disrupt the
structure of the water and the hydrophilic groups of the surfactant molecules in the
hydrocarbon phase disrupt the structure of the hydrocarbon. This disruption of
solvent structure causes an increase in the free energy of the system. When the
surfactant molecules move to the interface, the structure of either solvent is
partially restored, lowering the free energy of the system. It is for this reason
that these molecules adsorb so strongly at interfaces. In the mechanism of the
adsorption process from an aqueous solution, the main driving force has been shown
to be an increase in the entropy of the system upon release of water molecules
attached (via van der Waais interactions) to the hydrophobic portion of the
surfactant molecule. In certain cases an exothermic enthalpy of adsorption also
contributes, presumably due to more hydrogen bonds being formed than broken
when waier molecules are released from the hydrophilic head groups.

1.2.1.1 Interfacial Excess Concentrations and Area per Surfactant
Molecule )

Following Gibbs (72), the adsorption process for dilute (i.e., <10-2M)
solutions of a nonionic surfactant, or a 1:1 ionic surfactant in the presence of a
swamping amount of electrolyte containing a common nonsurfactant ion, at a

liquid/liquid (or liquid/gas) interface is described by:

I = - (1/2.303RT) 3y /3 log Cy)T 1]




where I is the interfacial excess concentration in mol-cm'2. R = 8.314 J/mol-K°,
and (dy /0 log Cyw)T is the slope of the interfacial tension - log aqueous phase

surfactant concentration plot at constant (absolute) temperature, T. For a 1:1 ionic
surfactant in the absence of any added electrolyte, [1] becomes:

' =~ (1/4.606RT) (Y (/3 log Cy)T- 2]

The slope of a typical yi- log Cy plot is essentially constant below, but near

the critical micelle concentration (cmc). In this region, the surface excess
concentration has reached a constant maximum value and I calculated from [1] or

[2] is labelled ['max -

From the maximum surface excess concentration, the minimum area per
surfactant molecule at the interface in A2 may be calculated from the relationship:

Amin = 1016/N I'max [3]

where N = Avogadro's number and I'may is in molicm?.

1.2.1.2 Standard Thermodynamics of Adsorption
Posner et. al. (73), after Ward and Tordai (74,75), introduced the
expression:

AG®3ds =~ KT { In (d[1/dC)c g - In (kKTE)} [4]
for the standard free energy of adsorption, where the standard state is unit
concentration in the bulk and interfacial region, k is Boltzmann's constant, T is the

absolute temperature, (dI1/dC)cq is the slope in the linear, low concentration

region of the y| (or IT = yOj - vy, where YOy is the interfacial tension between the

two pure liquids) - bulk concentration curve, and & is the monolayer thickness.
Betts and Pethica (76,77), have correctly criticized equation [4] on the




grounds that the value taken for & is no more than an estimation, and they have given

a more sound equation:
AG°ads = - RT In (dI1/dC) -0 (5]

based on redefining the standard states for the surface and bulk phases as unit
surface pressure (unit fugacity) and unit activity, respectively, where R= the gas
constant.

A major problem with [4] and [5], however, is that reliable data in the limit

of C—~0 are difficult to obtain since, in this limit, trace amounts of impurities
markedly affect interfacial tension values. Despite this, a study (56) on
surfactants in /L (liquid/Liquid) systems has used data in the C—0 limit.

An approach which uses interfacial tension (or surface) tension data over a

much larger concentration range is based on the Szysykowski equation (78) :

M =yO0;-y] = RTmax In (C/B + 1), [6]
where C is the surfactant concentration in one of the bulk phases, and B is a
constant. The standard state in this approach is defined as a half-filled interface,

i.e., ' = 'max/2, and [5] becomes:

AG°gs =RT InB 7]

where B is obtained from [6]. The utility of [7] for a given system must be checked
by calculating values of B over a wide range to ensure its constancy.

Recently, Rosen and Aronson (79) have introduced a method which allows
calculation of the standard free energy of adsorption using interfacial tension data

from the point at which the interface is saturated (I"'mgx) up to the cmc. The

standard state is defined as a hypothetical monolayer at saturation adsorption, but at
zero interfacial pressure (I1). The expression is :




AG®,4s = RT In (aq) - TAmin (8]

where I1 is the interfacial pressure (the difference between the interfacial tension
between the pure solvents and the value at surfactant activity in a bulk phase, apy).

For dilute nonionic surfactants in hydrocarbon/water systems, [8] can be

rewritten as :
AGOads = RT In (Cywr/w) - MTAmin {91

where, Cy = the surfactant concentration in the water phase after partition at
interfacial pressure I1, and w = mol of HoO/dm3 of HyO at absolute temperature T

(w = 55.5 mol/dm3 at 25.0° C).
For ionic surfactants in hydocarbon/aqueous systems in a swamping amount
of electrolyte containing a common nonsurfactant ion, [8] becomes:

AG®adg = RT [ In (Cx4/w) + In (fyy) + In (Cy./w)
+1n (fy)] - TAmin [10]

where the concentrations are for the aqueous phase, and fy,, fy. are the activity

coefficients for the surfactant and counterion with appropriate signs. The activity

coefficient may be calculated by using the extended Debye-Huckel equation (80) :
log fion = - (B 12+Z-111/2) / (1 + 0.33a11/2) [11]

where the total ionic strength of the solution is

[ =1/2 3;Ciz%; ,




B = 0.509 at 25.0° C, and & is the mean distance of approach of the ions in A (81),

and is taken as 0.3 A, for counterions, and 0.6 A for surfactant ions.
For ionic surfactants in hydrocarbon/water systems (i.e., in the absence of

added electrolyte), [10] reduces to:
AGOadS = 2RT In (C)HJUJ) - nAm"] . [1 2]

Standard entropies and enthalpies of adsorption can be calculated from [4],
[8], [7], [9], [10], and [12] using the relationships (79) :

Asoads =- d( AGoads)/dT [1 3]
and,
AH ads = AG°ads + T £S°ads [14]

respectively, where it is assumed in equation [13] that AH®;4s is constant with
respect to changes in T over the range investigated. When AS°,4g is assumed to be

constant over the T range investigated, then AH®34g may be calculated from:

AH®ads = -T2 d( AG®4g /T) / dT [15]

and then AS°g4s, in turn, from equation [14].

1.2.2 Micelle Formation

After initial saturation (I"max) is achieved, the monomer concentration in




the bulk phases increases with the addition of more surfactant to a point where
either an insolubility limit is reached, or any additional monomers added aggregate
into clusters called micelles. The concentration of monomers at the point of
aggregation formation in the latter case is called the critical micelle concentration
(cmc). When micelles form in water, the hydrophobic tail of the surfactant is in
the interior of the micelle and the hydrophilic head is on the exterior; in
nonaqueous media, the reverse is true. In hydrocarbon/aqueous systems, the
micelles usually form in the aqueous phase. Micelles are technologically important
since they are used for solubilization, detergency, micellar catalysis, and have
recently been used for isolating proteins from cell membranes.

As in adsorption, the reason for micellization is the amphipathic structure of
the surfactant molecule and the main driving force, in aqueous solution, is an
increase in the entropy of the system upon release of the water molecules from the
hydrophobic tails of the surfactant molecules when the tails cluster together in the
interior of the micelle. Recently, Israelachvili et al. (82) have introduced a theory
of self-assembly of surfactant molecules which predicts micellar type, size, and
shape, for a given surfactant, and explains the effects of salt, temperature, and

solubilized materiais on micellization.

1.2.2.1 Detection of Micelle Formation

Many physical metheds for the detection of cmcs in aqueous solution exist,
since many physical properties change abruptly at this point. Among the physical
properties that have been used are: surface tension, interfacial tension, osmotic
pressure, light scatiering, refractive index, and electrical conductance (for ionic
surfactants only). The cmc is taken as the break point in the property -
concentration (of surfactant) curve.

Detection of micelles in nonaqueous solvents is usually achieved by light
scattering. Many of the properties used in aqueous solutions are unsuitable here for
various reasons,. e.g., surfactants do not significantly lower the surface tension of
nonaqueous solvents, and there is no change in electrical conductivity with
increasing ionic surfactant concentration since the ionic groups exist as
nondissociated ion-pairs. These drawbacks leave light scattering as the most
tractable method in these systems.
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Since the break in the concentration - property curve is sharper with higher
aggregation numbers (i.e., the number of monomer units per micelle), and
aggregation numbers in nonaqueous solvents are lower than in aqueous systems, cmc
values reported for nonaqueous systems have larger experimental error than those

reported for aqueous systems.

1.2.2.2 Thermodynamics of Micelle Formation in
Hydrocarbon/Aqueous Systems

Two general theories have been developed to calculate standard
thermodynamic parameters of micellization.

The first is called the pseudo-phase separation model, and regards the micelle
as a separate pseudo-phase (83-86). In this model, the standard free energy of
micellization for a nonionic surfactant in a hydrocarbon/aqueous is given by:

AG®mic = RT In (cmey/w) [16]

where, cmcy, = the concentration of surfactant in the water phase at the break

point in the vy -log Cy, plot. The standard initial, nonmicellar state is defined as a

hypothetical state at unit mole fraction x, but with the individual molecules
behaving ideally, and the standard final state is the micelle itself.

The second theory is called the mass action model, and is obtained from the
consideration that the micelles and the monomers are in a rapid equilibrium
(87-90). When the aggregation number, n , of the micelles is > 20, the
expression for the standard free energy of micellization of a nonionic suffactant in
hydrocarbon/aqueous systems, according to this theory, is given by [16], where the
standard initial state is the same as in the pseudo-phase separation model, and the
standard final state is defined as a hypothetical state of a micelle of unit surfactant
mole fraction x, but with the individual surfactant molecules behaving ideally.

The standard entropies and enthalpies of micellization can be calculated from
[16] by equations analagous to [13] or [15], and [14].




N

1.2.3 Interfacial Tension Reduction

When a surfactant molecule replaces solvent molecules at an interface, the
potential energy, and therefore the interfacial tension, of the interface is lowered.
In order to compare the performance of surfactants, it is important to distinguish
between the efficiency (91) of a surfactant, measured by the concentration of
surfactant in a bulk phase required to produce some significant reduction in
interfacial tension, and its effectiveness (92), measured by the maximum
interfacial pressure (i.e., minimum interfacial tension) which the surfactant can
attain at any bulk phase concentration. Because these two parameters can run
parallel or counter to each other.

1.2.3.1 Efficiency of Interfacial Tension Reduction

This can be measured by the pC3gw (91) value which in
hydrocarbon/aqueous systems is defined as the negative log of the concentration of
surfactant in the water phase at interfacial pressure of 30 mN/m (i.e., pCSO,w =
- log Cy , at [1=30). AtIl = 30 mN/m, saturation adsorption is achieved From

[9], the relationship between this parameter and the standard free energy of
adsorption may be seen from:

AG®ads =-2.303RT (pC30,w + log w) - (BOMN/m)(Amin) [17]

for a nonionic surfactant in a hydrocarbon/water system. From [17], the larger
the ,C30,w. the more negative AG°;4g becomes. Similar equations to [17] can be

expressed for ionic surfactants in a swamping amount of electrolyte and in pure
water, with a hydrocarbon as the second phase, from [10] and [12), respectively.

The effect of ,C30,w 0N AG4s is the same as for a nonionic surfactant.
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1.2.3.2 Effectiveness of Interfacial Tension Reduction
Effectiveness of interfacial tension reduction is measured by the maximum

interfacial pressure, [Tmax . When micelles form, Tmax = Ieme Since the
interfacial tension generally does not decrease significantly, above the cmc. If an

insolubility limit for the surfactant is reached before micelles form, then ITygax

will occur at the insolubility limit. [Ipj5x for a surfactant in a

hydrocarbon/aqueous system can be expressed as (93):

Mmax = 30 mN/m + {2.303nRTT ymayx log (cmc/Cy, 1-30)} [18]

where n = 1 for nonionic surfactants and ionic surfactants in a swamping amount of
electrolyte with a common non-surfactant ion in the aqueous phase, and n = 2 for
an ionic surfactant in the absence of any added electrolyte in the aqueous phase. The

cmc/Cwii=30 ratio in [18] is very useful in assessing the relationship between

micellization and adsorption of surfactants (93).

1.3 Mixed Surfactant Systems

Mixed surfactant systems are of scientific and technological interest. In
industrial applications, surfactants are almost always used as mixtures. Often,
mixtures of surfactants exhibit fundamental and applied properties superior to
those of either pure individual surfactant. The desire to understand and quantify
these synergistic properties and to identify the surfactant mixtures that give rise to
synergism has been the driving force behind much of the research in this area.

Most of the studies on surfactant mixtures have been done in aqueous
surfactant/air systems and the references in this paragraph are to those systems.
Early adsorption studies (94,95) were based on Hutchinson's method (96) of
treating mixed surfactant monolayers. Lange (97) and Shinoda (98) presented
pseudo-phase separation models for ideal mixed micelles, but the assumption of
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ideality of mixing was eventually shown to be incorrect and models (99-102)
which accounted for nonideality were introduced. Since the early models were
cumbersome, Rubingh's (102) model for nonideal mixed micelles has had the most
use. Ingram (103), and Rosen and Hua (104), extended Rubingh's model to
adsorption of mixed surfactants at the aqueous solution/air interface, and Hua and
Rosen (105) derived equations for synergism in binary mixtures of surfactants
from it.

Recently, Rosen and Gu (i06) have derived equations for molecular
interactions and synergism in interfacial tension reduction efficiency at the
liquid/hydrophobic solid interface. In the next chapter, a derivation of equations
for calculating molecular interaction and synergism for binary mixtures of

surfactants in two-phase, liquid-liquid systems is given.
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CHAPTER 2

THEORY

2.1 Equations for Calculating Mole Fractions of Individual Surfactants
and Interaction Parameters in Binary Mixtures of Surfactants at the
Liquid-Liquid Interface

In a system of two liquid phases and two surfactants (each after partition),
the chemical potential of surfactant 1 at the interface of the two liquids can be

expressed as:
Ml = 1O+ RTIfiy X1 - v Aq [19]

where W9 ] is the chemical potential of surfactant 1 in the mixture at the

interface, 104 ,1 is the standard chemical potential of surfactant 1 in the interfacial
region after partition (with the standard state defined as a monolayer of pure

surfactant 1 at zero interfacial tension); fy | is the activity coefficient of
surfactant 1 in the mixture in the interfacial region, Xq | its mole fraction and

A1, its partial molar interfacial area there. The chemical potential 11 w of

surfactant 1 in the mixture in the aqueous phase, after partition, can be expressed

as:

Miw = BBy w + RTnayw
=8y w + RTiInfywCqw [20]

where pe1,w is the standard chemical potential of surfactant 1 in the aqueous
phase (with the standard state defined as 1M solution, but behaving ideally), f4 W

is the activity coefficient of surfactant 1 in the mixture after partition, and Cq \y is

the concentration of surfactant 1 in the same system on the molarity scale.
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When equilibrium is reached, the chemical potentials of any given solute, in
all phases, are equal. Therefore, eq. [19] is equal to eq. [20], which gives:

Oy 1) - u81,w = RTIn(f,w Cq,w/ f1,1 Xq,0+ Y1 Aqp [21]

For a system of the same two phases containing only surfactant 1 (after

partition) and at the same interfacial tension, v, as the mixture:

b1,1,0 = MO - Y1 A%y | [22]

where A01’1 is the molar interfacial area occupied by pure surfactant 1. In the

water phase in a system of pure surfactant 1 after partition,

H1,w,0=1b51,w +RTIna% w
~u8iw +RTIn0ywCOy w, [23]

where a01 ,w is the aqueous phase activity of pure surfactant 1, after partition,
required to produce the same interfacial tension, vy, as that of the mixture;
C°1,W is its aqueous phase molar concentration; and 701,W is its aqueous phase

activity coefficient. At equilibrium, w410 =W1,w,0 . and from [22] and [23],
MO 1- 181w = RTInf0y wCOyw + vy A0y [24]
Since [24] and [21] are equal,

Ciwfi,w -
RT In = Y1 (A% - A [25]

f1.1 X101 01w 0w

By the same line of reasoning, one can obtain a similar relation for surfactant
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2 in the mixture:

Co,w fo,w
RT In = Y1(AD2 - Agp) [26]

fo.1 X1 COaw 02 w

and since, only with two surfactants, X2 | = (1- X4 1), [26] can be expressed
as:

Co,w fo,w
RT In = Y1 (A% - A [27]

fo.1 (1-X9,1) COw 02

When the concentrations of surfactants in the bulk phases are low, the ratios

f1 w/ 01w and fo w/ 05 \ in [25] and [27] , respectively, can be taken as
equal to 1, and [25] and [27] become:

Ci,w
RT In = YI(AD1 1 - A [28]

f1,1 X911 COw

Cow
RT In = Yi(AD2 1 - Ag ) [29]

fo 1 (1- X1,1) CO2 w

respectively.
The activity coefficients of each surfactant at the interface ( fy,1 and f2 )

can be approximated using the second term of the Margules expansion (the first
term being equal to zero) (107), as:
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exp{BOLL(1- X1 1 )2 [30]

-
iy
-
—
]

exp{BOLL( X1,1)9}, [31]

-
N
I

where B9 is a measure of the deviation from ideality in the interfacial region in

the mixture and is related to the molecular interaction between surfactants 1 and 2
in that region. With these approximations, [28] and [39] become:

Ciw Y1 (AQy 1 - Aqp)
BOLLM- X402 =0 - [32]
X1,1 0w RT
and
Cow Y1 (ADs - Ag )
BOLL(X1,1)2 =1n - [33]
(1-X1,1) COw RT

respectively. If one lets:

Y1 (AOq 1 - A1)
By =

RT

and,

Y1 (AD2 1 - Az )

@D
n
n

RT
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then one gets for [32] and [33],

Ciw
BOLLO- X4,1)2 =In __ - By [34]
X1,1 CO4w
and,
Cow
BOLL(X1,1)2 =n - B [35]

(1-X1,1) CO2,w

The partition coefficient for surfactant 1 can be expressed as:
Ky = C1,8/C1,w [36]

where Cq g is the concentration of surfactant 1 in the oil phase of the two-phase
system after partition and C4 yy is the concentration of surfactant 1 in the aqueous
phase after partition. The total concentration of surfactant 1, C4 4, in the mixed

system is then:

Ci1t = (Ci,wVw + Cq1BVB)/ Vi [37]

where Vyy, Vg, and Vi are the volumes of the aqueous phase, the oil phase, and the

entire system, respectively. From [37],
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C1B = (Cq,tV¢- C1wVw) / VB (38]
and substitution of [38] into [36] gives:
Ky = (C11V1-Cy,wVw) / VBCq,w

from which,
Ciw = ——_——) C1.t [39]

If ¢ = Vg/Vy, then V; = ¢Vyy + Vyy and Vg = ¢V)y. Substitution into [39] then
yields:
@+1

Ciw = (————) Cit = F1Cqy [40]
K1(P+1

where Fq = (¢ +1)/( K¢ + 1), the fraction of surfactant 1 in the aqueous phase

of the surfactant mixture.
Similarly,

¢ +1

Cow = (—————\ Cot = F2Coy [41]
K2(0+1

where Fo = (¢ + 1) /( Ko + 1), the fraction of surfactant 2 in the aqueous phase
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of the surfactant mixture. Hence,

90 + 1
COyw = {____ cOyy = FOy 0y, [42]
KOyOq + 1

where FOy = (904 + 1)/ (KO4904 + 1), the fraction of surfactant 1 in the

aqueous phase of the system containing only surfactant 1, and

902 + 1
Cohw = (— ) CO2t = FO2C0, [43]
K029 0 + 1

where FOp = (905 + 1) 7 ( KO5905 + 1), the fraction of surfactant 2 in the

aqueous phase of the system containing only surfactant 2.

Here, again, the superscript 0 refers to systems containing only one
surfactant.  Substitution of [40] and [42] into [34], and of [41] and [43] into
[35], respectively, gives:

F1Ci2t a1
BOLL(- X1,1)2 =1In - B4 [44]
FO1 Xq,;1 COq w

and

Fo Cqgt (1-aq)
BOLL(Xq,1)2 =1In - By | [45]
FOy (1-X4,1) COo w
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where the relationships Cq¢ = Cq21 a4 and Cat = Cqg4 (1-a1) were used

for C1 1 and Cp 1. Cq24 is the total concentration of surfactant, 1 and 2 combined,

in the mixed surfactant system, and & is the mole fraction of surfactant 1 in the

mixed surfactant. From [44] and [45],

F1 C12t af
(X1,] )2 In - By
FOy Xy,1 COw

Fo Cqi24 (1-q)
(1- X1,1)2  In - Bp

FOp (1-X1,1) CO2 w

1. [46]

Two assumptions about the molar areas of the surfactants in the mixed

interfacial film are required. The first assumption is that Aq | = A°1.I ,and Ap |

= Ap | and thus that By = By = 0. In this case [44] and [46] become:

In (C12,1Q1F1/C01't F01 X1,1)
BOLL =

(1- Xq,1)2

and

[(47]
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( X1,1)2 In (Cqg4o 1F /€04 4 FO, Xy,

1 . [48]
(1- xm)?- In ((:12'1(1-0{1)f=2/002,t FIo(1- X1.1)

The second assumption (106} is that the ratio of the molar areas of the two
surfactants in the interfacial film is equal to that in the individual monolayers, i.e. :

0
A1l A1
= [49]
0
Azl A1
In the mixed film,
X9,0 A1 + (X1 DA = Ayy [50]
From, [49] and [50],
Aav AO1,I
A = 0 0
X110 A1 + (-X ) A%
and,
Aav Ao2,I
A =

0
Xq,0 A% + (1-Xq ) ADy |

" From these,




Y1(AOy 1 - Aq)p)

By =
RT
Aav
Yi Ay - ]
X1,1 ADq 1 + (1-Xq,1) ADp
- [51]
RT
and,
Y1 (AD2 1 - Az )
Bo =
RT
Aav
Y1 Al It - ]
X1,0 ADqy 1 + (1-Xq,1) AOg |
- (52]

RT

In this case, [44] and [46] become:

23
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F1 C12,t @4
In
oL - FO4 X1,1 COq,w

(1- X9,1)2

Ay
yr A% 1 - ]
Xq,1 AOy 1 + (1-Xq 1) ADg |
- [53]
RT (1- X1,1)2

[{X1,1 * N(Fy Cyap g /FO Xy 1 COLml - { v1 AQq 1 [1 - (Agy
[ Xq1 A0y 1 + (1-Xq,) Al [ WRTY /  [{(1-Xy,)) * In[Fp Cyp4(1-
aq)/FO2 (1- Xq 1) CO Wit - { vi ADp; [1 - (Agy/ Xq1 A0y + (1-
X1,1) A0 )V RTH = 1 [54]

Two rough guides based on experimental results (106) as to whether
equations obtained from the first or second assumption should be used are: 1) if

BOLL = -5, equations assuming By = Bo = 0 are good enough, and 2) if pI| | <
-5, equations employing the correction terms ( By and Bo) based on assuming that

A1,1/A21 = A% 1/ADy | should be used.
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Under certain conditions, the partition coefficient values may be eliminated
from the pertinent equations since the ratios F°1/F1 and F°2/F2 become equal to
1. There are two such conditions :

1) ¢ = 99y = 02, Ky =K04, and Kp = KOp. Then, 901, 02, and ¢
can be made equal to each other by using the same volume ratio Vg/Vyy in the mixed
and, pure surfactant systems. Considering the low surfactant concentrations
normally used, K94 and K05 are frequently equal to K4 and Ko, respectively.

2) ¢ = 90y = 9O, and the Ky values are << 1. Under this condition,
FO4/F1 = FOx/Fo = (@ +1)/1 /(¢ +1)1 = 1. Ky may be forced to become <<
1 by using a small volume of oil relative to the aqueous phase which makes ¢ smalil.
This method fails, however, when the surfactant is very oil soluble (i.e., K is very
large).

A third condition applies only to the calculation of Xy |, XM1 , 89 L, and
ﬁMLL in equations [46] and [47] and the analogous equations for mixed micelles:

3) « 1 approaches zero or one. When the limit @4 — 1, then
«1Cq2t = C04 ¢, Ky - KOy, and FO4/F1 - 1. When the limit «y ~ 0, then
FO4/Fy ¢ cq - 0 and the effect of FO4/F4 on X4 and 89| (and, XMy and gM|})

becomes negligible. Similar relationships hold for < -.

If any of these three conditions apply, [47] and [48] reduce to:

In (C12’tCX1/CO1’t X4 ,I)

BOLL = [55]
(1- Xy 1)2
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(X1,1)2 In (C12,1x1/C04 4 X1,1)

= 1 [56]
(1- X1,)21In (Cqy2,4(1-x1)/C0% { (1- X1 1))
and [53] and [54] reduce to:
Ci2,t x4
In
Ao - X1,1 €O w
(1- Xq,1)2
Aav
Y1 A% [1- ]

X1,; AOy 1 + (1-Xq,1) AOp

- [57]
RT (1- X1,I)2

[{X1,1 « In( Cq2p x1/ Xq,1 COe Wk - { v1 AOq 1 [1 - (Aay/
X1,1 A%q1 + (1-Xq,) AD2 [ )I/RTH 7/ [{(1-Xq,1) = In[ Cyp4(1- 1)
/(- X1,1)CO2 Wl - { v1 Al21 [1 - (Aav/ Xq,1 Ay + (1-Xq )
AO5 1 )]/RTY = 1 (58]




27

respectively. ~ Since Cq2.¢ &1, C0y ¢y, and COp can be determined
experimentally (as can Ky, KO¢, K0, Ko, 0, 901, 0p, ADq |, ADy [, and A,y ),
[56] (or [58], [48], and [S4]) can be solved numerically for X4 . Once Xq,1 is

known, [55] (or [57], [47], and [53]) can be solved to obtain 3O .

2.2 Synergism and Negative Synergism in Interfaciali Tension
Reduction Efficiency

The efficiency of interfacial tension reduction by surfactants in a two-phase
liquid-liquid system can be defined as the total surfactant concentration in the
entire system required to produce a given interfacial tension reduction. Synergism
in this respect is present in a surfactant mixture if a given interfacial tension
(reduction) at a total mixed concentration lower than that required of either
surfactant of the mixture by itself can be attained. Negative synergism in this
respect is present when the mixture attains a given interfacial tension value at a
concentration higher than that required for either surfactant of the mixture by
itself.

For the case where 3O = -5 or less negative, B{ =Bp =0 (i.e,, Ay | =

AQy 1, and Ap | = ADp ), and equations [44] and [45] yield:

F01
Cioa1 = ___ Xq,1 CO¢ ¢« exp{BT | (1- Xq 1 )2}, [59]
Fi

and,




F02
Cig4(1-aq1) = ___ (1- X)C02; « exp{B O ( X)2}. [60]
F2
respectively, where X = Xq |
From [59]:
F01
INCy24-MCOyy = INX +In__ +BI (1- X)2-Inay. [61]
F1

Since, for synergism to be present, C12 t must be less than C°1,t or less than

CO%;, a condition for synergism is:

F01

INX+In__ +B9 L(1-X)2-Inxy < 0. [62]
Fq

Since for negative synergism to be present, Cq2 1 must be greater than C°1,t or

greater than Coz_t, a condition for negative synergism is:

F01

MX+In__ +B9 L(1-X)2-Inxq > 0. [63]
F1

28
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When either of the first two conditions for the elimination of partition coefficient
values (p> 25) is satisfied, the conditions are for equation [62]:

NX + +B9 L(1-X)2-Inaq <0 [64]

and, for negative synergism, from equation [63],

InX + +BO L(1-X)2-Inay > 0. [65]

When synergism (or negative synergism) in interfacial reduction efficiency

exists, there will be a minimum (or maximum) in the Cq2 ¢ vs @ curve and

maximum synergism in this respect will be obtained where the Cq 2.t VS &1 curve

shows a minimum (or maximum), i.e.
dCqpt/day = 0.

From [61],

dCq2t 1 dX 1 dX
— = - __ =280 (0-X) [66]
“dagy X doag o8 daq

where it assumed that Ky does not change with «{ at the low surfactant

concentrations normally used. Since
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d C12.t dlin C12,t

= Ci2t —
dcq day

[66] can be expressed as:

dCiot 1 dX 1 dX

= Gzt (—— - — - 2B900X% _)= o
doq X day x4 dcq

Since Cq2,t#0,

1 dX 1 dX
e =289 LX) __ = 0.
X daq a1 doq

at the point of maximum synergism. From this,

dX X
_ = : [67]
dox g aq (1- 269X + 2891 X2)

Division of [59] by [60] followed by rearrangement gives:

F1F02C05
In + Inaqg + In(1-X) - BO L + 280X
FoF04COy 4

“In(1-xq) - X = 0. [68]
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Differentiating with respect to « 4 gives:

1 1 dX dX 1 1 dX
- + 289 + - = 0 [69]

CX1 (1-X) dQ1 do<1 (1-&-') X dCX1

where it is assumed that K4 and K5 do not change with change in «4. Equation [69]

can be expressed as:

dX X(1-X)
= . [70]
dx 4 xq(1-x4)(1- zchLX + 2p°L|_X2)
Combining [67] and [70],
X
axq (1- 289X + 2% X9
X{1-X)
—Q1(1-CX1)(1 - 2chLX + 2chLX2)
or,
(1-xq) = (1-X)
and
= X [71]

* . . . \
where o« 1 is the mole fraction of surfactant 1 in the total surfactant in the entire
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system at the point of maximum synergism (or negative synergism) in interfacial
reduction efficiency. Relationship [71] states that, at the point of maximum
synergism (or negative synergism) in this respect, the mole fraction of either
surfactant in the interfacial region is equal to its mole fraction in the entire system.

Substitution of [71] into [64] gives the first condition for synergism in this
respect as:

BOLL(1-X)2 <0, [(72]

and substitution of [71] into [65] gives the first condition for negative synergism
as:

BOLL(I-X)2 >0, [73]

and since (1-X)2 is always positive, B9 | must be negative for synergism, and

positive for negative synergism, to exist.
From [71] and [68]:

FoF0,1C04 ¢
m__ = -]30|_|_(1-2X). [74]
F1F02COQJ

Since 0 < X <1 and 3O | must be negative, the second condition for synergism in

interfacial tension reduction efficiency is:

FoF04C0 4
in

. BOLL
Fq Fozcog’t

<

, [75]
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and since chL must be positive for negative synergism in this respect, the second

condition fbr negative synergism to exist is:

FoF04C0y 4
In

| < % (76]
FiF0,C05 |

When either of the first two conditions for the elimination of partition coefficient
values is satisfied, the second condition for synergism, [75], becomes,

0
Cot
In —= < poLL . [77]
Co2
and the second condition for negative synergism becomes:
0
Co1t
c
In __0__ < p LL - [78]
C2

Substitution of [71] into [61] gives:
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€04 404
n Ciztminmax) = I+ BOLL(IXZ, [79]
Fy
where C12 t min(max) iS the minimum (or maximum, for negative synergism)

total surfactant concentration required to produce a given interfacial tension
(reduction). From [74],

In ( FoF04C04 y F1F05C05 y) + O
X = = [80)

260 L

or, when either of the first two conditions for the elimination of partition

coefficient values is satisfied:

In(C04 / CO2 ) + BO
X = = a'q. [81]

289 L

Substitution of [80] into [79] gives:

04 4704

Ci2,t,min(max) = —— *
Fq

BOLL - In(FaF%4C0q ¢ FiF05C0, ) 2
exp BULL( ) , [82]
289 L

and, when either of the first two conditions for the elimination of partition

coefficient values is satisfied:
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C12,t,min(max) = C%,

BOLL - In(COq yCOpy 2
exp BULL( . [83]
280

23 Synergism and Negative Synergism in Mixed Micelle Formation
Synergism in mixed micelle formation in binary mixtures of surfactants in a

two-phase liquid-liquid system is present when the cmc of the mixture, CMCqp 4,

is lower than the cmc of either surfactant comprising the mixture by itself in a
similar liquid-liquid system. Negative synergism in this respect is present when
the cmc of the mixture is higher than the cmc of either surfactant comprising the
mixture by itself (in a similar liquid-liquid system). The cmc of the system is the
total molar concentration of surfactant in the entire system at the point of
intersection of the two almost linear portions of the interfacial tension vs log total
(i.e., in the entire system) concentration curve in the region where micellization
occurs in the system. From Eqgs. [59] and [60], relationships analogous to those
derived for synergism with respect to interfacial tension reduction efficiency can be
obtained for synergism in mixed micelle formation.
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For synergism to exist in this respect when either of the first two conditions
for the elimination of partition coefficient values is satisfied, (i) BM LL must be
negative, and (ii) In CMCO4 ¢/ CMCOy 4| must be less than |3M| | |. For negative
synergism to exist, (i) M| | must be positive, and (ii) |ln CMCO¢ y/ CMCOp 4|
must be less than I3MLL- where [3M|_|_ is the experimentally determined parameter
related to molecular interaction between the two surfactants in the mixed micelles
in the system, and CMC04 ; and CMC0p ¢ are the cmc's of individual surfactants 1
and 2, respectively, by themselves in similar two-phase, liquid-liquid systems.
ﬁMLL is evaluated from equations analogous to Eqgs. [47] and [55].

At the point of maximum synergism in this respect:

In (CMCP4 {FoF04 / CMCOy F¢FOg) + M| |

oM - xM [84]
2pM |

When either of the first two conditions for the elimination of partition coefficient

values is satisfied:

In (CMCO4 /CMCOp ¢) + gM| |
Q'IM - XM = ’ [85]
2 ML
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CMC01"F01
CMCig2tmin(max) = — °
F1
BMLL - In (CMCOy 4FoF04/CMCOg F1FOy) | 2
exp ﬁMLL( ) [86]
2 M,

and, when either of the first two conditions for the elimination of partition

coefficient values is satisfied:

CMC12,tmin(max) = CMCOy; -

BMLL - tn (CMCOq yCMCO3 ), 2

exp 13MLL( ﬁ> 187l
2 M

2.4 Synergism and Negative Synergism in Interfacial Tension
Reduction Effectiveness

The effectiveness of the interfacial tension reduction in a two-phase,
liquid-liquid system can be defined as the interfacial tension reduction attained at
the cmc of the system. Synergism in interfacial tension reduction effectiveness is,

therefore, present in a liquid-liquid, binary surfactant system when the mixed

surfactant system can attain a lower interfacial tension at its cmc, CMCq2 1, than
either surfactant comprising the mixture can attain at its respective cmc, CMCOM

or CMCOZJ . Negative synergism in this respect is present when the mixture at its
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cmc has a surface tension value greater than either surfactant comprising the
mixture can attain at its respective cmc.
The basic equations, analogous to [59] and [60], above, for adsorption at the

liquid-liquid interface at the cmc, CMCq2 ¢, of the mixed surfactant system (when

B1 = Bp = 0) are:

FO,
CMCygqxq = __ X CO.CMC, i expl T (1-X)2] [88]
F1
and,
F°2
CMCqg ¢(1-ax1) = __ (1-X)C0:CMCy . exp[ BT | (X)2] [89]
Fo

where CO.CMC, ; and c0.CMC, ; are the molar concentrations in the entire system
of individual surfactants 1 and 2 , respectively, required to yield an interfacial
tension equal to that obtained by any mixture of 1 and 2 at its cmc, i.e., YCMC,12,t-
The linear portion of the interfacial tension, vy, vs C% of each individual surfactant
can hypothetically be extended to concentration values above the cmc to yield
interfacial tension values equal to the interfacial tension, ycmc,12,t, of the

mixture at its cmc. From this extrapolation:

YeMe,124 = S'1 + Sqin c0.CMC, | [90]

and,
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YCMC,12,t = S2 + Sain CO.CMC, [91]

where S4 and So are the slopes of the y vs In Cot plots of the individual
surfactants and S'1 and S'g are the hypothetical v intercepts of the same plots.
From {88] and [90],

Fq

YCMG,12,4 = S'1 + Sy 'ﬂ(._ CMC12,10L1) - BGLL(1-X)2]- [92]
F01

When synergism or negative synergism in interfacial tension reduction
effectiveness exists, there will be a minimum or a maximum, respectively, in the

YCMC,12,t Vs &1 curve, or mathematically:

dycme,12,t
= 0.
d &y
Thus,
d YCMC,12,t 1 din CMCq2 ¢ 1 dX
= S1 + -
day xq daq X daq
dX

+2B9 01X ___)=0, [93]

dayq
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where it is assumed that Ky and ¢ do not change with change in 1. Since Sy # 0:

1 din CMCq2 ¢ 1 dX dX
+ - + 2B0LL(-X) =0
o day X day daq
and
din CMCq2 ¢ 1 dX 1
(= - 2p%uax) - [94]
daq X daq g

Following the same line of reasoning, one can derive, from [93] and [91]:

din CMCqz4 1 dX 1

= ( o+ ZBGLLX> - s [(95]
doxq 1-X dcoy 1-xq

where it is assumed that Ko and ¢ do not change with change in «4.

Using the basic equations of nonideal solution theory, equations analogous to
[59] and [60] can be derived for mixed micelle formation in a two-phase,
liquid-liquid system:

F01
CMCigtaq = __ CMCOy XM « exp gMy (1-xM)2 [96]
Fq
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F02
CMCqo4(1-aq) = __ CMCOp (1-XM) o exp [ pM| | (xM)2], [97]
Fo

Taking natural logs and differentiating [96] and [97] with respect to o4 , one

obtains :
din CMCqy2: -4 1 dxM
- 4 (__ -2 ;3ML,_(1-xM)) e8]
doy o8 XM daq
and
din CMC12't -1 1 axM
. + ( -2ﬁMLLxM) ., [99]
daq 1-q 1-xM dcq

respectively, where it is assumed that K4 and Ko do not change with change in 4.

From Eqgs. [98], [94], [99], and [95], one obtains:

1 1
— - 20 L(1-X) ___-28M, (1-xM)

X xM

= [100]
1 1

- 289X -

1-X 1-xM

- 2pM M

which reduces to:
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X =xM. [101]

Relationship [101] states that when a maximum or a minimum occurs in the
Y CMC,12,t Vs @ { curve, the composition of the mixed monolayer at the

liquid-liquid interface must equal the composition of the mixed micelles of the
system.
Combining {88], [96], and {101}, and taking natural logs yields:

In CMCOy; -1nCO.CMCy (3T - M| |)(1-X)2 [102]
and combining [89], [97], and [101] gives:

In CMCO2 -1n CO.CMCy, = (0 - M, )(x)2 . [103]
Substituting [90] into [102] gives:

§'1 + S4In CMCOy - YoMme, 12t = S1 (BOLL- BMLL(1-X)2 .

Since,

Yo%mMc,14 = St + Syln CMCOy ¢,

where YOCMC,1,t is the interfacial tension in a pure surfactant 1 system at the

critical micelle concentration for the entire system,
vOcMe, 18- Yome, 124 = S (BOLL- BMLL(1-X)2 [104]
By the same line of reasoning, using [91] in [103]:

YocMme,2,t- Yeme, 124 = S2089 - M2, [105]
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where YOCMC.Z.I is the interfacial tension in a pure surfactant 2 system at the

critical micelle concentration for the entire system.

Conditions for the existence of synergism and negative synergism in
interfacial tension reduction effectiveness.

1. Synergism in this respect is present in a system when ycomc,12,t less than

vOcmc,1.t and YOcmc,2,t . From [104] and [105], since the slopes Sy and Sy
are always negative and the quantities (1-X)2 and (X)2 are always positive, then

the value of (B - ﬁMLL) must be negative for synergism in interfacial tension
reduction effectiveness to be present. When ycMC,12,t is greater than YOCMC,1 t
and YOCMC,Z,tr negative synergism in this respect exists. The necessary condition

for negative synergism in this respect is that (BC |- pMLL) must be positive.

2. Combining [88] and [89] one obtains:

InCO.CMC. ¢~ Inoy + InX + In(FO4/F¢) + BOLL(1-X)2 =
In CO.CMCyy . In (1- @) + In(1-X) + In (FOo/Fp) + B (X)2. [106]

Combining [96] and[97] yields:

In CMCO¢ 4 - Inoy + InXM &+ In (FO4/Fy) + M (1-xM)2
In CMCO% 4 - In (1- &q) + In(1-XM) + In (FOo/Fp) + M| (xM)2, [107]
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Combining [107], [106], and [101] gives:

CO,CMC1 A CMCOQ,I

ln( i : = - sMinexy . [to8]
cO, (’MC2,t CMCO1.t

From Eq. [108], since ]2X-1| < 1, the second condition for either a minimum

or a maximum to exist in the YCMC,12,1 VS &1 is:

BOLL- ML [109]

CO’CMC1,t (_)Mcoz,t l

> ln(
(';O,CMC2’t CMCO1,t

Since, in relationship [109), || and the ratio CO.CMC, ;/ 0, CMC,, | change
somewhat with vy, values are best calculated, when synergism occurs, at yp values
less than both y©; and v©; and when negative synergism occurs, at values greater
than both YO and y0o.

in summary, the conditions for the existence of synergism in intefacial
tension reduction effectiveness, when the partition coefficients (K4 and Kp) and the

volume ratio (¢) do not change with a1, are:
1.89-M < 0
CO’CMC1,t CMCO2,t

>

2. I BOLL- M

In ( )l .
c0.CMC,,  cmcOy
Condition 2 can be simplified by choosing CO.CMC; = CMCO; (i.e. v at the cmc)

for the individual surfactant with the lower interfacial tension at the cmc. If this is
surfactant 1, the condition reduces to:
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2a. >

cMcO,
BoLL- ML ' ,

In
( 0, CMC
cY 2.t

and this situation is shown in Figure 1. If surfactant 2 has the lower interfacial
tension value at the cmc, condition 2 becomes:

CO,CMC1 1

2b.  |pLL-sMyy >

In( )'

This situation is shown in Figure 2. The conditions for the existence of negative

CMCO-],t

synergism in intefacial tension reduction effectiveness, when the partition

coefficients (K{ and Ko) and the volume ratio (¢) do not change with <1, are:

1.9 - pMy > 0
c0,.CMC, t (_)Mc;oz’t

2. pOLL-pMLL > 'n(
cO0, CMCZ,t CMCo“

In analogous fashion to condition 2 for synergism in this respect, condition 2 for
negative synergism can be simplified by choosing vy at the cmc for the individual
surfactant with the higher value (of yp at its cmc). |If this is surfactant 1, the

condition reduces to:

CMCOQ,I
2a.  pOLL-gMLL >

In (
co, CMCZ,t

This situation is shown in Figure 3. When surfactant 2 has the higher value of vy

at its cmc,
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Pure Surfactant 1

Pure Surfactant 2

y1 (mNm1)

YCMC,1 |- —

Log Cy
Figure 1. Method for determining CO.CMC, ,, cMC0, 4, CO.CMC,;  and

cMCO5; when YCMC, 1 is less than ycpc, 2 and synergism may exist.
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Pure Surfactant 1

Y1 (mNm-1)

YCMC2 - T T T 7

Pure Surfactant 2

Log Ci

Figure 2. Method for determining C0.CMC, | cMc0, , CO.CMC, | | and

CMCogvt when YCMC,2 is less than ycMmc,1 and synergism may exist.
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Pure Surfactant 2

Pure Surfactant 1

Y1 (mN m‘1)

YCMC,1

Log Cy

Figure 3. Method for determining CO.CMC, , ~cmc0,,, c0.CMC, and

CMC°2,t when YCMc,1 is greater than Ycpmc,2 and negative synergism may exist.
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CO.CMC“
2b.  pOLL-pMLL >

)|

in (
V[

This situation is shown in Figure 4.

Conditions at the point of maximum synergism.
Dividing Eq. [104] by Eq. [105], yields:

Y°CMC,1.t - S1(BOLL- sMLD(1-XT)2
= 1 [110]

vO0cMmc2t - Sa(BOLL- BMLL)(X")2

where X' is the mole fraction of surfactant 1 in the total surfactant at the
liquid-liquid interface at the point of maximum synergism in this respect. Eq.
[110] is solved numerically for X (Eq. [108] can be solved for X to give a first
estimate of X'). From Eq. [107],

o8 CMCO1,t xM
In = In + In + pML(1-2xM)
1-0q CMCO05 1- XM
F01F2
+ In , [111]
F02F1

from which,
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Pure Surfactant 2

Pure Surfactant 1

Y1 (mNm1)

YCMC,2

Log Gy
Figure 4. Method for determining C0.CMC,, cmc0y,, c0.CMC,  ang

CMC°2,t when YoMmc,2 is greater than Yo\mc,1 and negative synergism may exist.
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M
cmcdy,  FOF, X
. . e exp pM | (1-2xM)
omcOy,  FOF, 1o xM
xy = . [112]

M
cmcO,  FOF, X
1+ o o «exp pM | (1-2xM)
M
cmcO,  FO R 1-X

Since relationship [101] applies at the point of maximum synergism, X = xM at
this point, and substitution in [112] for xM gives:

cmcd,  FOF, X )
o ° ® exp pMLL(1-2X )
cmcly,  FOF, 1o X
1 = ’ [1 1 3]
cmcl,  FOF, X
1+

«E

o ° °® exp pMLL“-zX*)

cmcOy,  FOFy  1-X

where a"E1 is the mole fraction of surfactant 1 in the total mixed surfactant

solution at the point of maximum synergism in this respect. When either of the
first two conditions for the elimination of partition coefficient values is satisfied,
[113] becomes:

»*

cmcd, X
. o exp pM | (1-2X")
omcly, 1 X
;= : [114]

*

MOy, X
1 + ® ® exp pMLL(1-2X*)
cmcly, 1 X

a™E
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Substituting the values of X" and «"Ey into Eq. [96] yields:
— s e [pMu X2 [115]

where CMC'12,t is the critical micelle concentration for the entire system at the

point of maximum synergism in interfacial tension resuction effectiveness. When
either of the first two conditions for the elimination of partition coefficient values
is satisfied, [101] becomes:

. CMCypy = CMCOy 3 o o exp[ My (1-X7)2] . [116]
E

Substituting the values of x and oa"E1 into Eq. [90] yields:

Y*emc,12t = Y%mce, 1t - S1 (BOLL- BMLL(1-X")2 [117]

where Y*CMC,12,t is the lowest interfacial tension attainable at the cmc of any

mixture of the two components.

When an ionic surfactant in a mixture is used in the absence of a swamping
amount of electrolyte, the above method of solving [110] numerically for X" gives

erroneous results for cx'vE1 , CMC'12J , and Y*CMC,12,t , due to the lack of
constant ionic strength at different o4 values. Use of a cruder method, which

assumes X4 = Xo = 0.5 (108) at the point of maximum synergism in interfacial
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and Y*CMC.12,t in the absence of a swamping amount of electrolyte because this

method is not as sensitive to the change in ionic strength with change in 4. This is

the only case where the cruder method is preferred for calculating the synergism
parameters in interfacial tension reduction effectiveness. The equations for the
calculation of synergism parameters when X is assumed to equal 0.5 are derived as
follows. From, {96], [97], and [101]:

FoF0;CcMCOy ¢
a"Ey - [118]
FoF0CMCO4 4 + FyFOCMCO,

When either of the first two conditions for the elimination of partition coefficient

values is satisfied:

cMcO0y 4
aHEy = ) [119]
cMmc04 4 + CMCOp

Introducing [118] into [96] or [97] gives:

F2F01CMCO1't + Fy F02CM002J ﬁMLL
CMC'ig4 = * exp . [120]
2F1F2 4

or, when either of the first two conditions for the elimination of partition
coefficient values is satisfied:

CMCOy { + CMCOy M| L
CMC'yg¢ = * exp : [121]
2 4
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Finally, from [104] and [105], and using the assumption X = 0.5:

) . Sy2)( 8% ML)
Y CMC,12,t = Y CMC,1(2).t - [122]
4

Best agreement between calculated Y*CMC,12,t and experimental values is obtained

when the individual surfactant having the larger (negative) slope in its Y1 vs InCy

plot is used.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials
Surfactants
Sodium dodecanesulfonate, C{oH25S03°Na* (C12S) > 99% purity

(Research Plus, Bayonne, N.J.). N-dodecyl-N-benzyl-N-methylglycine,
C12H25N*(CHoCgH5)(CH3)CHoCOO™ (C12BMG) > 98% purity and synthesized in
this laboratory (109). Cqy2H25(0OCoH4)xOH (C12EOy), where x=8,7,4,3,2, and
C16H33(0CoH4)gOH (C1gEOg), > 98% purity as indicated by gas
chromatography (Nikko Chemical Co., Tokyo, Japan). Cqi2Ho50H (C120H)
'purchased as reagent grade (Aldrich) and purified to > 99% purity (as measured by
gas chromatography) by fractional distillation. N-dodecyl-2-pyrrolidine (C42P),
N-decyl-2-pyrrolidine (C1gP), and N-octyl-2-pyrrolidine (CgP) > 99% purity
as indicated by gas chromatography (GAF Corp. Wayne, N.J.). Two isomeric
compounds C4gH33(0CoH4)5S04Na where in both compounds the hydrophobic
group has Cg and Cg alkyl groups attached to the (3 carbon, but in one (C1gHGEO5S)

the groups are both straight chain and in the other (C1gEGEQO5gS) they are both
branched. Both compounds are > 92% purity by titration. Analogous unsulfated
alcohols C1gHGEO50H and C1gEGEO5OH were > 95% purity (Exxon Research and

Engineering, Annendale, N.J.)

Before being used for interfacial tension measurements, aqueous solutions of
most of the surfactants (in water that had first been deionized and then distilled
twice, the last time through a 1-m-high Vigreaux column with quartz condenser and
receiver) were further purified by repeated passage (110) through minicolumns
of octadecylsilanized silica gel to remove impurities more interfacially active than
the parent compound. Surfactants not further purified in this way were
C12E02,3'4 » C120H, C42P, C16EOg, C1gHGEOsOH, and C15EGEO50H.

The surfactants used for the emulsion studies were not sent through the
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minicolumns.
The surfactants were analyzed for concentration as follows: anionics, by a
two-phase, mixed-indicator (111) technique; =zwitterionics, by UV spectroscopy

(EC12BMG,263nm = 355 (109)); nonionics, by UV spectroscopy (€csp, 191nm

= 7.94 x 103; £C10P, 191nm = 748 x 103), by surface tension, or by weight.

Hydrocarbons

The hydrocarbons used were hexadecane and heptamethylnonane, > 98%
(Humphrey); dodecane and isooctane, > 99% (Aldrich); heptane, spectro grade
(Eastman); cyclohexane and toluene, certified A.C.S. spectanalyzed (Fisher).

The UV absorbance of each of the saturated hydrocarbons was measured at
255nm against a blank of 95% ethanol when received. If the absorbance was less
than 0.015, the saturated hydrocarbon was passed through a 31 x 3.4 cm column
(Fisher and Porter Co.) of silica gel 922 (Will Corp.) that had been heated at 120°C
for 3 hr. before use, until the absorbance was less than 0.015. The toluene was

used as received.

3.2 Interfacial Tension Measurements

The spinning drop technique was used. The instrument used was a Model 500
interfacial tensiometer (University of Texas). For a droplet of oil inside an aqueous
phase (i.e., density water > density oil), Vonnegut's equation (112):

(5.21 x 109)(A p)(r3,)
YI = [123]
p2

yields vy in dyne/cm, where Ap is the density of the water minus the density of the

oil in g/cm3, ry is the radius of the oil droplet in cm, and P2 is the speed of the

rotation in msec/rev. Equation [123] can only be used if the length of the oil
droplet is four times its diameter. Readings were taken at 5 minute intervals after
pre-equlibration until three consecutive readings coincided to within 0.1 mN/m.
The density of water was taken as 0.9970 g/cm3 and that of the oils (g/cm3) as:
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hexadecane, 0.773; dodecane 0.749; heptane, 0.684; cyclohexane, 0.779;
isooctane, 0.692; heptamethylnonane, 0.793; toluene, 0.867.

3.3 Partition Coefficients (Cg/Cy)
Partition coefficient values for various surfactants are listed in Table 1. For
pure C12oBMG, and in its mixture with C12S, 100 ml of the surfactant solution was

overlayed with 50 ml of heptane and this two-phase system was allowed to stand for
1 month to ensure that equilibrium was achieved (113). The partition coefficient

of pure C1oBMG was obtained by determining the concentration in the initial
aqueous solution by using UV spectroscopy, £C12BMG,263nm = 355 L mol-1

cm-1 (109), then determining the concentration in the aqueous phase of the final

two-phase system. The partition coefficient of C12BMG in the presence of C12S

was determined the same way as for pure C12BMG since C12S does not absorb in the
UV. (Data are listed in Table A1 in appendix A.)
For pure CgP in the hexadecane/HoO system, 25 ml of a 3 x 10-3M aqueous

solution was overlayed with 10 ml of hexadecane and allowed to partition to
equilibrium (after 1 month aliquots of the aqueous phase were analyzed by UV
spectrometry at 191 nm. No change in absorbance occurred after 1 month). The

concentration of CgP in the water phase was then determined by UV absorbance at
191 nm, €cgp 191nm = 7.94 x 103 L mol1 cm-1 (114), and its partition
coefficient calculated. (Data are listed in Table A2.)

For pure CgP and C4gP in hexadecane/ag. soln., 0.1M NaCl solution systems,
known volumes and concentrations of CgP and C4gP solutions in 0.1M NaCl were
overlayed with measured volumes of hexadecane and allowed to partition to
equilibrium (as described above). The concentration of CgP or C1gP in the aqueous
phase was determined from its UV absorbance at 191 nm (data are listed in Tables
A2 and A3), compared to those of standard CgP and C4qP solutions in 0.1M NaCl,

since the € values of these compounds change in the presence of electrolyte (Tables
A4 and A5, and, Figures A1 and A2). The possibility of hexadecane dissolved in the




TABLE 1: Partition coefficient values at 25.0 £ 0.1°C
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Surfactant 1 (surfactant 2)  Interface K1(=Cg/Cw) aq
C12BMG heptane/Ho0 8.65 x 10-3 _
C12BMG (C5S) heptane/Ho0 6.93 x 1003 0.557
CgP hexadecane/Ho0 2.2 x 101 -
CgP hexadecane/aq. soln.,

0.1M NaCl 3.0 x 101 -
CgP (C12S) hexadecane/aq. soin.,

0.1M NaCl 1.6 x 101 0.72
CgP (C42S) hexadecane/aq. soln.,

0.1M NaCl 2.0 x 101 0.62
C1oP hexadecane/aq. soln.,

0.1M NaCl 3.4 x 102 -
C19oP (C12S) hexadecane/ag. soln.,

0.1M NaCl 2.3 x 102 0.59
C1oS hexadecane/aq. soln.,

0.1M NaCl <0.015 -
C12S (CgP) hexadecane/aq. soln.,

0.1M NaCl 0.054 0.41
C12S (C1gP) hexadecane/aq. soln.,

0.1M NaCi 0.046 0.35

C16EGEOsS

hexadecane/aq. soln.,

0.1M NaCl

0.0377




59

aqueous phase affecting the calculated concentrations after partitioning was
eliminated by 1) using hexadecane-saturated water or hexadecane-saturated

aqueous 0.1M NaCl solution as the blank and 2) saturating solutions of CgP or CgP
of known concentration with hexadecane and observing no change in € values. For
CgP and CqgP, each in its mixture with C12S, 12 mL of aqueous 0.1M NaCl

containing the C123 was shaken intermittently over a period of two hours with 0.3

ml of hexadecane containing the CgP or C1gP. The resulting emulsion was then

broken by centrifugation and the optically clear aqueous phase was analyzed for the
N-alkyl-2-pyrrolidone concentration by UV absorbance at 191 nm (further
shaking produced no change in absorbance; data are listed in Tables A2 and A3). The

C12S had no absorbance at 191 nm at the concentrations used. For the C42S, 75 ml
of an aqueous 0.1M NaCl solution of C12S was shaken with 10 ml of hexadecane

containing the N-alkyl-2-pyrrolidone. The emulsion was allowed to break and 50
ml of the aqueous phase was analyzed by the two-phase titration technique (111) to

determine the C12S concentration. (Data is listed in Table A6.)

For C1gEGEOs5S, 50 mi of 2.7 x 104 M surfactant in 0.1M NaCl aqueous
solution was overlayed with 25 ml of hexadecane and allowed to stand for one month
after which a 25 ml aliquot of the aqueous phase was titrated for C{gEGEQO5S

concetration using the two-phase technique (111). (Data are listed in Table A7.)

3.4 Ky and « Values
In all of the systems studied, ¢ was held constant such that ¢ = 994 = ¢05 =

0.025 (except C12EQ7/C12S which has ¢ = ¢94 = 905 = 0.0123). One of the
conditions for the elimination of partition coefficient values (K@ << 1 or that oq
- 0 or 1) was met for all the systems investigated except the CgP,C1gP/C12S

systems. For these systems, K¢ for C12S was << 1, but for the

N-alkyl-2-pyrrolidones, this was not true, and the K values measured in the
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mixtures (Table 1) were found to be different than in their pure systems. So, Fy,

FO,4, F5, and FO, were included in the pertinent equations for this system.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Interfacial Properties and Micellization of Pure, Individual
Surfactants in Hydrocarbon/Aqueous Systems

4.1.1 Nonionic Surfactants

Plots of Y| vs -log Cyy (or -log Cy) for the nonionic surfactants C2EQg,
C12EQ4, C12EO3, C12EO,, C1EOg, C1gHGEO50H, C16EGEO50H, CgP, C1oP, and
C4oP are shown in figures B1-B5 (appendix B). These plots were constructed
using the interfacial tension vs -log Cyy (or -log Cy) data in Tables B1-B17.

The minimum areas per molecule, Apin, Were calculated using equation [3].

I"'max values were calculated using equation [1]. Values of Angin, I'max, and Mmax
for the nonionic surfactants are listed in Table 2 (below).

Cmcy, values for C1oEOg were taken as the concentrations at the points of
intersection of the two linear portions of the y| vs log Cyy plots. Since K(=Cg/Cyy)
of the C1oEOQg is approximately equal to one (118) and the volume of the oil phase
used was extremely small, all the C415EOg can be considered to be in the water phase
after partition. Table 4 lists the values of y pin, cmcy, pCaq,w, and cmc/Cgzq for
the nonionic surfactants.

The standard free energy of adsorption, AG°g4g, and the free energy of
micellization, AG°mpic, for C12EOg, CgP, and C1gP were calculated using equations

[9] and [16], respectively. Values are listed in Table 5.
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The Amin values (Table 2) for C12EQg in the various hydrocarbon/water

systems are found to be about 3A2 smaller than for the corresponding air/water
system for the straight-chain hydrocarbon systems, and about the same value as for
the corresponding air/water system for the branched and cyclic hydrocarbons. The
3A2 decrease in the straight-chain hydrocarbon/water systems has three
consequences (119): 1) The head groups, which repel each other, are closer
together. This is an energetically unfavorable change. 2) Surfactant hydrophobic
tails have less conformational positions available to them, and surfactant
tail-hydrocarbon interactions are reduced. This is a combination of two effects, both
unfavorable. 3) The hydrocarbon/water interface becomes smaller. This is a
favorable effect. Gruen and Haydon (119) suggest that compressing the head groups

relative to the equilibrium Apip value in the air/water system is the largest

barrier to contraction of the interfacial film in the liquid-liquid system. It
therefore appears that the energy of interaction of the straight-chain hydrocarbon

with the surfactant tails in the interfacial film (as measured by AG°4g, Table 5)
must supply the necessary energy for the compression of the EOg heads, resuilting
in the 3A2 contraction. With the branched chain ard cyclic hydrocarbons, the
bulkiness of these molecules intercalated between the C{2EOg tails in the
interfacial film appears to cause a steric inhibition to contraction, and therefore the
Amin value in the hydrocarbon/water system is about the same as for C12EQg in the
air/water system.

The effect on Apijn of reducing the number of EO groups in the Cq o
polyoxyethylenated (POE) nonionics (down to C42EOQ»2) (Table 2) in

hexadecane/water systems is first the expected decrease with decrease in the length
of the POE chain (similar to that found at the air/water interface (115)) , and then

an increase at Cq2EO5 due to increased solubility of the surfactant in the oil phase.
(Approximate partition coefficient values for nonionic surfactants can be calculated
by using the cmcy values from figures B3 and B4 and assuming that the
concentration in the aqueous phase at this point equals cmc,,, values of which are

known from references 115-117. This assumption is reasonable since it is known




TABLE 2:

Interfacial properties of nonionic surfactants at 25.0°C. I:
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Amins

I'max: Ymin: Tmax- (Values in parentheses are at the corresponding air/aqueous

solution interface.)

Fmax X 1019 Ymin/  Mmay/

Surfactant  System Anmin/A? molem2 mNm! mNm1
C12EOg hexadecane/HoO 63.g (66.93)  2.64 3.4  48.7(37.09)
C12EOg dodecane/HoO = 62.4 (66.03)  2.67 3.1g  48.9(37.23)
C12EOg heptane/Ho0 63.3 (66.038)  2.62 1.79 48.5(37.08)
C12EOg cyclohexane/HpO 67.7 (66.98)  2.45 1.27  48.9(37.29)
C12EOg isooctane/HoO  66.g (66.98)  2.52 2.2¢9 48.9(37.09)
C12EQg heptamethyl-

nonane/HoO  65.5 (66.03)  2.53 3.00 48.5(37.08)
C12EO4 hexadecane/HpO - 52.6(45.73)  3.1g 0.05 52.{(43.39)
C12EO3 hexadecane/HpO  50.g(41.g3)  3.35 0.18  51.9(44.43)
C12EO» hexadecane/HoO  55.5(35.18) 2.9g 450 47.6(45.73)
C12EO2 heptane/HoO 73.4 2.27 6.5 43.7
C16EQs hexadecane/HoO 54.7(48b) 3.04 159 50.6(37D)
C16EGEOsOH hexadecane/aq.

soln., 0.1M NaCl 70.g(44C) 2.37 1.2g  50.g(39C)
C1gHGEO50OH hexadecane/aq.

soln., 0.1M NaCl 65.o 2.45 1.40 50.7
CgP hexadecane/HoO  42.4(37.9€)  3.99 0.9 51.0(41.69)
CgP hexadecane/aq.

soln., 0.1M NaCl 45.5(38.98)  3.65 - 48.5(41.49)
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TABLE 2: (Continued)

Fmax X 1010/ v min / Mmax/

Surfactant System Amin/A2 mol cm-2 mNm1 mNm!
CioP hexadecane/aq.

soln., 0.1M NaCl 61.o 2.74 - -
CqoP hexadecane/HoO 58.4(32.79)  2.84 2.4 49.7(45.69)

a Data from reference 115.
b pata from reference 116.
C Data from reference 117.
d Data from reference 114.




65

that saturated hydrocarbons affect cmcy, only slightly. Approximate K values are
listed in Table 3.) In all of these shorter EO nonionics, the large partitioning into
the oil causes the Apin to be larger at the liquid-liquid interface than at the
water/air interface.

The Apin value for C12EO> in the heptane water system is much larger than

its value in the hexadecane/water system, presumably due to its greater oil
solubility (Table 3), and greater intercalation between surfactant chains
(119,120) in the former.

Amin values for C1gEOg, C16EGEO50H, C1gHGEO50H, CgP, C1gP, and
C1oP are all larger in the hydrocarbon/aqueous systems than in the corresponding
air/aqueous systems since these nonionics are very oil soluble (Tables 1 and 3). As

expected, the more branched C1gEGEO5OH has a larger Ap iy value than the

isomeric C1gHGEO5OH, despite the fact that C4gHGEO5OH is more oil soluble.

The effectiveness of surfactant interfacial tension reduction can be measured
by Tmax (Table 2). The values of this parameter in the hydrocarbon/aqueous

systems are greater than the values in the corresponding air/aqueous systems for
the nonionic surfactants studied. According to equation [18], this is primarily due

to the larger cmc/Cgq ratio values (Table 4) in the hydrocarbon/water systems.
The ITmax values reflect the value of y min. In this respect, it is interesting to note
that in the series C12EOy in the hexadecane/water systems, when x = 3 or 4, the
Y min is very low (0.05mN m-1 for x = 4; 0.18 mN m-1 for x = 3) for a single

pure surfactant slightly above the cmc. This is explained by a supplement (121) to
the original theory of Israelachvilli et. al. (82), where it was shown that when

Vh/lcag = 1 (where V}, is the volume occupied by the surfactant hydrophobic tail, g
is its length, and a,, is the area occupied by the hydrophilic head group), lamellar

micelles are formed and the head-group curvature energy at the oil-water interface



TABLE 3: Approximate partition coefficient values at 25.0°C
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Surfactant System K=Cg/Cw
C12EO4 hexadecane/Ho0 4 x 102
C12EO3 hexadecane/Ho0 1 x 103
C12EO> hexadecane/HoO 4 x 103
C42EO> heptane/Ho0 7 x 103
C16EOg hexadecane/HoO 4 x 102
C16EGEOsOH hexadecane/0.1M NaCl

ag. soln. 7 x 103
C16HGEOsCOH hexadecane/0.1M NaCl

aq. soln.

2 x 104
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favors zero curvature, leading to very low interfacial tension. Since Vy/lg = ag
(where ag is the area occupied by the hydrophobic tail (57)), when Vplc/ag = 1,
ac/ag = 1. This means that zero curvature is favored (and therefore low interfacial
tension) when the hydrophilic head and the hydrophobic tail occupy the same area.
Tiddy (122) has shown that, in water at room temperature, in the series C12EOy,
when x = 4, lamellar micelles are formed, confirming that Vp/icag = ag/ag= 1 for

this surfactant and explaining the low y| value obtained at the hexadecane/water

interface.

Cmcyy, values for C{oEOg (Table 4) in the hydrocarbon/water systems

are all less than in the air/water system. As the solubilization of the saturated
hydrocarbon into the core of the micelles increases, the micelle becomes a larger
and larger swollen sphere (123), with the result that there is more room for each

surfactant molecule and therefore a very slight decrease in the cmcy. Thus, with
heptane, which is solubilized to a greater extent than hexadecane, C{2EQg has a

smaller cmcy,. Relating solubilization of the hydrocarbon into the micelle to cmc

values was first proposed by Rehfeld (63). The results presented here are in
agreement with his findings. Favorable interaction between the solubilizate and the
hydrocarbon chains of the surfactant could also promote micellization.

The efficiency of surfactant interfacial tension reduction can be measured by
pC3o,w (Table 4). In air/aqueous systems, pCoq is usually used to measure a
given surfactants efficiency in reducing surface tension; however, in
hydrocarbon/aqueous systems, pCaq y is used to measure efficiency in interfacial

tension reduction. The reason for this is that the measure of efficiency in this
respect is usually taken at a I1 value where saturation is achieved; this usually
occurs at about [T = 20 mN m-1 in airlaqueous systems but not until about 11 =




68

TABLE 4: Interfacial properties of nonionic surfactants at 25.0°C. 11: cmgy, ,

pC3p,w . cmMc/Cgq (values in parentheses are for the corresponding air/aqueous

solution systems)

Surfactant  System cmey x 104M pCaqw cmc/Cgq
C12EQOg hexadecane/

Ho0 1.00(1.003)  5.24(4.4g3) 17.5(3.319)
C12EOg dodecane/

HoO 1.00(1.093)  5.23(4.4g3) 17.4(3.319)
C12EOg heptane/

Ho0 0.99(1.0g3)  5.27(4.4g3) 18.5(3.313)
C12EOg cyclohexane/

HoO 1.01(1.093)  5.34(4.4g3) 22.5(3.313)
C12EOg isooctane/

HoO 0.99(1.093)  5.25(4.4g3) 17.5(3.312)
C12EOg heptamethyl-

nonane/HpO 1.05(1.0g3)  5.25(4.4g3) 17.g(3.313)

C12EQ4 hexadecane/

HoO b b 16.g(4.53)
C12EO3 hexadecane/

Ho0 b b 14.5(4.39)
C12EO2 hexadecane/

HoO b b 10.8(4.22)

C12EO2 heptane/HoO b b 11.5



TABLE 4: (Continued)
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Surfactant  System cmey x 104/M PC30.w cmc/Cyq
C16EOsg Hexadecane/

Hx0 b b 20.¢
C16EGEO5OH hexadecane/0.1

M NaClaqg.soln. b b 43.7(2.73°)
C16HGEOsOH hexadecane/0.1

MNaClag.soln. b b 26.3
CgP hexadecane/0.1

M NaCl aq. soln.  d 3.25(2.828) -
CgP hexadecane/

HoO d 2.99(2.738) -
Cq1oP hexadecane/0.1

MNaCl ag.soin.  d 419 -

2 Data from reference 115.

b Only cme; and pCgp,t obtainable; accurate partition coefficients not available.

C Data from reference 117.

d These compounds reach a solubiblity limit in the water phase before reaching

CMCyy.

€ Data from reference 114.
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30 mN m-1 in hydrocarbon/aqueous systems. The pC3p,w values are all greater
(i.e., the surfactants are more efficient at reducing v ) in the hydrocarbon/aqueous

systems than for the corresponding air/aqueous systems (pCgq values are used for
the air/aqueous systems for comparison purposes). According to equation [17] and
the data for AG°5qg (Table 5), this is due (in all cases) to the more negative AG°zgg

values in the hydrocarbon/aqueous systems.

The relationship between micellization and adsorption can be measured by
the cmc/Cgq ratio (Table 4). Upon the introduction of some factor, if the cmc/C3q
ratio increases, this indicates that micellization is inhibited more than adsorption
or adsorption is facilitated more than micellization. A decrease in the cmc/Cgg
ratio indicates that adsorption is inhibited more than micellization or micellization
is facilitated more than adsorption. Values for all the nonionic surfactants studied
were larger in the hydrocarbon/aqueous systems than in the corresponding
airfaqueous systems. As mentioned, below, in the discussion of the thermodynamic
parameters of adsorption, adsorption is increased to a greater degree than
micellization by the presence of the hydrocarbon phase. This may be due to the
greater freedom experienced by the surfactant hydrophobic tails and hydrocarbon
molecules at a planar interface than in the hydrocarbon core of a micelle, where the
presence of the convex curved interface causes the core to be subject to a large
Laplace pressure (124), permitting greater surfactant chain-hydrocarbon

interaction in the former location. As a result, although cmc values in the
hydrocarbon/aqueous systems are reduced, C3q values are reduced to a greater

extent (i.e. introduction of the hydrocarbon facilitates adsorption more than

micellization), resulting in larger cmc/Cgq values.

For the shorter C12EO, compounds, the ratio decreases as x decreases. For
C12EO4 and C12EQ3, the decrease in Apip (increase in I'may) in the v vs log Cy
slope (Figure B3) means that the Cgq is being increased relative to cmc. For

C12EOy, the Y| vs log C; slope decreases (i.e. C3q decreases relative to cmc), but
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the cmc decreases more than C3g.

The AG°pijc values in Table 5 for C{2EOg in the hydrocarbon/water systems
are all very slightly more negative than for the air/water system. This is due to the
slight decrease in cmc,y according to equation [16].

The AG°g4g values in Table 5 for the hydrocarbon/aqueous systems

investigated are all considerably more negative than the values for the
corresponding air/aqueous systems. This is probably due to the additional
interaction (125) of the surfactant tails with the hydrocarbon phase. From the

AG®mic and AG®z4g values, it is apparent that, for C42EQg, adsorption is affected to

a greater degree than micellization by the presence of the hydrocarbon phase.

4.1.2 Zwitterionic Surfactant

Plots of Y1 vs -log Cy, for the zwitterionic surfactant C1oBMG are shown
in figures B6-B11. These plots were constructed using the interfacial tension vs
-log Cy, data in Tables B18-B38.

Cmcyy, values for C1oBMG were taken as the concentrations at the point of
intersection of the two linear portions of the y; vs -log Cy, plots. Values of the
maximum interfacial excess concentrations, IIjnax, were calculated using equation
[1]. Minimum area per molecule values, Apin, were calculated using equation [3].
Values of cmcy, I'max. and Amin for C1oBMG are listed in Table 6 (below).

The efficiency in interfacial tension reduction (PC30,w). relationship
between micellization and adsorption, cmc/C3g, minimum interfacial tension,

Y min» and maximum interfacial pressure, [1ygx, values for Cy{3BMG are listed in
Table 7.

The standard free energies (AG°pjc), entropies (A S°mic), and enthalpies
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TABLE 5: Standard free energies of micellization and adsorption at 25.0°C (values

in parentheses are for the corresponding air/aqueous solution systems).

AGads/ AGmie/
Surfactant System kJ mol-1 kJ mol-1
C12EOg hexadecane/HoO -51.1 (-47.48) -32.7 (-32.9)
C12EOg dodecane/HoO -51.1 (-47.43) -32.g (-32.9)
C12EOg heptane/Ho0 -51.5 (-47.48) -33.9 (-32.48)
C12EOg cyclohexane/HoO -52.g (-47.48) -32.g (-32.59)
C12EOg isooctane/HpO -51.g (-47.48) -32.g (-32.53)
C12EOg heptamethylnonane/
HoO -52.0 (-47.48) -32.7 (-32.63)
CgP hexadecane/ HoO -34.¢ (-32.4P) c
CgP hexadecane/0.1M
NaCl aq. soln. -36.5(-32.9b) c
C1oP hexadecane/0.1M
NaCl ag. soln. '44-2(= -38b) c

a Data from reference 115.

b Data from reference 114.

C This surfactant reached a solubility limit in the aqueous phase before forming
micelles 114.
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(AH®mic), of micellization for C1oBMG were calculated using equation [16] and
those analogous to [13] and [14], respectively. Values are listed in Tabie 8.

The standard free energies (AG°a4s), entropies (AS°;4s), and enthalpies

(AH®44s), of adsorption for C12BMG were calculated using equatios [9], [13], and

[14], respectively. Values are listed in Table 9.

The cmcey, values (Table 6) in the hydrocarbon/water systems are all less

than in the air/water system. As found for C12EOg, the cmc,, value decreases as
the solubilization of the saturated hydrocarbon into the core of the micelles
increases. Thus, with heptane, which is solubilized to a greater extent than
hexadecane, C1o2BMG has a smaller cmcy, value. The aromatic hydrocarbon,
toluene, is solubilized in the palisade layer of the micelle (126,127), which

spreads out the surfactant molecules considerably and, thus lowers the cmcy, of the

C12BMG more than the saturated hydrocarbons. This is in agreement with the

findings of Rehfeld (63).

The Amin values (Table 6) for C1oBMG are all greater at the

hydrocarbon/water interfaces than at the air/water interface. Apparently, either
the head group repulsions in this surfactant are too large, or its head group is too
"hard" (i.e., not compressible enough), to allow contraction relative to the
air/water system as found for C12EOg in the straight-chain hydrocarbon/water
systems and, in fact, expansion occurs with all the hydrocarbons investigated,
despite the unfavorable increase in hydrocarbon/water interface.

The minimum area per molecule at the saturated hydrocarbon/water
interface reflects the extent to which the hydrocarbon phase is inserted between the
hydrophobic tails of C12BMG. As the degree of intercalation increases, Amin

increases.

The data at 25.0°C indicate that for C4oBMG, as the chain length of the




TABLE 6: Interfacial Properties of C1oBMG. I: cmcw, C'max, Amin

Second phase cmey x 104/ T'max x 1010/
(against water) T/°C M mol cm-2 Amin/A2
heptane 25 4.3 2.8 59.o
35 4.0g 2.7 60.g
45 4.39 2.6 62.4
dodecane 25 4.8 2.83 58.7
35 4.8¢ 2.6g 62.4
45 5.24 2.59 64.3
hexadecane 25 519 2.9¢ 57.3
35 5.67 2.64 63.¢
45 5.6g 2.5¢ 64.g
isooctane 25 4.3 2.77 60.¢
35 4.35 2.5g 64.o
45 4.5g 2.61 63.g
heptamethylnonane 25 4.95 2.7g 59.g
35 4.8 2.67 62.o
45 5.07 2.64 62.9
cyclohexane 25 3.63 2.64 62.9
35 3.47 2.5g 64.3
45 3.64 2.45 67.7
toluene 25 2.24 2.20 74.7
35 2.1g 2.1g 77.3

45 2.14 2.1g 77.3
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TABLE 6: (Continued)

Second phase cmey x 104/ Tax x 1010/

(against water) T/°C M mol cm-2 Amin/A2

aird 10 6.04 3.0¢ 55.5
25 5.5 2.95 56.¢
40 5.45 2.7g 59.7

2 Data from reference 109.
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hydrocarbon phase increases, Amin decreases. Thus, Apin decreases in the order:

cyclohexane > isooctane > n-heptane > n-dodecane > n-hexadecane. With the
exception of cyclohexane, this is the order of increasing cohesive energy density, &
(solubility parameter (128)) of the hydrocarbon (cyclohexane, 16.7;
isooctane,14.0; n-heptane,15.2; n-hexadecane,16.3, in M Pal/2), This is
resonable, since with increase in its cohesive energy density, there should be a
decreased tendency for the hydrocarbon to intercalate between the hydrophobic tails

of the C12BMG molecules. These results are consistent with the theoretical

calculations of Gruen and Haydon (119,120) on alkane-saturated lipid bilayers at
room temperature that show that small alkanes penetrated farther into the alkyl
chains of the lipids than did larger ones. The calculations of Gruen and Haydon imply
that as the length of the alkane decreases, the equilibrium area per lipid molecule
should increase. This general trend is observed in the experimental results given in
a paper by White (129).

With increase to 45.0°C, there is the expected increase in Apn in all cases

due to thermal agitation. However, again with exception of cyclohexane, the
hydrocarbons with the largest cohesive energy densities, contrary to expectation,

show the largest increase in Amin- Thus at 45.0°C, the order is n-hexadecane >
n-dodecane > isooctane > n-heptane, almost exactly opposite to that at 25.0°C. This
order at 45.0°C is in agreement with the findings of Rehfeld for sodium dodecyl
sulfate (63) at 25.0°C, whereas the order at 25.0°C, above, is just opposite to his.

The aromatic hydrocarbon toluene, due to its attraction to water and the
hydrophilic head of C12BMG via its polarizable [T cloud, has the greatest
concentration at the interface of the hydrocarbons investigated and produces the
largest Amin for C12BMG. This is in agreement with Rehfeld (63), and
Vijayendran and Bursh (64).

The efficiency of C12BMG in reducing interfacial tension is measured by

PC30,w (Table7). These values are all greater in the saturated hydrocarbon/water
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TABLE 7: Interfacial Properties of C12BMG. II: pC3q,w, ¢Mc/C30. Y min, [Tmax

Second phase Y min/ Mmax/
(against water) T/°C pCzow Cmc/Czp  mNm!  mNm1
heptane 25 4.5¢ 14 1.8 48
35 4.44 11 1.7 47
45 4.34 10 1.4 46
dodecane 25 4.54 16 2.8 49
35 4.54 16 2.6 48
45 4.34 11 2.5 47
hexadecane 25 4.44 13 3.5 48
35 4.4g 16 3.1 47
45 4.2g 11 3.0 46
isooctane 25 4.50 14 2.0 48
35 4.53 15 1.8 47
45 4.35 10 1.7 46
heptamethylnonane 25 4.5o 17 2.8 49
365 . 4.44 14 2.6 48
45 4.3 11 2.4 47
cyclohexane 25 4.6g 18 0.8 49
35 4.6 16 0.8 47
45 4.54 12 0.7 46
toluene 25 4.1 2.8 0.3 35
35 3.94 1.8 0.4 33

45 3.74 1.1 0.5 30



TABLE 7: (Continued)
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Second phase Y min/ Mmax/

(against water) T/°C pCzow  cmc/Czg  mNm1  mNm1

aird 10 3.82 4.0 34 40
25 3.8 3.3 33 39
40 3.82 3.6 32 38

2 Data from reference 109.
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systems than the values in the air/water systems, in agreement with the findings
for the nonionic surfactants. According to equation [17] and the data for AG°4gs
(Table 8), this is due to the more negative AG°z4g values in the hydrocarbon/water
systems in all cases. When the aromatic hydrocarbon toluene is the second phase
against water, the C1oBMG efficiency (in interfacial tension reduction) is only
slightly greater than in the air/water system. Although C12BMG AG®3q4g is more
negative in the presence of toluene, it is not as efficient as in the saturated
hydrocarbon/water systems because its Amjn is larger in the toluene/water

system, which tends to decrease the pC3q \ value as seen in equation [17].

The relationship between micellization and adsorption cén be measured by
the cmc/Cgq ratio (Table 7). The values for C12BMG in the saturated

hydrocarbon/water systems are all greater than the value in the air/water system.
This is in agreement with the findings for the nonionic surfactants and is attributed

to the C3q value being reduced to a larger extent than the cmcy, by the presence of
the saturated hydrocarbon.

The cmc/Cgq ratio of C12BMG in the toluene/water system is slightly
smaller than in the air/water system. This is because the cmc is reduced slightly
more than the C3q value, due to solubilization of the toluene molecules in the

palisade layer of the micelle (126,127).

The effectiveness of surfactant interfacial tension reduction can be measured
by lTmax. The values of IIgmc in the saturated hydrocarbon/water systems are all
greater than for the air/water system (in agreement with the findings on nonionic
surfactants). According to equation [18] this is due to the larger cmc/Cgq ratio in

these systems, since I'jgx does not vary very much. In the toluene/water system,

[Tmax of C12BMG is less than in the air/water system. This is due to the combined
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effect of a decrease in ' jax of C12BMG molecules at the toluene/water interface

and the slight decrease in the cmc/Cg ratio.

The AG°mpijc values (Table 8) for C12BMG in the hydrocarbon/water
systems are all slightly more negative than for the air/water system. This is due to
the slight decrease in the cmc upon solubilization of the hydrocarbon into the
micelles. The AH®mpic and AS®njc values reflect this small change. The slight
differences for the various hydrocarbons investigated are not considered significant.

The AG®4qg values (Table 9) for C1oBMG in the hydrocarbon/water systems

are all considerably more negative (as seen above for C1oEQOg and the
N-alkyl-2-pyrrolidones) than the value for the air/water system. This is
attributed to the additional interaction (125) of the surfactant tails with the

hydrocarbon phase. It is apparent that the AG°pjc values are not affected as much

as AG°4qg values by the presence of the hydrocarbon phase, showing (as seen above
for the nonionic surfactants) that adsorption is affected to a greater degree than
micellization by the presence of the hydrocarbon phase.

The AH®a4g values at 35.0°C become more negative and the AS°44g values
become less positive as the length of the hydrocarbon in the straight-chain alkane
series decreases. This may be the result of increased interaction of the surfactant
chains with the hydrocarbon phase as cohesive forces between the hydrocarbon
molecules decrease. As pointed out by Gruen and Haydon (119,120), incorporation
of alkanes into the hydrophobic tails of the surfactant molecules reduces the number
of conformations available o both the alkanes and the tails and that smaller alkanes
are incorporated to a larger extent than larger ones. The relatively large negative

AH"ads and small AS°44g values for the branched alkanes are also consistent with
this. In the case of toluene, the large AH®34¢ and small AS°4g values are also due to

the increased hydration of the head groups accompanying the large increase in the

value of Apin.




TABLE 8: Thermodynamic Parameters of Micellization for C12BMG

Second phase AG° mid! AR mid! AS°mic/
(against water) T°C kJ mol T k) molrl  kJ mol1 K-1
heptane 25 -29.1
35 -30.3 +0.5 0.09¢g
45 -31.4
dodecane 25 -28.9
35 -29.g -3 0.087
45 -30.¢
hexadecane 25 -28.5
35 -29.4 -3 0.087
45 -30.4
isooctane 25 -29.5
35 -29.g -3 0.08g
45 -31.9
heptamethylnonane 25 -28.9
35 -29.g -0.5 0.095
45 -30.7
cyclohexane 25 -29.5
35 -30.7 +1 0.1g
45 -31.g
toluene 25 -30.8
35 -31.g +1 0.14
45 -33.¢




TABLE 8: (Continued)
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Second phase AG°mid/ A mic/ AS°mic!
(against water) T/°C kJ mol-1 kJ mol'l  kJ mol! K-1
aird 10 -26.g
25 -28.¢
-3 0.087
40 -29.9

a Data from reference 109.




TABLE 9: Thermodynamic Parameters of Adsorption for C12BMG
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Second phase AG®3gg/ AH®a4¢/ AS°®ag¢/
(against water) T/°C  kJ mol? kJ mol'l  kJ mol! K-1
heptane 25 -46.7
35 -47.5 -2.9 x 107 0.084
45 -48.3
dodecane 25 -46.3
35 -47.9 1.9 x 101 0.15
45 -48.¢
hexadecane 25 -45.5
35 -47.¢ - 1 0.15
45 -48.4
isooctane 25 -46.¢
35 -48.3 1.9 x 107 0.094
45 -48.5
heptamethylnonane 25 -46.5
35 -47.g ~2.9 x 101 0.089
45 -48.3
cyclohexane 25 -48.¢g
35 -49.¢ -1.4 x 101 0.14
45 -50.3
toluene 25 -46.9
35 -47.3 -2.4 x 101 0.077
45 -48.4




TABLE 9: (Continued)
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AS®ads/

Second phase AG°a4g/ AH 546/
(against water) T/I°C kJ mol-1 kJ moll  kJ mol1 K-1
aird 10 -40.4
25 -42.g
-1.4 x 101 0.093
40 -43.4

a Data from reference 109.
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4.1.3 Anionic Surfactants

Plots of y; vs -log Cyy for the anionic surfactants C12S, C{gEGEO5S, and
C16HGEO5S are shown in figures B12-B14. These plots were constructed using the

interfacial tension vs -log Cy, data in Tables B39-B48.
For the anionic surfactants in 0.1M NaCl aqueous solution, the maximum
interfacial excess concentration values ( I'mgy) were calculated using equation [1];

for those without added NaCl, equation [2] was used. Minimum area per molecule
values were calculated using equation [3]. The standard free energy of adsorption
for anionic surfactants in systems with added salt were calculated using equations
[10] and [11]; with systems without added salt, equation [12] was used. Values of

cmcy, T'max: Amin. @and AG°a4g for the anionic surfactants are listed in Table 10.

Values for pCaq, w, €Mc/C30, Ymin, and Mmax are listed in Table 11.

As found for the nonionic and zwitterionic surfactants, all the ecmc,, values
(Table 10) for the anionic surfactants studied in the hydrocarbon/aqueous systems,
except C1gEGEO5S, were less than their corresponding values in the air/aqueous
systems. There is not much decrease in the cmcy, values in the systems with
saturated hydrocarbons relative to their values in the air/aqueous systems.

However, with the aromatic hydrocarbon, toluene, the cmcy, value is decreased

considerably. This agrees with the findings for C1oBMG and of Rehfeld (63).

The Apip values (Table 10) for the anionic surfactant C12S in the
hydrocarbon/water systems in the absence of electrolyte are all larger than the

Amin value for C40S in the air/water system. The Apin values for C12S,

C16EGEOs5S, and C1gHGEOSS in the hexadecane/0.1M NaCl aqueous solution systems
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TABLE 10: Interfacial Properties of Anionic Surfactants at 25.0°C. I: cmcy,

T'max: Amin» AG®ads

I'max X 1010/ AG®5ds/

Surfactant  system cmey, /M mol -2 cm Amin/A2  kJ mol-1
C12S heptane/Ho0 9.9 x 103 2.44 68. 1 -60.35
C12S dodecane/HoO 9.7 x 10-3 2.54 66.¢ -60.¢
C12S hexadecane/HoO  1.04 x 102 2.8, 59. -57.8
C12S isooctane/HoO 9.5 x 103 2.5g 64.3 -59.3
C12S heptamethylnonané/

HoO 9.7 x 10-3 2.75 60.4 -58.o
Cq2S cyclohexane/H,O 9.2 x 10-3 2.3g 69.5 -61.3
C128 toluene/HoO 5.4g x 1073 2.34 70.9 . -58.9
C1082 air/HoO 1.24 x 1002 2.95 56.7 -52.g
Cq2S hexadecane/0.1M

NaClag.soln. 2.0gx 10-3 4.5 36.4 -52.g
Cq0828 air/0.1M NaCl

aq. soln. 2.47x 1003 3.74 44.5 -51.g
C16EGEO5S hexadecane/0.1M

NaClag.soln.  3.8g x 10"  3.29 50.5 -67.g
C16EGEO5SP air/0.1M NaCl

aq. soln, 3.32x 1005 2.8 59.3 -68.3

C416HGEO5S hexadecane/0.1M

NaClag.soln.  1.0gx 10-9  3.23 51.4 -71.5
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I max x 1010/ AG®4ds
Surfactant  system cmey/M mol -2 cm Amin/A2  kJ mol-1
C1gHGEO5SP air/0.1M
NaCl ag. soln. 1.1 x 10°5 3.07 54.4 -69.o

a Data from reference 130.
b pata from reference 117.
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are all decreased relative to their values in the corresponding air/0.1M NaCl
aqueous solution systems. When no electrolyte is added to the water phase, head
group repulsions are large and the hydrocarbon molecule intercalates between the
surfactant hydrophobic groups and spreads out the surfactant molecules. When
0.1M NaCl is added, head group repulsion is swamped out, enabling the energy of
interaction of the hexadecane molecules with the hydrophobic tails (125) to
contract the interfacial film relative to the corresponding air/0.1M NaCl aqueous

solution system. In agreement with the findings on C{2BMG, as the degree of
intercalation increases (119,120) for the straight-chain hydrocarbons, the Amin

values for C12S (in the absence of added electrolyte) increase.

The AG°yq4g values (Table 10) for C12S in the hydrocarbon/water systems
are all much more negative than in the air/water system. This agrees with the

findings on the nonionic and zwitterionic surfactants. C42S, C1gEGEOsS, and

C16HGEOs5S in hexadecane/0.1M NaCl aqueous solution systems have AG°54g values

about the same as in the corresponding air/0.1M NaCl aqueous solution systems.
Apparently, the excess energy of interaction of the hexadecane molecules with the
surfactant hydrophobic tails is used in compressing the surfactant molecules closer
together in the presence of electrolyte (i.e., when head group repulsions are

swamped out) as indicated by the decrease in Apin in these systems relative to the

values in the air/0.1M NaCl aqueous solution systems. The result is that in both the
hexadecane/0.1M NaCl aqueous solution systems, and in the air/0.1M NaCl aqueous

solution systems, AG°yqg is about the same, but in the former, Apiny is smaller than

in the latter.

The efficiency of interfacial tension reduction for the anionic surfactants as
measured by pC3q w (Table 11) is greater in the hydrocarbon/water systems than

the values in the air/water systems. This agrees with the findings on the other
surfactant types.
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TABLE 11: Interfacial Properties of Anionic Surfactants at 25.0°C. II: pCzq w»

cmc/C30, Y mins Tmax

Y min/ Imax/

Surfactant  system PC3ow  ©Mc/C3g mNm! mNm1
C125 heptane/HoO 2.45 2.73 7.7 42.5
C128 dodecane/HoO 2.69 3.8¢ 9.4 42.¢
Cq12S hexadecane/HoO  2.3g 2.47 9.8 42.4
Cq28 isooctane/HoO 2.44 2.64 8.2 42,9
C12S heptamethylnonane

/Ho0 2.44 2.49 9.6 42.5
Cq28 cyclohexane/HoO 2.4g 2.87 6.9 43.3
Cq12S toluene/HpyO 2.3g 1.09 5.2 30.9
Cq0S2 air/Ho0 2.04 1.25 39.9 33.9
Cq12S hexadecane/0.1M

NaClag.soln. 3.3 4.1g 6.6 45.7
Cqo84 air/0.1M NaCl

aq. soin. 3.0 2.84 35.9 36.4
C16EGEOsS hexadecane/0.1M

NaClag.soln.  5.5q 11.9 2.0 50.4
C1EGEO5SD air/0.1M NaCl

aq. soln. 5.2g 6.33 29.5 42.g

C1gHGEO5S hexadecane/0.1M

NaClag.soln.  6.0g 11.g 2.5 42.4
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Ymin/ Imax
Surfactant  system pCzow cmc/Czg mNm1  mNm?
C1gHGEO5SP air/0.1M
NaCl aq. soln. 5.63 4.95 30.2 42.4

a Data from reference 130.
b pata from reference 117.




9

The values of the relationship between micellization and adsorption for the
anionic surfactants as measured by the cmc/Cgq ratio are listed in Table 11.
Values in the saturated hydrocarbon/water systems are all greater than the
corresponding values in the air/water systems. For C42oS in the toluene/water
system, the cmc/C3q value is slightly less than the value for C128 in the air/water

system. These results agree with the findings on the other surfactant types.

The effectiveness of interfacial tension reduction can be measured by Imax-
The values of Mpay (Table 11) for the anionic surfactants in the saturated
hydrocarbon/water systems are all greater than for the air/water systems. Cq2S

in the toluene/water system has a IIgx Vvalue less than in the air/water system.

These results are consistent with the findings for the other surfactant types.

The Ymin values (Table 11) for C12S at the hydrocarbon/water interface

are all greater than for nonionic or zwitterionic surfactants. This is due to a large
head-group curvature energy for ionic surfactants (121) in the absence of added
electrolyte. When 0.1M NaCl is added, the head-group curvature energy is reduced

at the oil/water interface, and ymin is reduced.

414 Summary of Effect of Surfactant Type on Interfacial
Properties
CMC,,

The results on cmcy, values for all surfactant types studied (nonionic,

zwitterionic, anionic) are in agreement. In saturated hydrocarbon/aqueous solution
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systems cmcy, values are slightly reduced relative to their values in airfaqueous
solution systems (about 5% on average). In aromatic hydrocarbon/aqueous solution
systems, the cmcy, values are considerably reduced compared to air/aqueous

solution systems.

AG mic
The results on this parameter for the nonionic and zwitterionic surfactants

are in agreement. The values for the standard free energy of micellization in the
hydrocarbon/aqueous solution systems are almost the same as in the corresponding

air/aqueous solution systems.

AG’yqs

In the absence of salt, the standard free energy of adsorption in the
hydrocarbon/water systems is considerably more negative than in the
corresponding air/water systems. For ionic surfactants in 0.1M NaCl, AG°34s

values in hexadecane/aqueous solution systems are comparable to those in
corresponding air/0.1M NaCl aqueous solution systems. This is attributed to the
excess energy of interaction of the hexadecane molecules with the (anionic)
surfactant tails being used to compress the interfacial film.

Amin

For those nonionic surfactants that partition strongly into the oil phase,
Amin is considerably greater in the hydrocarbon/aqueous solution system than in
the air/aqueous solution system. Data in Table 12 on p,t-octylphenoxy
di-ethenoxyethanol (OPEp) are in agreement with this finding. For the nonionic
surfactants (that partition preferentially into the water phase), and for ionic
surfactants in 0.1M NaCl, Agin values in straight-chain hydrocarbon/aqueous
solution systems are decreased relative to their values in airfaqueous solution

systems. van Voorst Vader's data (62) on C441H23C0O0O-Na* in Table 12 is in
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TABLE 12: Apin values from the literature at 25.0°C

Surfactant system Amin/A2 Amin(air/Ho0)/A2
OPE4p2b isooctane/HoO 78 74.5

OPEg2 isooctane/Ho0 71 66

OPEg2 isooctane/HoO 64 64

OPEA isooctane/Ho0 58 58

OPEg2 isooctane/Ho0 56 56

OPEg2 isooctane/HoO 53 53

OPE42 isooctane/Ho0 50 50

OPE32 isooctane/Ho0 48 45

OPE3 isooctane/HoO 53 34

C11Ho3COONaC heptane/0.1M NaCl
ag. soln. 45 47

@ Data from reference 62.

b opPE - p,t-octylphenoxyethenoxyethanols. Subscript = polyoxyethylene (EO)
chain  length.

C Data from reference 60; at 20.0°C.



94

agreement with this finding. For nonionic surfactants in branched or cyclic
hydrocarbon/water systems, and for the zwitterionic surfactant C1oBMG and ionic
surfactants in the absence of added electrolyte in hydrocarbon/water systems, Anin

is found to be unaffected or expanded relative to the corresponding air/water
systems. In the case of the former, although the head group repulsion is small
enough to allow contraction (as found with straight-chain hydrocarbons), the
bulkiness of the branched or cyclic hydrocarbon between the surfactant tails
prevents this from occuring (data agreeing with this by Crook et. al. (62) is given
in Table 12). In the two latter cases, head group repuisions are too large with ionic
surfactants, and head group repulsions are too large and/or the head group is too

incompressible, for C12BMG, to allow contraction of the interfacial film relative to

the air/water system.

PCao,w
For all surfactant types and under all conditions investigated, this parameter

is larger in the hydrocarbon/aqueous solution systems than in the air/aqueous
solution systerns.

cmc/Cg3g

For all surfactant types studied in the saturated hydrocarbon/aqueous
solution systems, cmc/Cgp values are larger than in the air/aqueous solution
systems since Cgq is reduced to a greater extent than the cmc by the presence of the
saturated hydrocarbon. When the aromatic hydrocarbon toluene is used as the
hydrocarbon phase (with C12BMG and C12S), cmc and C3q values are both reduced
considerably, leading to a cmc/Cgq value that is about the same or slightly smaller

than in the airfaqueous solution systems.

Mmax

In the saturated hydrocarbon/aqueous solution systems, all surfactant types
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studied yielded larger Iy 5x values than the values in the corresponding air/aqueous

solution systems. When toluene is used as the hydrocarbon phase, Iy is slightly

smaller than in the air/aqueous solution system.

4.2 Molecular Interaction , Synergism, and Negative Synergism in
Binary Surfactant Mixtures in Hydrocarbon/Aqueous Systems

4.2.1 Validity of the Theory

Plots of y; vs -log Cq for the mixed systems investigated (including <=0
and «1=1 plots) are shown in Figures B15-B34. These plots were constructed
using the interfacial tension vs -log total concentration data listed in tables
B7-B93 (all data is at 25.0°C and ¢ = 904 = ¢05 = 0.025 for all the mixed
systems except C12EQ7/C12S which has ¢ = 904 = ¢05 = 0.0123). The data

used to construct the curves in the nonionic-nonionic surfactant mixtures (Figures
B25-B32) were produced without sending the surfactants through Sep-pak
minicolumns since the oil soluble surfactant was not sufficiently soluble in water to
allow analysis for its concentration in the effluent, and only aqueous solutions of the

surfactants can be sent through. In Figure B21, the CgP curve is constructed from
data in Table B15 (Sep-pak purified CgP data) ; in Figure B31, the CgP curve is
constructed from data in Table B90 (non-Sep-pak purified CgP data). The data for
C12EOg in Tables B79 and B84 were produced without sending the C12EOg through

a Sep-pak (while for the data in Tables B1-B6, C12EOg was passed repeatedly

through a Sep-pak minicolumn).
Values of the molecular interaction parameter for the interfacial film,

BC L, were calculated using equations [55] and [56] in all 20 mixed systems
investigated (except the CgP/C12S and C4gP/C42S systems for which equations

[47] and [48] were used) and are listed in Table 13 (3C values at the air/aqueous
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TABLE 13: Synergism in interfacial tension reduction efficiency at 25.0°C (values

in parentheses are for the corresponding air/aqueous solution systems)

Surfactanti-2, lin C04 y/ synergism
system BOLL COp 4 predicted  found(exp.)

C12EO7-C42S,

heptane/HoO +0.1g 5.0 no no
C42BMG-C45S,

heptane/Ho0 -4.7(-5.73)  4.2(4.09) yes yes
C12BMG-C15S,

dodecane/HoO -4.3(-5.73)  4.0(4.03) yes yes
C12BMG-C45S,

hexadecane/HoO -5.0(-5.78)  4.0(4.03) yes yes
C12BMG-C45S,

isooctane/HoO -4.4(-5.78)  4.2(4.09) yes yes
C12BMG-C15S,

heptamethylnonane/HoO -4.4(-5.72)  4.2(4.02) yes yes
C12BMG-C15S,

cyclohexane/Ho0 -5.9(-5.73)  4.5(4.09) yes yes
C12BMG-Cq5S,

toluene/HoO -8.0(-5.78)  4.6(4.03) no no
CgP-C128S, hexadecane/

0.1M NaCl aq. soln. -1.7(-3.4D)  0.66¢(0.23b) yes yes
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Surfactant1-2, linc04 y synergism
system BOLL COp predicted  found(exp.)
C10P-C12S, hexadecane/
0.1M NaCl ag. soln. -2.3 0.32¢ yes yes

C16HGEO5S- C1gHGEO50H,
hexadecane/0.1M NaCl aq.

soln. -1.0 4.1 no no
C16EGEO5S- C1gEGEO50H,
hexadecane/0.1M NaCl aq.

soln. -2.0(-1.49) 2.9 no no
C12E0g-C12EO4,
hexadecane/Ho0 +0.55 1.4 no no
C12EOg-C12EO3,
hexadecane/HoO -0.7¢(-0.178) 2.3 no no
C12EOg-C12EOQp,
hexadecane/HO -2.2(-1.9) 3.6 no no
C12EOg-C12EO2,
heptane/Ho0 -1.6 5.2 no no
C16EOg-C12EO>,
hexadecane/HoO -1.4 5.5 no no
C12EOg-C120H,
hexadecane/HoO -5.0 7.2 no no
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Surfactanti-2, lin CO4 y/ synergism
system BOLL cOy | predicted  found(exp.)
C12EOg-CgP,

hexadecane/HoO -0.5o 4.5 no no
C12EOg-C12P,

hexadecane/HoO -2.0 4.3 no no

a Data from reference 131.
D Data from reference 132.

Clin Fy F02C01't/ F2F01C02't|. Fq F02/ F2F01 = 0.80¢g for CgP-C19S system

and 0.714 for the C4gP-C12S system.

d Data from reference 117.
€ Data from reference 104.
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interface have been included for comparative purposes). In all 20 cases, the
theoretical prediction for the existence or absence of synergism in interfacial
tension reduction efficiency is in agreement with experimental results.

For the systems that did exhibit synergism in this respect, minimum

concentration values, Cq2 { min, at the point of maximum synergism were
calculated using equation [83] (equation [82] for the CgP/C128S, and C1gP/C12S
systems), and mole fraction values, q'1. at the point of maximum synergism were

calculated using equation [81] (equation [80] for the CgP/C12S, and C1gP/C12S
systems). These calculated parameters are listed in Table 14 and the calculated
C12,t,min values are compared with experimentally determined C12 { min values
(at experimental « values close to the " values) in Table 13. Calculated and
experimental Cq2 t min values are in good agreement.

For systems whose g€ values at the air aqueous interface are listed in (Table

13), the 8O values (for those systems containing two water soluble surfactants

(C12BMG/C12S, C12S/CgP)) at the hydrocarbon/aqueous solution interface are

less negative than the 8 values at the corresponding air/aqueous interface. This is
attributed to intercalation of hydrocarbon molecules between surfactant molecules
at the hydrocarbon/aqueous interface. For those systems where a water soluble

surfactant is mixed with an oil soluble one (C1gEGEO5S/C1gEGEO50H,
C12EOg/C12EO3, and C12EOg/C12EO>5), the B9 values at the

hydrocarbon/aqueous solution interface are more negative than the g© values at the
corresponding air/aqueous interface.

Molecular interaction parameters in the mixed micelles, pMLL values, were
calculated for the systems in which both components exhibited cmc's (for the
C12EQg/CgP and C12EOg/C12P systems, the cmc of CgP and C12P was taken as the
point of insolubility in the aqueous phase). Equations analogous to [55] and [56]
(except the CgP/C12S and C1gP/C42S systems for which equations analogous to

[47] and [48] were used) give the values listed in Table 15 ( pM values for
corresponding air/aqueous systems have been included for comparative purposes).
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TABLE 14: Parameters at the Point of Maximum Synergism in Interfacial Tension

Reduction Efficiency - Cy2.4 min» & at 25.0°C

Surfactant1-2, « BMG,CxP C12,t,min’M

system (calc.) calc. exp.(xBMG,CxP)

C12BMG-Cy58S,

heptane/Ho0 0.95 1.14x 1004 1.07 x 104 (0.94)
C12BMG-C15S,

dodecane/HpO 0.92 1.42 x 1004 1.44 x 10°4 (0.94)
C12BMG-C12S,

hexadecane/Ho0 0.88 1.67 x 1004 1.6gx 1074 (0.94)
C12BMG-C42S,

isooctane/HoO 0.98 114 x 1004 1.14 x 104 (0.94)
C1gBMG;C12$,

heptamethylnonane/HoO  0.97 1.46 x 1004  1.3g x 104 (0.94)
C12BMG-C12S,

cyclohexane/Ho0 0.95 7.56 x 10°  9.29 x 105 (0.94)
CgP-C12S,
hexadecane/0.1M NaCl

aqg. soln. 0.30 1.29 x 1003 1.3 x 103 (0.23)
C10P-C12S,

hexadecane/0.1M NaCl
aq. soln. 0.43 6.3g x 1004  7.5¢9 x 104 (0.25)
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TABLE 15: Synergism in Mixed Micelle Formation at 25.0°C (values in

parentheses are for the corresponding air/aqueous systems)

Surfactant1-2, lin CMCO4 y synergism
system M L cMCO, 4 predicted found(exp.)

C12E07-C42S,

heptane/Ho0 -0.1g 3.7 no no
C12BMG-C15S,

heptane/Hs0 -4.9(-5.02) 3.1(3.09) yes yes
C12BMG-C12S,

dodecane/H0 -3.6(-5.02) 3.1(3.09) yes yes
C12BMG-C42S,

hexadecane/Ho0 -4.09(-5.98) 3.0(3.03) yes yes
C12BMG-C15S, |

isooctane/HoO -4.9(-5.02) 3.1(3.09) yes yes
C12BMG-C128,

heptamethylnonane/HoO -4.o(-5.938)  3.0(3.023) yes yes
C12BMG-C45S,

cyclohexane/Ho0 -2.4(-5.08) 3.3(3.03) yes yes
C12BMG-C12S,

toluene/H,0 -2.4(-5.03)  3.3(3.09) no no
C16HGEO5S- C1gHGEO50H,

hexadecane/0.1M NaCl aq.

soln. -0.1g 4.3 no no
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Surfactant1-2, lin CMCO4 y/ synergism
system sM L CMCOpy  predicted found(exp.)
C16EGEOsS- C1gEGEOs50H,
hexadecane/0.1M NaCl aq.

soln. -1.5(+0.4b) 3.0 no no
C12EOg-C{2EQy4,
hexadecane/HpO +0.33 1.8 no no
C12EOg-C12EQ3,
hexadecane/HpO -0.1g 2.7 no no
C12EOg-C12EOp,
hexadecane/Hy0 -2.7(+0.37) 3.4 no no
C12EOg-C12EO,
heptane/H20 +0.44 4.4 no no
C16EOg-C12EO»,
hexédecane/Hgo -5.9 5.0 yes no
C12EOg-CgP,
hexadecane/HoO -0.1g 4.8 no no
C12EOg-Cq2P,
hexadecane/HyO -1.4 4.5 no no

a pata from reference 131.
b pata from reference 132.
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In 16 of the 17 cases, the theoretical prediction for the existence or absence of
synergism in mixed micelle formation is in agreement with experimental results.

For the one exception, the C1gEOg/C12EO2 in a hexadecane/Ho2O system, the
condition for synergism that lpMLLl > |in (CMC°1,t/CMC°2,t)| was within

experimental error of not being met since pMLL values have an inherent error of =~

t+ 5%.
For the systems that did exhibit synergism in this respect, minimum

concentration values at the cmc at the point of maximum synergism, CMC12 { min,
were calculated using‘ equation [87], and the mole fraction values, q*vM1, at the
point of maximum synergism were calculated using equation [85]. These calculated
parameters are listed in Table 16 and the calculated CMCq2 t min values are
compared with experimentally determined CMCq2 { min values (at experimental
&4 values close to the «'M; values) in the Table. Calculated and experimental
CMCq2 t min values are in good agreement.

For systems that air/aqueous pM values have been included (Table 15), it is
observed that for the C1oBMG/C12S systems, which contain two water soluble
surfactants, the pMLL values in the hydrocarbon/aqueous systems are less negative

than the pM value in the corresponding air/aqueous system. For those systems
where a water soluble surfactant is mixed with an oil soluble one
(C16EGEOgS/C1gEGEO50OH, and C12EQg/C12EO>), the M| values in the
hydrocarbon/aqueous systems are more negative than the pM values in the
corresponding air/water systems.

With regard to synergism or negative synergism in interfacial tension
reduction effectiveness, the theoretical prediction for its existence or absence is in
agreement with experimental findings in 15 out of 17 cases as shown in Table 17.

For the two cases (C1oBMG/C12S in a toluene/water system and C1gEOg/C12EQ»o

in a hexadecane/water system) that are predicted to have synergism and negative
synergism, respectively, in this respect but which do not exhibit it experimentally,
the prediction of synergism or negative synergism is not a gross error since the
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TABLE 16: Parameters at the Point of Maximum Synergism in Mixed Micelle

Formation - CMC12 t min. oM at 25.0°C and ABMG, exp. = 0.94

Surfactant1-2, o BMG CMC12 t min/M

system (calc.) calc. exp.

C12BMG-C15S,

heptane/Ho0 0.89 4.0 x 10-4 3.2x 104
C12BMG-C15S,

dodecane/Hy0 0.92 4.4 x 10-4 3.7 x 10-4
C12BMG-C45S,

hexadecane/Ho0 0.88 4.6 x 10-4 4.3 x 104
C12BMG-C15S,

isooctane/HoO 0.98 4.0 x 10-4 4.3x 1074
C12BMG-C15S,

heptamethylnonane/Ho0 - 0.97 4.8 x 10-4 3.8 x 10-4
C12BMG-C12S,

cyclohexane/Ho0 0.95 3.4 x 10-5 3.0 x 105
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TABLE 17: Synergism and Negative Synergism in Interfacial Tension Reduction
Effectiveness at 25.0°C

synergism(+)

Surfactanti-2, lin CMCO05 ¢/ or negative(-) synergism

system poLL-sM L cO.CMGC, predicted  found(exp.)

C12E07-C45S,

heptane/Ho0O +0.3g 0.39 no no
C12BMG-C15S,

heptane/Hy0 -0.7 0.45 yes(+) yes(+)
C12BMG-C12S,

dodecane/Ho0 | 1.0 0.45 yes(+) yes(+)
C12BMG-C15S,

hexadecane/HoO -1.0 0.32 yes(+) yes(+)
C12BMG-C45S,

isooctane/HoO -0.45 0.41 yes(+) yes(+)
C12BMG-C45S,

heptamethylnonane/Ho0 -1.0 0.43 yes(+) yes(+)
C12BMG-C 28,

cyclohexane/Ho0 -0.8 0.41 yes(+) yes(+)
C12BMG-C15S,

toluene/HoO -0.9 0.46 yes(+) no
C16HGEO5S- C1gHGEO50H,

hexadecane/0.1M NaCl aq.

soln. -1.0 0.152 yes(+) yes(+)
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synergism(+)

Surfactanti-2, lin cMCO5 ¢/ or negative(-) synergism
system poLL-pM  COCMC, predicted  found(exp.)
C16EGEOsS- C16EGEO50H,

hexadecane/0.1M NaCl aq.

soln. -0.7 0.0762 yes(+) yes(+)

C12EOg-C12EOy,

hexadecane/HpO -0.29 0.464 no no
C1oEOg-C12EQ3,

hexadecane/Hp0O -0.53 0.554 no no
C12EOg-C42EOy,

hexadecane/H2O +0.5 0.12 yes(-) no
C12EOg-C12EO>,

heptane/HoO -2.0 0.78 yes(+) yes(+)
C16EOg-C12EO2,

hexadecane/HoO +3.8 0.754 yes(-) yes(-)
C12EOg-CgP,

hexadecane/HoO -0.33 0.434 no no
C412EOg-Cq2P,

hexadecane/HoO -0.6 0.06 yes(+) yes(+)

a Parameter is for {In CO.CMC, y omcO, 4.
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conditions for synergism and negative synergism were barely met and within
experimental error of not being met.

Among the systems that did exhibit synergism or negative synergism in
interfacial tension reduction effectiveness, the cmc values at the point of maximum

synergism, CMC'12,t, for the C12BMG/C12S systems were calculated using

equation [121] (since these systems contained an ionic surfactant in the absence of
a swamping amount of electrolyte in the aqueous phase as discussed in section 2.4).
For all the other systems the cmc values at the point of maximum synergism, or

negative synergism (C1gEOg/C12EO»2 in a hexadecane/water system) were
calculated using equation {116]. a"E1 values for the C120BMG/C12S systems

were calculated using equation [119], while on*:E1 values for the other systems
were calculated using equation [114]. The interfacial tensions at the point of
maximum synergism, Y'CMCJg,t, for the C19oBMG/C12S systems were calculated

using equation [122], while the values at the point of maximum synergism, or
negative synergism, for the other systems were calculated using equation [117].
These calculaied parameters are listed in Table 18. Again, there is good agreement
between theoretical calculations and experimental results.

4.2.2 Effect of the Hydrocarbon Structure
This is demonstrated in Table 19 by the results for the C412BMG/C12S

mixture at various interfaces. The variation of the interaction with change in the
nature of the hydrocarbon is slight, except for toluene, which shows a marked
decrease in interaction at both the interface and in the micelles. This decrease in
interaction is the result of the large increase in area per surfactant molecule, both
at the toluene/aqueous solution interface and the micellar/aqueous solution
interface, due to adsorption or solubilization, respectively, of toluene molecules.
Although the variation in the interaction parameters among the saturated
hydrocarbon/water systems is slight, it appears that the larger the cohesive energy
density, &, of the hydrocarbon, and thus the smaller its tendency to penetrate an

interfacial film, the more negative is the O value. Thus, hexadecane and

cyclohexane, which have larger & values than isooctane or heptane, yield 9| |_
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TABLE 18: Parameters at the Point of Maximum Synergism or Negative Synergism

in Interfacial Tension Reduction Effectiveness - «E, CMC"121, Y cMC, 12,4

CMC'y2tx Y cMc,12,t/
Surfactantt-2, oM, 103/M mN m-1

system (calc.) calc. exp. calc. exp. «q.exp.

C12BMG-C12S,
heptane/Ho0 0.042 1.85 1.62 0.6 1.1 0.051g
C12BMG-C12S,
dodecane/Ho0 0.044 2.05 2.0 0.7 1.8 0.051g
C12BMG-C12S, |
hexadecane/HoO 0.047 1.9 2.1g 1.4 1.4 0.0514
C12BMG-C12S,
isooctane/HoO 0.042 1.83 1.7q 1.3 1.0 0.051¢
C12BMG-C12S,
heptamethylnonane/HoO 0.048 2.14 2.5 1.4 1.3 0.051¢
C12BMG-C12S,
cyclohexane/Ho0O 0.037 1.6g 1.5¢ 0 0.1 0.051¢
C16HGEO5S- C1gHGEOOH,
hexadecane/0.1M NaCl aq.

soln. 9.84x10'3 0.447 0.363 0.08g 0.13 0.013g

C16EGEO5S- C1gEGEOs0OH,
hexadecane/0.1M NaCl aq.
soln. 3.65x 102 0.585 0.479 0.4p 0.10 0.012g

C12EOg-C12EO»,
heptane/Ho0 2.35x 1002 - - 0.90 0.50 0.0469




TABLE 18: (Continued)
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CMC'y24x Y oMG,12,Y
Surfactant1-2, oMy 103/M mN m-1
system (calc.) calc. exp. calc. exp. &q,exp.
C16EOg-C12EO>,
hexadecane/HoO 2.73x 1003 - . 9.7 10.4 0.0065g
C12EQg-C12P, |
hexadecane/Ho0 3.44 x 1003 - 1.9 1.7  0.013g
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TABLE 19: Effect of the Hydrocarbon Structure on Molecular Interactions between
C12BMG and C12S

System BOLL BMLL
hepiane/Hzo -4.7 -4.9
dodecane/Ho0 -4.8 -3.6
hexadecane/HoO -5.0 -4.0
isooctane/HoO -4.4 -4.9
heptamethylnonane/H>0 -4.4 -3.4
cyclohexane/HoO -5.0 -4.0

toluene/Ho0 -3.2 -2.4
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values that are more negative. No such trend is observed for the gM| | values.

Data that show the effect of hydrocarbon structure on synergism in
interfacial tension reduction efficiency are listed in Table 20. The variation of

Q*betaine values with change in the hydrocarbon structure is slight. It does,
however, appear that as the length of the straight-chain hydrocarbon is decreased,
O‘*betaine values increase slightly. This follows from equation [81] and the data in
Table 13, since as In (CO4 /G029 )= B, @'y~ 1, and as the straight-chain
hydrocarbon length is decreased, In (001,1/00211) values are closer to their
respective 39} values.

The quantity (CO4 1- C12,4,min)/C%1,t (=1 - C12,1,min/CC1,1), where
CO4 1< CO% 4 is a measure of the degree of synergism; the larger this quantity, the
Iafger the synergistic effect. This quantity is related to equation [4], which
determines the value of the C12,t,min/Co1 g ratio. As the difference between g9y |
and In(CO1,t/C°2't) becomes larger, the C12,t,min/CO1,t ratio decreases and the
degree of synergism increases. As indicated by the data in Table 13, the
hexadecane/water system has the largest difference between g9 | and
In(CO1 ,t/Coz.t) and therefore the largest degree of synergism of the

hydrocarbon/water sysiems studied, as shown in Table 20. For the straight-chain
hydrocarbon phase systems, the synergistic effect in this respect becomes weaker
as the chain becomes shorter.

Data that show the effect of hydrocarbon structure on synergism in mixed
micelle formation are listed in Table 21. The variation of a*’Mbetaine values with
change in the hydrocarbon structure is slight, and no trend is observed.

The quantity (CMC04 4 - CMC12 1, min)/CMCO4 ¢ (= 1 - CMCy2 4 min /
cMmco, ), where CcMCO4 1< ‘CMCOZJ, is a measure of the degree of synergism in
this respect; the larger this quantity, the larger the synergistic effect. The
variation of this parameter with change in the hydrocarbon structure is slight, and,

in contrast to that observed in synergism in interfacial tension reduction efficiency,
no correlation of the synergistic strength in this respect with length of the
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TABLE 20: Effect of the Hydrocarbon Structure on Synergism in Interfacial
Tension Reduction Efficiency in C12BMG/C12S Mixed Surfactant Systems

System «"betaine 1- (C12,¢,min/CObetaine,
heptane/HoO 0.95 0.01
dodecane/Ho0 0.92 0.03
hexadecane/Ho0 0.88 0.07
isooctane/Ho0 0.98 0.01
heptamethylnonane/Ho0O 0.97 0.01

cyclohexane/HoO 0.95 0.01
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TABLE 21: Effect of the Hydrocarbon Structure on Synergism in Mixed Micelle
Formation in C1oBMG/C15S Mixed Surfactant Systems

System " Myetaine 1 - (CMC12,4 min/CMCO%betaine,1)
heptane/Hp0 0.89 0.05
dodecane/Hy0 0.93 0.02
hexadecane/Ho0 0.87 0.08
isooctane/HoO 0.89 0.04
heptamethylnonane/Hs0 0.94 0.01

cyclohexane/HoO 0.89 0.05
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straight-chain alkane is observed.
Data that show the effect on synergism in interfacial tension reduction

effectiveness are listed in Table 22. The variation of @*’Ebetaine values with
change in the hydrocarbon structure is slight.

The degree of synergism in this respect is measured by the Y%cmc, lowest -
Y*CMC,12,t = Ay difference. The larger the Ay value the larger the synergistic
effect. Ay is related to [117], viz.

Ay = Sy (B9 L-8M (1-X)2 [124]

From this relation it is observed that Ay becomes larger when S1 becomes more

negative and/or (391 - M| |) becomes more negative. As shown in Table 22, the

hexadecane/water system has the largest Ay value of the hydrocarbon/water
systems studied. As the alkane length is shortened in the straight-chain alkane
series, the Ay value becomes progressively smaller.

4.23 Effect of the Length of the Surfactant Hydrophobic Group
The effect of the length of the surfactant hydrophobic group is demonstrated

by the results for the following six mixtures: CqgEOg or C{oEOg/ C12EQO»> and
C12EOg/CgP or C1gP in hexadecane/water systems, and CgP, C1gP/ C12S in

hexadecane/0.1M NaCl aqueous solution systems.
Data of the effect on molecular interactions are listed in Table 23. For the

C12EOg or C1gEOg/ C12EQ2 systems, increasing the length from C4o to Cqg for
the EOg compound causes $9); to become less negative and gM; to become more

negative. For the CgP, C1oP/ C12S case, increasing the hydrophobic chain length
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TABLE 22: Effect of the Hydrocarbon Structure on Synergism in Interfacial
Tension Reduction Effectiveness in C1oBMG/C15S Mixed Surfactant Systems

- System « "+ E petaine Ay
heptane/H20 0.042 0.7
dodecane/Ho0 0.044 1.0
hexadecane/Ho0O 0.047 2.4
isooctane/H20 0.042 1.0
heptamethylnonane/Ho0O 0.048 1.5

cyclohexane/Ho0 0.037 0.9
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TABLE 23: Effect of the Length of the Surfactant Hydrophobic Group on Molecular
Interaction

second phase

Surfactant1-2  (against hexadecane) BOLL M
C12EQOg-C12EO2 HoO -2.9 -2.7
C16EOg-C12EO» HoO -1.4 -5.9
CgP-C12S 0.1M NaCl aq. soln. -1.7 -
C1gP-C12S 0.1M NaCl ag. soln. -2.3 -
CgP-C12EOg HoO -0.59 -0.1g
C12P-C12EOg Hp0 -2.9 1.4
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from Cg to Cq for the CxP compound causes 9 to become more negative. For the
CgP or C12P/C12EQg systems, increasing the length from Cg to Cqo for the C,P
compound causes both 8| and M| to become more negative. The interpretation
of these results is that in the interfacial region, as the length of the hydrophobic tail
is increased, hydrophobic bonding increases, and 89| | becomes more negative. This
trend continues up to the point where the chain lengths in each surfactant are equal;
beyond that point, however, 89| then begins to become less negative (as seen in the
C12EOg, C1gEOg/ C12EOo case). In the mixed micelles, pMLL becomes

consistently more negative as the chain length is increased, even beyond the point
where the lengths in each surfactant are equal. Similar effects on p° and pM are
seen at the air/faqueous interface (133,134). These effects are probably due to the
tighter packing experienced by the chains in the core of a micelle compared with a
planar interface where the chains have more conformational freedom.

Data showing the effect on synergism in interfacial tension reduction

efficiency is listed in Table 24. Since, as In (C0q / CO2 ) - | , &'y » 1
(equation [80]), and the difference between In (COq 7 C0p ) and 9 (Table
13) is greater for the C12S-C1gP system than for the C10S-CgP system, a*1 is
smaller in the former system where the chain length of the CxP compound is longer.
This is expected since pC | | changes more rapidly with hydrophobic chain length
(up to the point where the length of each surfactant is equal) than does In (C°1,t/
Coz,t). The stength of the synergism in this respect, measured by [i1 -

(C12,t,min’ C°1 )], increases as the chain length of the CxP compound increases.
This trend would be expected to continue until the chain lengths of each surfactant
are equal (since B would reach its most negative value, for a given length, at

that point).
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TABLE 24: Effect of the Length of the Surfactant Hydrophobic Group on Synergism
in Interfacial Tension Reduction Efficiency in Hexadecane/0.1M NaCl! Aqueous
Solution Systems

Surfactanti-2 " 1-(C12,4,min/C% 9

C412S-CgP 0.70 0.14
C128-CqqoP 0.57 0.35
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4.2.4 Effect of Branching of the Hydrophobic Groups

The effect of branching of the hydrophobic groups is shown by the results for
the C4gHGEO5S/C16HGEO50H and C4 6EGEOsS/C>1 6EGEOsOH mixtures. Data are
listed in Table 25. In both cases, in the hexadecane/0.1M NaCl aqueous solution
systems, there is more surfactant interaction at the planar interface than there is
in the micelle (i.e., O | is more negative than pMLL). This is attributed to more
steric hinderence to surfactant interaction with these branched hydrophobic groups
in the latter location due to more rigid packing requirements there, compared with a
planar interface.

In these systems, there is enhanced interfacial adsorption of the oil soluble
surfactant in the presence of the water soluble one. Enhanced interfacial adsorption
of long-chain alcohols in the presence of sodium dodecy! sulfate in Nujol/water
systems has been observed by Vold and Mittal (135). Data demonstrating enhanced
adsorption, in the present case, are listed in Table 26. The contraction of 8.0A2,

which is the difference between the A4 value calculated for Xg16eGEOSS = 0.32
(viz. (0.32)(50.4A2) + (0.68)(70.9A2) = 63.7A2) and the actual value obtained
at this X value (55.7A2), shows that more surfactant is present at the interface
than would be predicted by calculation assuming that the X4 and X» values are
correct.  This contraction shows that there is enhanced adsorption in the mixed
surfactant sysiem . The Ayo experimental value does not, however, mean that there
is contraction relative to the L/A case. In fact, there is not; A0 6EGEO5S ., WA =
59.3A2 , AD 0 16EGEO50H . VA = 44.9A2, calculated Aqp = (0.32)( 59.3A2)
+ (0.68)( 44.0A2) = 48.9A2 (calculated at Xc1gEGEOSS =0.32). Since O is
more negative than pMLL due to branching of the hydrophobic groups, g%, - pMLL

is rather large and negative. This combination is needed to meet the conditions for
synergism in interfacial tension reduction effectiveness. Both systems therefore
exhibit synergism in this respect. Data are listed in Table 31 (below).
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TABLE 25: Effect of Branching of the Surfactant Hydrophobic Groups on Molecular

Interaction

Surfactant1-2 system BOLL ML
C1gHGEO5S/C1gHGEO50H hexadecane/0.1M NaCl

aqg. soln. -1.9 -0.1g
C16EGEO5S/C16EGEO50H hexadecane/0.1M NaCl

aq. soin. -2.2 -1.5
TABLE 26: Area per Molecule Data for Pure and Mixed C{gEGEO5S and

C16EGEO50H in Hexadecane/0.1M NaCl Aqueous Solution Systems

Parameter area/A2
AQpin (C16EGEO5S) 50.4
AOpin (C16EGEO50H) 70.0
At12,exp. (XEGs = 0.32) 55.7
A12,calc. atXggs = 0.32 63.7

contraction

8.9
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4.2.5 Effect of the Number of EO Groups in Mixtures of POE
Nonionics

Data illustrating the effect of the number of EO groups in mixtures of POE
nonionics on molecular interactions are listed in Table 27. As the number of EO

groups in the second surfactant is shortened from EO4 to EQq in mixtures with

C412EQg , both 3O | and pMLL become more negative. It appears that molecular

interaction at both the interface and in the micelles increases as the EO group of the
second surfactant is shortened (and the surfactant becomes more oil soluble). This

relationship is clearly indicated in Figure 5 where 8| and pM are plotted
P LL LL

against number of EQ groups.

Similar to the other systems (above) containing an oil-soluble and a
water-soluble surfactant together in the mixture, there is enhanced adsorption at
the interface in these systems in the presence of hexadecane. Data demonstrating

this are listed in Table 28. If it is assumed that the values of X4 and X»o are correct,

then as the EO number is reduced, the data indicate that the difference between
experimental and calculated values (the "contraction") of the areas per surfactant
molecule at the interface (in the mixed film relative to those in the individual
films in the presence of hexadecane) becomes larger. As found with the

C16EGEO5S/C16EGEO50H mixture, and as indicated in Table 28, the contraction
shown in the L/L system does not mean that the interfacial film at the L/L interface
is contracted relative to the film at the L/A interface (44.5A2 L/L; 41.gA2 L/A;
both for Xgc12E08 = 0.36g). It is interesting to note that experimental and
calculated Amip values at the L/A interface ( 42.9A2 vs 43.1A2, at Xgc12E08 =

0.594) are very close, which is possibly the reason for the less negative g€ value
at the U/A interface than at the L/L interface where there is a substantial deviation
from ideality (44.5A2 experimental vs 58.3A2 calculated at Xg{2E08 =
0.36¢).

Among the POE nonionic mixtures investigated, only two exhibit any type of
synergism (see Tables 17 and 18). The C1gEOg/C12EO2 system shows negative

synergism in interfacial tension reduction effectiveness, although the interfacial




TABLE 27: Effect of the Length of the POE Groups on Molecular Interactions in POE

Nonionic Mixtures in Hexadecane/HoO Systemsa
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Surfactanti-2 BOLL pMLL
C12EOg/C12EO4 +0.55 +0.33
C12EOg/C12EO3 -0.74 -0.1g
C12EQg/C12EQ2 -2.0 -2.7
C12EOg/C12EQp? -5.0 -

4 C42EOQ = C120H.
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Figure 5. 3O or BMLL vs EO content in C12EOy tor C12EOg/C12EOy
mixtures in hexadecane/water systems. B, 3C | ; ¢, ﬁMLL.
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TABLE 28: Area per Molecule Data for Pure and Mixed POE Nonionic Surfactants in

Hexadecane/HoO Systems

C12EOg/ C12EOg/  Cq12EOg/ C12EOg/

Parameter/A2 C1oEQ4 C12EO3 C12EO2  C42EQg

A%{ min 63.9 63.9 63.9 63.9

A%2 min 52.6 50.9 55.5 1.0g x 102
A12,exp. 59.g 54.g 44 .5 59.4

at Xgog 0.585 0.46g 0.365 0.77p
A12,calc. atsame Xgog 58.7 56.1 58.3 75.5
contraction -1.1 1.3 13.8 16.4

A0y min LA - - 60.9 -

A03 min L/A . . 30.9g -

A12,calc. LA at
XEO8g = 0.36¢ - - 41.9 -

A12,exp/A12,calc.
at Xgpg = 0.594, VA - - 42.9/43.1
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tension does continue to decrease slowly after the break in the yj vs -log Cy curve
(Figure B29). In this case, micelle formation is enhanced since micelles form at a
lower concentration than ideally predicted at the mole fraction investigated. A
C12EOg/C12EQ2 mixture in a heptane/water system exhibits synergism in

interfacial tension reduction effectiveness (Table 17). In this system, micelle
formation is hindered since micelles form at a higher concentration than ideally
predicted at the mole fraction investigated. These two cases, however, are
insufficient to yield conclusions of the effect of the EO number on synergism.

4.2.6 Effect of the Presence of the Hydrocarbon on Synergism
The effect of the presence of the hydrocarbon on synergism in interfacial

tension reduction efficiency is shown in Table 29. The « 1 values for the
hydrocarbon/aqueous systems are larger than their values in the corresponding
air/aqueous systems. This follows from equation [81] and the data in Table 13,

since as In (C0Oy /C0% ) - pO |, «"y~1, and in the hydrocarbon/aqueous

systems, In (COH/COz,t) values are closer to their respective 89} values than

in the air/aqueous systems.

The strength of the synergism in this respect (as measured by 1 -
(C12,t,min/C0 1,t) given in Table 29) is smaller in each of the
hydrocarbon/aqueous systems studied compared with the corresponding air/aqusous
systems. This is attributed to intercalation of hydrocarbon molecules between the
surfactant hydrophobic tails at the hydrocarbon/aqueous interfaces.

The effect of the presence of the hydrocarbon on synergism in mixed micelle

formation is shown in Table 30 for the C12BMG/C12S systems. The & *Mpataine

values in all the hydrocarbon/aqueous systems are greater than the value for the
air/aqueous system. This follows from equation [85] and the data in Table 15 since

as In (CMC0y yOMCOp ) pM| |, ™My, 4,
The strength of the synergism in this respect (as measured by 1 -

(CMC1q2,1{,min/CMCOy {) given in Table 30) is smaller in the
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TABLE 29: Effect of the presence of the hydrocarbon on synergism in interfacial
tension reduction efficiency

Surfactant1-2,

system «’y 1-(C12,4,min/C% 0
C12BMG/C42S
heptane/Ho20 0.95 0.01
C12BMG/C15S
dodecana/Ho0 0.92 0.03
C12BMG/C12S
hexadecane/Ho0 0.88 0.07
C12BMG/C12S
isooctane/HpoO 0.98 0.01
C12BMG/C12S
heptamethyinonane/Hs0 0.97 0.01
~ C12BMG/C15S
cyclohexane/HoO 0.95 0.01
C12BMG/C12S
air/Hp03 0.85 0.12

C12S-CgP, hexadecane/

0.1M NaCl ag. soln. 0.70 0.14
C12S-CgP, air/
0.1M NaCl ag. soln.b 0.53 0.49

a Data from reference 131.
b pata from reference 132.
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TABLE 30: Effect of the presence of the hydrocarbon on synergism in mixed micelle

formation. Data is for C12BMG/C12S mixture

1-(CMC12,t,min/

System « "M petaine CMCO%etaine,t)
heptane/Ho,0 0.89 0.05
dodecane/Ho0 0.93 0.02
hexadecane/HoO 0.87 0.08
isooctane/HoO 0.89 0.04
heptamethylnonane/H,0 0.94 0.01
cyclohexane/Ho0 0.89 0.05
air/Ho08 0.80 0.18

a Data from reference 131.
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hydrocarbon/aqueous systems than for the air/faqueous system.
The effect of the presence of the hydrocarbon on synergism in interfacial

tension reduction effectiveness is shown in Table 31. The a'vE1 values for the
C12BMG/C12S (both water soluble surfactants) in hydrocarbon/water systems are

both above and below (0.048 in the heptamethylnonane/water system; 0.037 in
the cyclohexane/water system) the value of 0.047 for the air/water system. For

C16EGEO5S/C1gEGEO50OH (one water soluble surfactant and one oil soluble
surfactant) in hexadecane/0.1M NaCl aqueous solution system, the q‘,E1 value is
very small and much less than the value in the corresponding air/0.1M NaCl
aqueous solution system. CgEGEOgOH is very oil soluble which forces CMCO4 <<

CMC°2'1, and therefore «"»E4 to be very small for the L/L system because in

equation [114], when CMCO4 ; << CMCOy 4, «E4~ 0. The «™E; value for the
L/A system is much larger because no oil phase is present to dissolve the
C16EGEO50H molecules and, therefore, CMC0q tis not much less than CMCOy
(CMCOH /CMC°2,t = 7.0 in the L/A system (117), and 0.050 in the L/L
system).

The strength of the synergism in this respect (as measured by Ay in Table
31) for the C1oBMG/C12S in hydrocarbon/water systems is less than for the
corresponding air/water system. For the C{gEGEOg5S/C1gEGEO50H in

hexadecane/0.1M NaCl aqueous solution system, the synergism in this respect is
slightly stronger than for the corresponding air/0.iM NaCl aqueous solution system
due to a slightly larger (negative) slope for the pure anionic surfactant in the L/L
system compared with the L/A system, in accordance with equation [124].

4.2.7 Summary of the Effect of the Hydrophilic Head on Molecular
Interaction and Synergism

BCLL
For the systems investigated, the order of decreasing surfactant interaction

at the aqueous solution/hydrocarbon interface is:
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TABLE 31. Effect of the presence of the hydocarbon on synergism in interfacial

tension reduction effectiveness

Surfactanti-2 system "y Avy(exp)
C12BMG/C12S heptane/Ho0 0.042 0.7
C12BMG/C12S dodecane/HoO 0.044 1.0
C12BMG/C12S hexadecane/HoO 0.047 2.1
C12BMG/C12S isooctane/HoO 0.042 1.0
C12BMG/C12S heptamethylnonane/HoO 0.048 1.5
C12BMG/C12S cyclohexane/HoO 0.037 0.9
C12BMG/C12S air/H, 02 0.047 4.9
C1gHGEO5S5/C1gHGEOsOH hexadecane/0.1M NaCl

aq. soln. 9.8 x 103 1.5
C16EGEO5S/C16EGEO50H hexadecane/0.1M NaCl

ag. soln. 36 x 102 1.,
C16EGEO5S/C1gEGEO5OH air/0.1M NaCl

ag. soln.b 0.87 1.0

a Data from reference 131.
b Data from reference 117.
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anionic-betaine 2 anionic-nonionic(oil soluble) =~ nonionic(water

soluble)-nonionic(oil soluble) > anionic-nonionic(water soluble) > nonionic(water
soluble)-nonionic(water soluble)

where the pyrrolidone group is included as a nonionic group. Only those
aqueous/hydrocarbon systems consisting of a very oil soluble surfactant (K~ > 4 x
103) mixed with a water soluble surfactant have more surfactant interaction than

in the corresponding aqueous/air system. Based on the 8P| values in Table 13, it

can be concluded that the pyrrolidone head group is equal to ~ 2.5-3 EO groups.

ML
The order of decreasing interaction is similar to that given for 89 | above

and only those L/L systems in which a water soluble surfactant is mixed with an
oil soluble one show greater interaction than in the corresponding L/A case.

Synergism
Among the hydrocarbon/aqueous systems studied, the order of decreasing
strength of synergism for all three types investigated is:

anionic-betaine > anionic-nonionic > nonionic-nonionic.

In the systems which contain two water soluble surfactants, the strength of the
synergism in the L/A system is stronger than the synergism in the corresponding
L/L system for all three types of synergism. For the systems containing a very oil
soluble surfactant and a water soluble one, there are three cases where either
synergism in interfacial tension reduction effectiveness is stronger in the L/L
system than in the L/A system or synergism in this respect is present in the former

and not in the latter. These systems are: C1gEGEO5S/C1gEGEOgOH in
hexadecane/aqueous 0.1M NaCl, C12EOg/C12EO2 in heptane/water, and

C412EOg/C12P in hexadecane/water.
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APPENDIX A

Partition Coefficient Data
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TABLE A1: Data for calculating the partition coefficient of pure C1oBMG, and in its
mixtures with C12S, in heptane/water systems at 25.0°C (concentrations are for

C12BMG only)

Cw x10°%/M A Cw x 10°3/M €y, x 10°5/M

System (initial) (final)@ (final) (final)
C12BMG (pure)

run 1 - 0.273 0.0965 0.272 0.23

run 2 0.273 0.0965 0.275 0.23
C12BMG (axgmg=0.557)

run 1 1.3 0.465 1.3 0.8

run 2 1.3p 0.464 1.3p 1

a A = absorbance of the water phase.




133

TABLE A2: Data for calculating the partition coefficient of pure CgP, and in its

mixtures with C12S, at 25.0°C (concentrations are for CgP only)

Cw X Cp x Cw X Cpg x
10°3M  1009/M A 104/ 10°3/M
System (initial)  (initial) (final) (final) (final)
CgP (pure), hexadecane/
Ho0 3.0g 0 0.22,3 3.05 6.74
CgP (pure), hexadecane/
0.1M NaCl ag. soln. 3.0p 0 0.19¢P 23y 6.9
CgP (xcgp=0.72), hexa-
decane/ 0.1M NaCl aq. soin. 0 1.00 0.40¢ 1.84 2.97
CgP (c.cgp=0.62), hexa-
decane/ 0.1M NaCl aq. soln. 0 1.05 0.403 1.75 3.5

@ Absorbance listed is for one ml of the final water phase diluted to 10ml.
b Absorbance listed is for 4 mi of the final aqueous phase diluted to 14 ml.
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TABLE A3: Data for calculating the partition coefficient of pure C{gP, and in its

mixture with C42S, in hexadecane/0.1M NaCl aqueous solution systems at 25.0°C

(concentrations are for CqgP only)

CwXx Cpx Cw X Cpx

10-3/M 10°2/M A 105/ 10-2/M
System (initial)  (initial) (final) (final) (final)
C1oP (pure) 3.53 0 0.20o 8.64 2.94
C10P (axc10p=0.59) 0 2.6g 0.194 9.93 2.2g

TABLE A4: Absorbance vs concentration data for CgP in 0.1M NaCl aqueuos

solutions at 191 nm and at 25.0°C

C x 104/M A
2.73 0.45g
1.8g 0.384
1.43 0.324
0.97 0.26¢
0.645 0.194
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TABLE A5: Absorbance vs concentration data for C1gP in 0.1M NaCl aqueuos

solutions at 191 nm and at 25.0°C

C x 105/M

A
12.9 0.294
8.61 0.204
6.00 0.144

TABLE A6: Data for calculating the partition coefficient of pure C42S, and in its

mixtures with CgP and CqqP, in hexadecane/0.1M NaCl aqueous solution systems at

25.0°C (concentrations are for C12S only. Titrant is 1.02 x 10-3M Hyamine and

the ml's used represents the amount needed to titrate 50 ml of the aqueous phase;

titration error = = 0.045 mi)

Cw X Cw X Cgx
10°4/M 10°4/M 105/ M
System (initial) mi titrant (final) (final)
Cq2S 1.95 9.5g > 1.94 < 2.8g
C12S/CgP (ac125=0.41) 1.95 9.49 1.94 1.05
C12S/C1gP(cac128=0.35) 1.95 9.5¢ 1.94 0.90
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TABLE A7: Data for calculating the partition coefficient of pure C{gEGEOSS in

hexadecane/0.1M NaCl aqueous solution system at 25.0°C (titrant is 1.0o x 10"3M

Hyamine and the ml's used represents the amount needed to titrate 25 ml of the
aqueous phase; ftitration error = + 0.045 ml)

Cw/M Cw/M Cg/M

(initial) ml titrant (final) (final)

2.7 x 104 6.49 2.65x 1004 1.0 x 10°4
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Figure A1. CgP in 0.1M NaCl aqueous solution at 191nm and 25.0°C.
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Figure A2. C4gP in 0.1M NaCl aqueous solution at 191nm and 25.0°C
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APPENDIX B

Interfacial Tension - Concentration Data
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TABLE B1:  Interfacial tension vs water phase concentration for C{oEQg in

hexadecane/HoO system at 25.0°C

Cw x 109/M -log Cyy Y/mN m-1

27.7 3.55g 3.33
23.1 3.63¢5 3.45
6.92 4.16¢ 6.0g5
5.1g 4.285 7.82
3.44 4.463 10.4

2.34 4.63¢ 13.9

TABLE B2: Interfacial tension vs water phase concentration for C1oEQOg in

dodecane/HoO system at 25.0°C

Cw x 105/M -log Cyy Yy /mN m-1
27.7 3.55g 3.29
23.1 3.63g 3.0g

6.4g 4.18g 5.84
4.8¢ 4.315 7.78
3.24 4.489 10.6
2.1g 4.66¢ 13.0

1.62 4.79¢ 15.3
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TABLE B3: Interfacial tension vs water phase concentration for C1oEQOg in

heptane/Ho0 system at 25.0°C

Cw x 105/M -log Cyy y/mN m-1
27.7 3.55g 1.'76
23 3.63¢ 1.77

6.92 4.16¢ 3.4¢
5.19 4.285 5.63
3.44 4.463 7.93
2.34 4.63¢ 10.0
1.73 4.76o 12.4
1.15 4.93¢g 15.4
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TABLE B4: Interfacial tension vs water phase concentration for C12EOg in

cyclohexane/Ho0 system at 25.0°C

Cw x 10°/M -log Cw y/mN m-1
27.7 3.55g 1.2¢
23.1 3.63¢ 1.2

6.4¢ 4.19¢ 3.93
3.23 4.49 8.25
2.15 4.66g 10.g

1.62 4.79p 12.0
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TABLE BS5: Interfacial tension vs water phase concentration for C12EQg in

isooctane/HoO system at 25.0°C

Cw x 105M -log Cw Y /mN m-1
27.- 3.55g 2.1
23.4 3.63 ‘2.14

6.44 4.191 5.57
4.8 4.317 6.29
3.2, 4.495 9.49
214 4.67¢ 12.5
1.61 4.793 13,

1.0g 4.967 17.2
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TABLE B6: Interfacial tension vs water phase concentration for C{oEOQOg in

heptamethyinonane/HoO system at 25.0°C

Cw X 10°/M -log Cw y/mN m-1
27.7 3.55g 3.04
23.4 3.63¢ 3.01

6.47 4.18¢ " 6.99
4.85 4.314 8.69
3.24 4.489 11.4
2.1 4.66¢ 13.9
1.6 4.79¢ 15.5

1.0g 4.967 18.4
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TABLE B7: Interfacial tension vs total concentration for C{oEQy4 in

hexadecane/HoO system at 25.0°C

Ct x 104/M -log Cy ~y[/mN mT
11.4 2.955 0.35
9.2¢ 3.033 0.26
7.72 3.11 0.095
6.43 3.197 0.044
5.3 3.274 2.14
4.87 3.313 2.33
4.43 3.354 3.0g
2.66 3.575 7.52
1.0g 3.975 14.4

0.79g 4.09g 16.4




TABLE BS:

hexadecane/Ho0 system at 25.0°C
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Interfacial tension vs total concentration for C12EQg in

Ct x 104M -log Cy y/mN m-1
37.0 2.432 0.37
22.0 2.654 0.29
11.4 2.95g 2.8¢
7.44 3.13¢ 6.6¢
4.94 3.30¢ 9.8¢
3.2¢9 3.483 13.9
TABLE BS: Interfacial tension vs total concentration for Cy12EO»5 in

hexadecane/HoO system at 25.0°C

Ct x 103M -log Cy y/mN m-1
8.23 2.085 2.74
5.51 2.25¢ 3.59
2.67 2.573 6.43
1.7g 2.75¢ 9.37
1.33 2.87g 11.3
0.889 3.05¢ 14.4
0.667 3.174 16.7




147

TABLE B10: Interfacial tension vs total concentration for C12EO2 in heptane/Ho0

system at 25.0°C

Ct x 103/M -log Cy Y1/mN m-1
8.25 2.085 5.77
715 2.14¢ 6.13
5.4g 2.261 6.45
3.52 2.453 9.0¢g
2.35 2.629 11.4
1.57 2.804 13.
1.04 2.984 15.5

0.69¢ 3.157 18.2
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TABLE Bi1: Interfacial tension vs total concentration for C{gEQOg in

hexadecane/Ho0 system at 25.0°C

Ct x 105/M -log Cy Y /mN m-1
27.5 3.564 1.50
22.¢ 3.65g 1.4¢
15.0 3.81g 1.29
10.0 3.994 1.3g
7.61 4.11g 1.33
5.0g 4.29,4 1.5g
254 4.595 1.4g
1.1g 4.924 6.4¢
0.89 5.04g | 8.05
0.597 5.22,4 1.9
0.44g 5.349 12.7

0.299 5.5624 15.7
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TABLE B12: Interfacial tension vs total concentration for C{gEGEO5O0H in

hexadecane/0.1M NaCl aq. soln. system at 25.0°C

Cy x 104/M -log C; y/mN m-1
16.4 2.785 1.32
10.g 2.963 1.39

7.2g 3.13g 1.97
4.8g 3.314 3.8g
3.24 3.489 6.49

2.1 3.66¢ 8.95
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TABLE B13: Interfacial tension vs total concentration for C{gHGEOgOH in

hexadecane/0.1M NaCl ag. soln. system at 25.0°C

Ct x 104/M -log Cy Y /mN m-1
13.4 2.873 1.45
8.95 3.04g 1.3g
4.8¢ 3.319 4.2
3.29 | 3.495 7.0
2.13 3.67 9.7g
1.40 3.84g 12.4
0.95 4.02p 14.5

0.635 4.19g 16.8
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TABLE B14: Interfacial tension vs water phase concentration for CgP in

hexadecane/HoO system at 25.0°C

Cw x 103/M -log Cw y/mN m-1
3.4g 2.45g 10.4
2.44 2.613 13.g
1.8g 2.724 17.5
1.57 2.804 18.5
1.2¢ 2.90¢ 20.4
1.02 2.994 22.4

TABLE B15: Interfacial tension vs concentration data for CgP in hexadecane/0.1M

NaCl aqg. soln. system at 25.0°C

Cw x 103/M -log Cyy Cyx 103/M -log Cy y{/mN m-1
2.93 2.553 5.13 2.29¢ 7.42
2.3 2.635 4.0g 2.394 10.5
1.8g 2.72¢ 3.2g 2.485 12.5
1.6 2.79¢ 2.83 2.54g 13.9

1.24 2.90¢ 2.2 2.65¢ 15.3




152

TABLE B16: Interfacial tension vs concentration data for C{gP in

hexadecane/0.1M NaCl aq. soln. system at 25.0°C

Cwx10%M  dogCy  Cyx 103/M Jlog Cy Y /mN m-1
2.15 3.66g 2.05 2.68g 15.g
1.69 3.779 1.64 2.794 17.6
1.37 -~ 3.863 1.31 2.885 19.9
1.07 3.974 1.0o 2.995 20.7
0.483 4.31g 0.46¢ 3.337 25.9
TABLE B17: Interfacial tension vs total concentration for CyoP in

hexadecane/HoO system at 25.0°C

Ct x 103/M -log Cy y/mN m-1
19.5 1.719 1.6¢
13.9 1.88¢ 2.1g

9.7 2.015 2.8g
6.4g 2.18g 5.24
4.32 2.365 7.85
2.8g 2.544 1.4
1.95 2.717 14.0

1.2g 2.893 16.9
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TABLE B18: Interfacial tension vs concentration data for C{oBMG in heptane/Ho0O
system at 25.0°C

Cw x 104/M -log Cyy Cyx 104/M -log Cy y/mN m-1
7.35 3.134 717 3.144 1.7¢
7.2 3.13g 7.0g 3.14g 1.74
5.65 3.244 5.5, 3.254 1.7
5.1g 3.287 5.05 3.294 1.7g
3.5, 3.45, 3.45 3.465 3.0
3.4 3.457 3.4¢ 3.46g 2.8
2.1g 3.66 2.1 3.67 6.8
1.74 3.75¢ 1.7 3.775 7.97
1.3¢ 3.88¢ 1.27 3.897 10.4
1.1 3.93¢ 113 3.94¢ 10.
0.78 4.10g 0.76 4.11g 14.5

0.74 4.134 0.725 4.144 13.¢
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TABLE B19: Interfacial tension vs water phase concentration for C{oBMG in

heptane/HoO system at 35.0°C

Cw x 104/M -log Cwy y/mN m-1
7.35 3.134 1.67
7.27 3.13g 1.67
5.65 3.245 1.6g
5.1g 3.28 1.7
3.54 3.454 2.81
3.49 3.457 2.6
2.1g 3.66¢ 6.60
1.74 3.754 7.61
1.30 3.884 10.0
1.1g 3.934 10.4
0.78 4.10g 13.g
0.74 4.134 13.0
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TABLE B20: Interfacial tension vs water phase concentration for C12BMG in

heptane/HoO system at 45.0°C

Cw x 104/M -log Cwy y/mN m-1
7.35 : 3.134 1.51
7.27 3.13g 1.5
5.65 3.24g 1.55
5.1g 3.287 1.5¢
3.54 3.454 2.8¢
3.4 3.457 3.0p
2.1g 3.66¢ 6.72
1.74 3.759 8.07
1.30 3.88 10.3
1.1g 3.935 1.
0.78 4.10g 13.8

0.74 4.134 13.4
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TABLE B21: Interfacial tension vs concentration data for C{2BMG in

dodecane/HoO system at 25.0°C

Cw x10%M  -ogCy  Cyx 104M -log Cy Y/mN m-1
7.73 3.1 7.54 3.123 2.65
7.2 3.145 7.03 3.153 2.74
6.1 3.214 5.9 3.225 2.81
5.8 3.237 5.6 3.247 2.7g
4.17 3.389 4.07 3.394 3.8¢
3.79 3.42, 3.70 3.435 4.24
2.27 3.644 2.24 3.655 8.04
2.1g 3.662 2.13 3.675 8.44
1.39 3.857 1.3 3.86g 12,4
1.39 3.857 1.3 3.86g 1.5
1.04 3.995 0.985 4.00¢ 13.4

0.87 4.06¢ 0.85 4.074 14.5
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TABLE B22: Interfacial tension vs water phase concentration for C12BMG in

dodecane/HoO system at 35.0°C

Cw x 104M -log Cyy y1/mN m-1
7.73 3.115 2.5¢
7.2 3.14 2.54
6.1 3.214 2.65
5.8 3.237 2.64
4.1 3.389 3.47
3.7¢ 3.424 3.9g
2.2 3.644 7.65
2.1g 3.665 8.17
139 3.857 1.7
1.3g 3.857 11,
1.04 3.99¢ 13.

0.87 4.06¢ 14.4

e e s . i A
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TABLE B23: Interfacial tension vs water phase concentration for C{2BMG in

dodecane/HoO system at 45.0°C

Cw x 104M -log Cyy y/mN m-1
7.73 3.1, 2.34
7.24 3.145 2.39
6.1 3.214 2.4
5.8¢ 3.237 2.54
4.17 3.38p 4.0
3.7¢ 3.424 4.42
2.27 3.644 8.1o
2.1g 3.66 8.6
1.3¢ 3.857 12,9
1.3¢ 3.857 1.5
1.04 3.994 13.6
0.87 4.06 14.4
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TABLE B24: Interfacial tension vs concentration data for CqoBMG in

hexadecane/HoO system at 25.0°C

Cwx104%M  -ogCyw  Cyx 104M -log Cy Y/mN m-1
7.27 3.13g 7.09 3.149 3.51
7.24 3.14 7.03 3.153 3.4¢
6.2 3.20¢4 6.07 3.217 3.39
6.1g 3.209 6.03 3.229 3.51
4.1g 3.379 4.0g 3.39¢ 5.02
4.17 3.38¢ 4.07 3.394 5.23
2.59 3.587 2.53 3.597 8.74
2.1g 3.662 2.13 3.672 9.64
1.6 3.79 1.5g 3.807 12.3
1.39 3.857 1.3¢ 3.86g 13,9
1.04 3.983 1.04 3.994 15.

0.87 4.06¢ 0.85 4.074 15.9
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TABLE B25: Interfacial tension vs water phase concentration for C42BMG in

hexadecane/HoO system at 35.0°C

Cw x 104/M -log Cyy y/mN m-1
7.27 3.13g 3.24
7.24 3.145 | 3.1g
6.2o 3.20¢ 3.2q
6.1g 3.209 3.25
4.1g 3.37g 4.7¢
4.17 3.38¢ 4.7g
2.59 3.587 8.47
2.1g 3.66 9.37
1.6¢ 3.79¢ 11.g
1.3g 3.857 12.6
1.04 3.983 14.6
0.87 4.06q 15.¢
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TABLE B26: Interfacial tension vs water phase concentration for C12BMG in

hexadecane/HoO system at 45.0°C

Cw x 104/M -log Cyy y/mN m-1
7.2 3.13g 3.0g
7.24 3.14 3.03
6.25 3.20¢ 3.09
6.1g 3.20g 3.1g
4.1g 3.37g 4.94
4.17 3.38 5.14
2.54 3.587 8.75
2.1g 3.665 9.60
1.6¢ 3.79¢ 12,5
1.04 3.983 15.9

0.87 4.06¢ 15.g




TABLE B27:

isooctane/HoO system at 25.0°C

Iinterfacial tension vs
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concentration data for Cq2BMG in

Cw x 104/M -log Cwy Ctx 104M -log Cy y1/mN m-1
7.24 3.140 7.03 3.153 1.97
6.17 3.21p 6.0o 3.22p 1.93
4.17 3.38p 4.07 3.391 2.1o
2.1g 3.662 2.13 3.672 6.7¢
1.3g 3.857 1.36 3.86g 10.4
0.85 4.074 0.83 4.084 12.g
TABLE B28: Interfacial tension vs water phase concentration for C12BMG in

isooctane/HoO system at 35.0°C

cw x 104/M -log Cyy y/mN m-1
7.24 3.145 1.83
6.17 3.21 1.84
4.17 3.38¢ 1.93
2.1g 3.662 6.2
1.39 3.857 9.7g
0.85 4.074 12,6
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isooctane/HoO system at 45.0°C
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Interfacial tension vs water phase concentration for C{oBMG in

Cw x 104/M -log Cyy y/mN m-1
7.24 3.145 1.64
6.17 3.21g 1.64
4.17 3.38 2.04
2.1g 3.662 6.57
1.3g 3.857 10.
0.85 4.07 12,5




TABLE B30:

heptamethylnonane/HoO system at 25.0°C
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Interfacial tension vs concentration data for C42BMG in

Cw x 104/M -log Cyy Cyx 104M -log Cy Y1/mN m-1
7.2 3.13g 7.0g 3.14g 2.61
7.24 3.145 7.05 3.154 2.65
6.34 3.19g 6.1g 3.20g 2.65
5.77 3.239 5.63 3.254 2.7
5.1g 3.284 5.05 3.294 2.8
4.1g 3.37 4.0g 3.399 4.04
4.17 3.38; 4.07 3.39, 3.37
2.5¢ 3.587 2.55 3.597 7.64
2.1g 3.665 2.15 3.675 8.0g
1.6 3.79g 1.56 3.80- 11.5
1.3g 3.857 1.3 3.865 1.5
0.85 4.074 0.83 4.08 14.4
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TABLE B31: Inferfacial tension vs water phase concentration for C12BMG in

heptamethylnonane/HoO system at 35.0°C

Cw x 104M -log Cyy y/mN m-1
7.27 3.13g 2.57
7.24 3.145 2.55
6.34 3.19g 2.63
5.77 3.23¢ 2.55
5.1g 3.28¢ 2.7
4.1g 3.37g 3.67
4.17 3.38q 3.1p
2.59 3.587 7.44
2.1g 3.665 7.63
1.6¢ 3.79 119
1.39 3.857 10.g

0.85 4.074 14.¢




166

TABLE B32: Interfacial tension vs water phase concentration for C{oBMG in

heptamethylnonane/HoO system at 45.0°C

Cw x 104/M -log Cwy yi/mN m-1
7.27 | 3.13g 2.4
7.24 3.4 2.34
6.34 3.19g 2.48
5.77 3.234 2.37
5.1g 3.284 2.5q
4.1g 3.37g 3.94
4.17 3.38 3.63
2.5¢ 3.587 7.60
2.1g 3.66 8.17
1.6¢ 3.79g 1.5
1.3g 3.857 1.4

0.85 4.074 14.4




TABLE B33:

Interfacial tension vs

cyclohexane/HoO system at 25.0°C
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concentration data for C{2BMG in

Cw x 104/M -log Cwy Ct x 104/M -log Cy Y/mN m-1
5.77 3.23¢g 5.63 3.25¢ 0.89
5.1g 3.28¢ 5.05 3.29¢ 0.82
4.1g 3.379 4.09 3.399 0.83
4.17 3.389 4.07 3.391 0.98
2.5¢g 3.587 2.53 3.597 3.0g
2.1g 3.669 2.13 3.672 3.93
1.6¢ 3.79¢ 1.5¢ 3.807 6.57
1.3g 3.857 1.3¢ 3.86g 7.24
1.04 3.983 1.04 3.994 9.55
0.85 4.074 0.83 4.084 10.2
0.564 4.254 0.547 4.262 13.5
0.51g 4.287 0.503 4.29g 13.4
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TABLE B34: Interfacial tension vs water phase concentration for C1oBMG in

cyclohexane/HoO system at 35.0°C

Cy x 104/M -log Cwy y/mN m-1
5.77 3.234 0.77
5.1g 3.284 0.73
4.1g 3.379 0.75
4.17 3.38 0.80
2.5¢ 3.587 2.60
2.1g 3.662 3.69
1.6¢ 3.79 6.10
1.39 3.857 6.75
1.04 | 3.983 9.0
0.85 4.074 9.73
0.56 4.25 13.5

0.514 4.287 13.1
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TABLE B35: Interfacial tension vs water phase concentration for C41o,BMG in

cyclohexane/HoO system at 45.0°C

Cw x 104/M -log Cwy y1/mN m-1
5.77 3.239 0.66
5.1g ! 3.28¢ 0.64
4.1g 3.37g 0.61
4.17 3.38¢ : 0.59
2.5g ) 3.587 2.79
2.1g 3.662 3.85
1.6q 3.79g 6.25
1.3g 3.857 6.91
1.04 3.983 8.99
0.85 4.074 9.8¢
0.564 4.254 13.4

0.51¢ 4.287 13.0
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TABLE B36: Interfacial tension vs concentration data for C12BMG in toluene/Ho0

system at 25.0°C

Cw x105M  -log Cy Cyx 105M -log Cy y/mN m-1
67.9 3.16g | 66.o 3.17¢ 0.30
51.g 3.28¢ 50.5 3.29g 0.28
33.0 3.47g 32.4 3.49q 0.23
25.9 3.587 25.4 3.597 0.38
16.5 3.78p 16.0 3.791 116
16.9 3.79 15.6 3.807 2.3g

8.3¢ 4.084 8.1g 4.095 5.5
7.77 4.11¢ 7.5g 4.12, 6.85
3.87 4.41 3.7g 4.423 9.99
3.74 4.43, 3.6 4.44, 11.9
2.3g 4.629 2.2g 4.64¢ 12,4
1.73 4.765 1.6g 4.773 15.4
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TABLE B37: Interfacial tension vs water phase concentration for C1oBMG in

toluene/HoO system at 35.0°C

Cw x 105/M -log Cyy Y /mN m-1
67.9 3.165 0.34
51.3 © 3.284 0.31
33.5 3.474 0.25
25.4 3.587 0.42
16.¢ 3.78 1.3g
16.9 3.79¢ 2.57

8.3 4.081 5.3
7.77 4.11¢g 6.85
3.87 4.415 9.9
3.74 4.434 11.9
2.35 4.629 12

1.73 4.762 14.g
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TABLE B38: Interfacial tension vs water phase concentration for C41oBMG in

toluene/HoO system at 45.0°C

Cw x 105/M -log Cyy y/mN m-1
67.9 3.163 0.39
51.g 3.28¢ 0.42
33.5 3.474 0.31
25.9 3.587 0.48
16.6 3.78¢ 1.5g
16.9 3.79¢ 3.14

8.3g 4.084 5.79
7.77 4.11g 7.0g
3.87 4.415 10.g
3.74 4.434 11.0
2.35 4.62g 12.3
1.73 4.765 14.g
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TABLE B39: Interfacial tension vs concentration data for Cj2S in heptane/HoO

system at 25.0°C.

Cw x 103/M -log Cyy Cy x 103/M -log Cy Y/mN m-1
13. 1.864 13.3 1.877 7.7g
12.¢ 1.90¢ 12.3 1.91¢ 7.85

9.8¢ 2.00g 9.5¢ 2.01g 7.8¢
6.65 2.177 6.49 2.18g 12.8
5.25 2.28 5.15 2.29, 15.8
4.1g 2.37q 4.0g 2.39; 18.4

TABLE B40: Interfacial tension vs concentration data for CjoS in dodecane/Hy0O

system at 25.0°C.

Cw x 103/M -log Cyy Ct x 103/M -log Cy Y{/mN m-1
13.5 1.86¢ 13.3 1.877 9.3
12.6 1.90q 12.3 1.91q 9.27

9.8¢ 2.00g 9.5¢ 2.01g 9.35
6.95 2.15g 6.78 2.16g 13.4
5.79 2.237 5.65 2.24g 15.0
4.64 2.333 4.53 2.344 17.6

3.65 2.43g 3.5¢ 2.44g 21.4
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TABLE B41: Interfacial tension vs concentration data for Cj»S in hexadecane/Ho0

system at 25.0°C.

Cw x 103/M -log Cw Cy x 103/M -log C; y/mN m-1
15.g 1.804 15.4 1.815 9.84
12.5 1.90¢ 12.3 1.91¢ 9.7

9.8 2.00g 9.5¢ 2.01g 10.g
6.65 2.177 6.49 2.18g 14.g
5.25 2.28 5.1o 2.294 19.4
4.1g 2.37¢ 4.0g 2.39q 22.5

TABLE B42: Interfacial tension vs concentration data for Cj»S in isooctane/Ho0

system at 25.0°C.

Cw x 103/M -log Cyy Ct x 103/M -log Cy yp/mN m-1
13.4 1.86¢ 13.3 1.877 8.2
12.6 1.90¢ 12.5 1.91q 8.31

9.8¢ 2.00g 9.5¢ 2.01g 8.33
6.65 2.17 6.4g 2.18g 13.4
5.25 2.28 5.19 2,294 16.5
4.1g 2.37¢ 4.09 2.39¢ 19.3
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TABLE B43: Interfacial tension vs concentration data for C;»S in

heptamethylnonane/Ho0 system at 25.0°C.

Cw x 103/M -log Cyy Ct x 103/M -log Cy Y(/mN m-1
13.¢ 1.86¢ 13.3 1.877 9.5g
12.¢ 1.909 12.3 ! 1.91¢ 9.5g
9.8¢ 2.00g 9.5¢ 2.01g 9.69
6.65 2.177 6.4g 2.18g 14.9
5.25 2.28¢ 5.10 2.294 17.5
4.1g 2.37¢ 4.0g 2.39¢ 21.g
TABLE B44: Interfacial tension vs concentration data for Cj»S in

cyclohexane/HoO system at 25.0°C.

Cw x 103/M -log Cywy Cy x 103/M -log Cy Y{/mN m-1
13.¢ 1.86¢ 13.3 1.877 6.33
12.¢ 1.90¢ 12.3 1.91¢ . 6.43

9.8¢ 2.00g 9.56 2.01g 6.5g
6.65 2.177 6.4g 2.18g 10.4
5.2 2.28¢ 510 2.294 13.9

3.75 2.42¢ 3.6¢ 2.437 18.4
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Interfacial tension vs concentration data for Cj2S in toluene/Ho20O

system at 25.0°C.

Cw x 103/M Jog Cyy Cyx 103/M -log Cy y{/mN m-1
7.1 2.14g 6.94 2.159 5.2g
7.00 2.155 6.83 2.16¢ 5.17
5.23 2.28 5.1¢ 2.295 6.23
3.2o 2.49, 3.14 2.503 1.0
1.7g 2.747 1.75 2.75g 18.7
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TABLE B46: Interfacial tension vs concentration data for Cj2S in

hexadecane/0.1M NaCl aqg. soln. system at 25.0°C.

Cw x 103/M -log Cyy Ctx 103/M -log Cy y/mN m-1
2.8 2.555 2.75 2.56, 6.33
2.64 2.575 2.60 2.58¢ 6.44
2.35 2.633 2.27 2.645 6.29
1.84 2.73, 1.84 2.744 7.35
1.4¢ 2.854 1.3 2.865 10.9
117 2.93, 1.14 2.945 13.5
1.1 2.955 1.0g 2.965 1.5
0.93 3.03, 0.91 3.045 15.7
0.82 3.084 0.80 3.09; 16.4

0.69¢ 3.15¢ 0.68o 3.16¢4 18.0
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TABLE B47. Interfacial tension vs concentration data for C{gEGEOs5S in
hexadecane/0.1M NaCl aq. soln. system at 25.0°C.

Cw x 109/M -log Cywy Ct x 105/M -log Cy Y/mN m-1
6.75 4.174 6.5¢ 4.184 1.8
4.44 4.34g 4.3g 4.35g 2.1
2.8 4.555 2.74 4.56 3.7¢
1.8 4.745 1.7¢ 4.755 8.4¢
1.1 4.95¢ 1.0g 4.965 12,
0.675 5.171 0.65¢ 5.184 16.4

TABLE B48: Interfacial tension vs concentration data for C{gHGEO5S in
hexadecane/0.1M NaCl aq. soin. system at 25.0°C.

Cw x 106/M -log Cyy Ct x 106/M -log Cy y{/mN m-1
27.9 4.56g 26.3 4.579 2.3
18.9 4.744 17.6 4.755 2.5¢
9.0 5.044 8.7g 5.05¢ 4.0
6.7¢ 5.179 6.6¢ 5.184 6.13

5.04 5.29g 4.9 5.30g 8.7¢
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TABLE B49: Interfacial tension vs total concentration for C12EOQ7 in heptane/Ho0

system
Ct x 109/M -log Cy y/mN m-1
44.¢ 3.351 1.82
23.3 3.633 1.82
6.9g 4.15¢ 5.99
3.94 4.405 8.3¢p
0.787 5.104 16.7
0.252 5.59g 23.4

TABLE BSO0: Interfacial tension vs total concentration for C{2EO7-C12S mixture

at aG12E07 = 3.75 x 10°3 in heptane/Ho0 system

Cq2,t X 103/M -log C12 t y/mN m-1
20.p 1.695 7.4
14.g 1.83¢ 7.05
12.4 1.917 6.85

4.69 2.32g 7.27
2.34 2.634 12.9
0.553 3.257 18.g
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TABLE BS51: Interfacial tension vs total concentration for C12EO7-C12S mixture

at ag12gQ7 = 0.24g in heptane/H20 system

Cq2,¢ x 104/M -log C12,1 y/mN m-1
26.¢ 2.57g 4.65
13.8 2.86¢ 4.5¢

5.53 3.257 4.0
2.69 3.585 6.57
1.54 3.812 9.5¢
0.574 4.243 14.g

TABLE B52: Interfacial tension vs total concentration for C1oBMG-C12S mixture

at ac12BMG = 0.0277 in heptane/HoO system

Cy2,4 x 103/M -log C12 1 y/mN m-1
5.24 2.283 2.7g
3.25 2.48g 2.14
2.69 2.584 1.62
1.7 2.75¢ 3.8¢
1.35 2.88 | 5.04
0.757 3.124 11.4

0.51g 3.28¢ 14.7
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TABLE BS53: Interfacial tension vs total concentration for C12BMG-C12S mixture

at ac12BMG = 0.0513 in heptane/HoO system

Cqa, x 103/M -log C12,4 y/mN m-1
3.83 2.41¢ 2.79
2.89 2.54( 2.51
2.0o 2.695 1.65
1.44 2.844 2.3
1.0 2.994 5.87
0.735 3.135 8.79
0.54¢ 3.263 12.4
0.377 3.423 _ 15.9

TABLE B54: Interfacial tension vs total concentration for C1oBMG-C12S mixture

at ac12B8MG = 0.94 in heptane/HoO system

Cqo,t x 104/M -log C12,t y/mN m-1
7.4 3.13 2.35
4.95 3.30g 2.54
2.64 3.575 3.8¢
1.64 3.785 7.7¢
1.0g 3.96 10.4

0.762 4.129 13.g
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TABLE BS55: Interfacial tension vs total concentration for C{2BMG-C12S mixture

at ac12BMG = 0.0277 in dodecane/HoO system

C12,t X 103/M -log C12,t Y1/mN m-1
5.24 2.285 3.4¢
3.8¢ 2.42 2.7g
2.6¢ 2.584 2.35
1.7g 2.75¢ 5.57
1.3o 2.88¢ 8.14

0.757 3.124 13.4
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TABLE BS6: Interfacial tension vs total concentration for C{2BMG-C{2S mixture

at ac12BMG = 0.051g in dodecane/HoO system

Cio,t X 103/M -log C12t y/mN m-1
3.83 2.41¢ 3.63
2.89 2.54( 2.8g
2.0p 2.695 2.64
1.33 2.87¢ 5.63
1.0 2.994 8.35
0.735 3.135 1.4
0.54¢ 3.263 14.4

0.377 3.423 17.9
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TABLE BS57: Interfacial tension vs total concentration for C1oBMG-C42S mixture

at ag12BMG = 0.94 in dodecane/Ho0 system

Cy2,t x 109M -log C12,¢ y/mN m-1
7.4¢ 3.13¢ 3.4p
4.95 3.305 3.5¢
3.25 3.48g 4.63
2.35 3.63¢ 7.27
1.4g 3.829 10.9
0.94 4.02g . 14,4

TABLE BS58: Interfacial tension vs total concentration for C1oBMG-C15S mixture

at aci12BMG = 0.0277 in hexadecane/HoO system

Cy2,4 x 103/M “log C12,4 Y /mN m-1
5.2 2.284 3.4
3.80 2.42¢ 3.09
2.60 2.584 2.50
1.7g 2.754 5.45
1.3 2.88 8.63

0.757 3.124 15.4
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TABLE B59: Interfacial tension vs total concentration for C1oBMG-C{2S mixture

at aci12BMG = 0.051g in hexadecane/HoO system

Cq2,t x 103/M -log C12,1 y1/mN m-1
3.83 2.414 3.54
2.84 2.54, 2.45
2.0, 2.695 2.45
1.44 2.844 5.25
1.05 2.99 8.25
0.735 3.135 12.4
0.54¢ 3.265 15.5

0.377 3.423 19.9
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TABLE B60: Interfacial tension vs total concentration for C1oBMG-C42S mixture

at ag12BMG = 0.94 in hexadecane/HoO system

Cyg,4 x 104/M -log C12,1 y/mN m-1
8.75 3.05g 3.25
6.1g 3.209 3.4
3.81 3.41g 4.4o
2.94 3.532 6.51
1.8¢ 3.74 10.5
1.0g 3.965 14.

TABLE B61: Interfacial tension vs total concentration for C1oBMG-C12S mixture

at xg12BMG = 0.0277 in isooctane/HoO system

C12,t x 103/M -log C12,¢ | Y /mN m-1
5.24 2.283 3.1g
3.59 2.445 2.25
2.60 2.584 1.6
1.7 2.75¢ 3.8¢
1.3, 2.88¢ | 5.99
0.757 3.12; 12.4

0.51g 3.28¢ 14.7
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TABLE B62: Interfacial tension vs total concentration for C1oBMG-C12S mixture

at ag12BMG = 0.051¢ in isooctane/HpoO system

Cq2,t x 103/M -log C12.1 y/mN m-1
3.85 2.41¢ 3.15
2.84 2.54 2.3
2.00 2.695 2.05
1.33 2.87¢ 3.0g
1.0 2.994 6.05
0.735 3.135 9.55
0.54¢ 3.263 12.8
0.377 3.423 15.6

TABLE B63: Interfacial tension vs total concentration for C{oBMG-C15S mixture

at ac1oBMG = 0.94 in isooctane/HoO system

Ciz2t x 104M -log C12.t Y 1/mN m-1
7.4p 3.13p 2.59
4.95 3.305 2.72
2.6¢g 3.575 4.4o
1.64 3.785 8.2o

1.09 3.969 11.0
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TABLE B64: Interfacial tension vs total concentration for C12BMG-C49S mixture

at aC12BMG = 0.0277 in heptamethylnonane/HoO system

Cqo,t x 103/M -log C12,{ y/mN m-1
5.2 2.284 3.57
3.8¢ 2.42¢ 2.5g
2.60 2.584 2.5g
1.76 2.75¢ 5.1
1.35 2.88 7.4

0.757 3.124 14.5
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TABLE B65: interfacial tension vs total concentration for C1oBMG-C12S mixture

at ac12BMG = 0.051¢ in heptamethyinonane/HoO system

Cq2,¢ x 103/M -log C12t y/mN m-1
3.83 2.41¢ 3.69
2.89 2.54¢ 2.54
2.02 2.69g 2.6g
1.33 2.87g 5.47
1.02 2.994 7.93
0.732 3.135 11.4
0.54¢ 3.263 14.9

0.377 3.423 17.8
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TABLE B66: Interfacial tension vs total concentration for C1oBMG-C42S mixture

at ac12BMaG = 0.94 in heptamethylnonane/HoO system

Cya,t x 104M -log C12,1 y/mN m-1
7.40 3.13g 3.29
4.95 3.305 3.49
3.39 3.47g 4.25
2.74 3.565 5.8¢
1.63 3.77s5 9.6¢
0.98 4.014 13.4

TABLE B67: Interfacial tension vs total concentration for C128MG-C128 mixture

at ac12B8MG = 0.0277 in cyclohexane/Ho0O system

Cy2, X 105M -log C12. ¢ Y /mN m-1
3.47 2.454 1.3
2.3¢ 2.62 1.04
1.54 2.82 1.95
1.34 2.884 3.17
0.797 3.09g 8.02

0.444 3.35g 14.5
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TABLE B68: Interfacial tension vs total concentration for C12BMG-C12S mixture

at ac12BMG = 0.051¢ in cyclohexane/HoO system

Cy2,4 x 103/M -log C12.1 Y/mN m-1
3.83 2.41g 2.00
2.85 2.541 1.74
2.00 2.695 0.80
1.44 2.844 0.90
1.02 2.991 3.7,
0.735 3.135 6.99
0.544 3.263 10.9

0.377 3.423 13.0
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TABLE B69: Interfacial tension vs total concentration for C1oBMG-C12S mixture

at xc12BMG = 0.94 in cyclohexane/HpO system

Cqa,¢x 1049M -log C12,t y/mN m-1
5.76 3.24¢ 1.54
4.00 3.39% 1.37
2.15 3.667 3.4
1.35 3.877 6.9g
0.90 4.04 9.57
0.50g 4.294 13.4

TABLE B70: Interfacial tension vs total concentration for C12BMG-C12S mixture

at ag12BMG = 0.0277 in toluene/HoO system

Cq2,t x 103M -log C12,4 Y /mN m-1 |
3.4 2.45 1.03
2.45 2.614 0.82g
1.74 2.76¢ 1.4¢
0.797 3.09g 6.13
0.43g 3.35g 10.8

0.239 3.622 14.g
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TABLE B71: Interfacial tension vs total concentration for C41oBMG-C42S mixture

at xg12BMG = 0.051¢ in toluene/HoO system

Cio,1 x 103/M -log C12 1 y/mN m-1
3.83 2.41g 1.4
2.8g 2.544 1.25
2.0 2.695 0.92
1.44 | 2.844 1.4
1.0o 2.994 3.27
0.732 3.135 5.2o
0.54¢ 3.263 6.94

0.377 3.423 9.9g
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TABLE B72: Interfacial tension vs total concentration for C12BMG-C12S mixture

at xc128MG = 0.94 in toluene/HoO system

Cq2,t x 104/M -log C12.1 Y /mN m-1
3.25 3.48g 0.44
2.35 3.63¢ 0.23¢
1.24 3.917 3.8
0.619 4.20g 7.4
0.37 4.43 10.5
0.19g 4.71¢ 14.0

TABLE B73: Interfacial tension vs total concentration for C12S-CgP mixture at

agcq2es = 0.275 in hexadecane/0.1M NaCl aqueous solution system

Cy2,t x 103/M -log C12. ¢ y/mN m-1
3.1p 2.50g 3.85
2.44 2.617 5.6
1.75 2.764 8.99
1.24 2.90p 12.4

0.894 3.04g 15.9
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TABLE B74: Interfacial tension vs total concentration for C42S-CgP mixture at

ag12s = 0.77¢ in hexadecane/0.1M NaCl aqueous solution system

Cy2,1 x 103/M -log C12 ¢ y/mN m-1
2.75 2.56¢ 3.8
2.29 2.63g 4.39
1.7g 2.75¢ 6.53
1.2 2.899 10.9
0.91g 3.037 13.4
0.68g 3.162 16.4

TABLE B75: Interfacial tension vs total concentration for C12S-C1gP mixture at

o128 = 0.41g in hexadecane/0.1M NaCl aqueous solution system

Cio,t X 104M -log C12 y/mN m-1
7.03 3.154 15.4
5.57 3.254 16.2
4.49 3.357 19.3

3.5 3.454 20.9
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TABLE B76: Interfacial tension vs total concentration for C12S-C1gP mixture at

@128 = 0.74g in hexadecane/0.1M NaCl aqueous solution system

Cy2,¢ x 104M -log C12 4 y/mN m-1
1.9 2.95, 10.o
9.15 3.03g 12.5
7.3 3.14g 14.¢
5.49 3.261 16.9
437 3.36 18.9
3.4¢ 3.46 21.1
2.74 3.565 23.4

2.03 3.692 25.5
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TABLE B77: Interfacial tension vs total concentration for C{gHGEOQgS-

C1gHGEO50H mixture at ac1gHGEOS5S = 0.013g in hexadecane/0.1M NaCl aqueous

solution system

Cya,q x 104/M -log C12,1 Y /mN m-1
7.10 3.147 0.40
4.75 3.324 0.27
3.1g 3.50¢ 1.3¢
2.14 3.67¢ 3.84
1.40 3.84¢ 7.38

TABLE B78: |Interfacial tension vs total concentration for C{gEGEO5S-

C16EGEOsOH mixture at ac1gHGEOSS = 0.012g in hexadecane/0.1M NaCl aqueous

solution system

Cy2,1 x 104/M ‘log C12.1 y/mN m1
6.31 3.20 0.25
5.4 3.26 0.13
4.2 3.377 1.25
2.8 3.553 3.7g
1.8¢ 3.724 6.71
1.2¢ 3.90 9.9,

0.84¢ 4.07¢ 13.0
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TABLE B79: Interfacial tension vs total concentration for C12EOQOg in
hexadecane/Ho0 system

Ct x 104/M -log Cy y1/mN m-1

2.40 3.61¢g 3.6g

1.65 3.782 3.6

1.24 3.907 3.6¢

1.0 3.99g 3.87

0.55¢ 4.25g9 8.8

0.31g 4.50( 1.4

0.17 4.765 15.4

0.103

4.98¢

17.8
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TABLE B80: Interfacial tension vs total concentration for C12EOg-C12EQOy4

mixture at cxc12g08 = 0.255 in hexadecane/HoO system

Cyo,4 x 104/M -log C12,1 Y /mN m-1
7.29 3.13g 0.92
6.07 3.217 1.1g
4.7¢ 3.323 1.5
4.3¢ 3.361 1.94
3.9g 3.409 2.1
2.3g | 3.624 4.1
1.59 3.80¢ 6.93
1.1g 3.925 7.99
0.815 4.09 10.g

0.39¢ 4.40 14.5
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TABLE BS81: Interfacial tension .vs total concentration for C1oEOg-C12EOQO3

mixture at 1208 = 0.0799g in hexadecane/HoO system

Cy2,¢ x 103/M dog C12,¢ Y /mN m-1
1.34 2.879 0.19
1.04 2.997 0.48
0.805 3.094 0.84
0.671 3.173 1.60
0.40p 3.395 5.2g
0.26g 3.574 8.74
0.17g 3.747 11.4

0.11g 3.924 14.6
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TABLE B82: Interfacial tension vs total concentration for C1oEOg-C12EO>

mixture at ac12E08 = 8.92 x 1073 in hexadecane/HoO system

Cqa,t x 103/M -log C12.t y/mN m-1
4.17 2.38¢ 0.32
2.7g 2.556 1.97
2.0g 2.681 3.45

1.54 2.814 4.45
1.2g 2.892 7.14
1.04 2.982 8.1g
0.77¢ 3.113 11.5

0.5143 3.29¢ 15.¢
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TABLE B83: Interfacial tension vs total concentration for C12EOg-C12EO>

mixture at ac12g08 = 0.387 in hexadecane/HoO system

Cyo,t x 104M -log C12 ¢ y/mN m-1
10.g 2.965 1.61
5.44 3.264 2.8¢
2.75 3.565 3.7
1.84 3.745 4.64
1.1 3.959 8.90
0.725 4.13g 11.5

0.484 4.315 14.9
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TABLE B84: Interfacial tension vs total concentration for C12EOg in

heptane/Ho0 system

Ct x 104/M -log Cy y/mN m-1
2.45 3.615 2.07
1.8 3.74¢ 1.90
1.24 3.914 2.0,
0.80g 4.095 2.03
0.27¢ 4.554 7.07
0.16¢ 4.784 10.9
0.11¢ 4.957 12.0
0.0735 5.133 15.3

TABLE B85: Interfacial tension vs total concentration for C1oEOg-C12EO»

mixture at cC12EQg = 0.046g in heptane/HoO system

Cy2,t x 103/M -log C12 1 Y/mN m-1
2.1 2.66¢ 0.10
1.67 2.79 0.33
1.0g 2.967 1.0
0.71g 3.145 3.8
0.48 3.31q 6.2

0.32¢ 3.495 8.9
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TABLE B86: Interfacial tension vs total concentration for C41gEOg-C12EQO>

mixture at ac16E08 = 6.5g x 10°3 in hexadecane/Ho0O system

Cy2,t x 103M -log C12,t y/mN m-1
2.70 2.565 0.54
1.84 2.744 2.74
1.24 2.91g 4.45
0.89¢ 3.051 6.67
0.68¢ 3.167 9.0q
0.555 3.25¢ 10.9
0.455 3.344 10.g
0.30o 3.52¢ 14.5
0.20o 3.69¢ 18.g
0.134 3.872 22.4
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TABLE B87: Interfacial tension vs total concentration for C120H in

hexadecane/HoO system

Ct x 102/M -log Cy Y/mN m1
2.75 1.565 14.3
1.8 1.744 15.g
1.2 1.917 17.4
0.807 2.093 18.¢
0.53g 2.264 20.1

TABLE B88: Interfacial tension vs total concentration for C{2EOg-C120H

mixture at xG12£08 = 2-02 x 10-3 in hexadecane/Ho0O system

Cio,t x 102/M -log C12 ¢ Y /mN m-1
1.64 1.78¢ 8.84
1.0g 1.965 9.2
0.72g 2.13g 10.5
0.485 2.314 1.3
0.324 2.490 12.5

0.21¢ 2.664 14.9
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TABLE B89: Interfacial tension vs total concentration for C{2EOg-C120H

mixture at ac12g08 = 0.0353 in hexadecane/HoO system

Cy2,t x 104/M -log C12 1 Yy /mN m-1
5.63 3.25¢ 10.5
3.75 3.424 13.5
2.5¢0 3.602 16.2
1.67 19.0

3.77g

TABLE B90: Interfacial tension vs total concentration for CgP in hexadecane/Hy0

system
Cy x 103/M -log Cy y1/mN m-1
19.4 1.712 0.72
16.4 1.794 0.75
9.8 2.007 3.27
7.34 2.13¢ 6.07
5.04 2.29g 9.9g
2.59 2.599 16.o
1.6g 2.77g 20.0
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TABLE B91: Interfacial tension vs total concentration for C1oEOg-CgP mixture at
1208 = 0.042g in hexadecane/Ho0 system

Cyo,¢ x 103/M -log C12 1 Y/mN m-1
4.1, 2.385 2.17
3.4 2.467 2.4¢
2.73 2.564 2.6
2.05 2.684 3.1
1.37 2.865 5.0,
1.05 2.999 7.5¢
0.685 3.164 10.5

0.45g 3.345 12.8




208

TABLE B92: Interfacial tension vs total concentration for C{oEOg-CgP mixture at

a 1208 = 0.523 in hexadecane/Ho0O system

Ci2,t x 104/M -log Cq2 ¢ y/mN m-1
3.3p 3.484 3.8p
2.64 3.57g 3.85
1.7¢ 3.754 4.9g
1.35 3.86g 6.1g
0.99 4.004 ~8.12
0.66¢ 4.18¢ 9.94

0.44¢ 4.35¢ 12.4
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TABLE B93: Interfacial tension vs total concentration for C{oEOg-C{2P mixture

at ag12e08 = 0.013¢ in hexadecane/Ho0 system

Cya,tx 103M -log C12 ¢ y/mN m-1
13.0 1.88 0.43
8.7g 2.057 0.08
5.85 2.234 0.22
3.99 | 2.40g 1.15
2.6 2.585 3.24
1.73 2.764 6.5
1.14 2.945 9.93

0.769 3.11g 13.9
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Figure B1. C42EQg in hydrocarbon/HoO systems at 25.0°C. Hydrocarbon phase:
hexadecane (@), heptamethylnonane (m), and heptane (¢).
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Figure B2. C412EOg in hydrocarbon/HpO systems at 25.0°C. Hydrocarbon phase:
dodecane (), isooctane (@), and cyclohexane (m).
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Figure B3. Nonionic surfactants in hydrocarbon/aqueous systems at 25.0°C.
Surfactant/hydrocarbon/aqueous phase: CioEO4/hexadecane/H»0 (g),
C12EOg/heptane/Ha0 (9), C{gEGEO5OH/hexadecane/0.1M NaCl (@), and

C1eEOg/hexadecane/H20 (4).
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Figure B4. Nonionic surfactants
Surfactant/aqueous phase: Cq2P/H20 (), C12EO3/H20 (@), C12EO2H20 (8),

and C1gHGEO50H/0.1M MNaCl (g).
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Figure B5. Nonionic surfactants in hexadecane/aqueous systems at 25.0°C.

Surfactant/aqueous phase: CgP/Ho0 (@), CgP/0.1M NaCl (@), and Cq1oP/0.1M
NaCl ().
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Figure B6. C12BMG in hydrocarbon/HpO systems at 25.0°C. Hydrocarbon phase:
hexadecane (¢), dodecane (), heptane (@), and cyclohexane (@).
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Figure B7. C1oBMG in hydrocarbon/H20 systems at 25.0°C. Hydrocarbon phase:
isooctane (@), heptamethyinonane (B), and toluene (®).
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Figure B8. C12BMG in hydrocarbon/HoO systems at 35.0°C. Hydrocarbon phase:
hexadecane (B), dodecane (+), heptane (@), and cyclohexane (4).
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Figure B9. C1oBMG in hydrocarbon/HoO systems at 35.0°C. Hydrocarbon phase:
isooctane (4), heptamethylnonane (@), and toluene (8).
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Figure B10. C412BMG in hydrocarbon/HoO systems at 45.0°C. Hydrocarbon
phase: hexadecane (8), dodecane (+), heptane (8), and cyclohexane (§).
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Figure B11. C12BMG in hydrocarbon/HpO systems at 45.0°C. Hydrocarbon
phase: isooctane (B1), heptamethylnonane (¥), and toluene (@).
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Figure B12. Anionic surfactants in hexadecane/0.1M NaCl aqueous solution
systems at 25.0°C. Surfactant: C1gHGEOs5S (@), C16EGEOsS (#), and C12S ().
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Figure B13. C12S in hydrocarbon/HpO systems at 25.0°C. Hydrocarbon phase
hexadecane (R), dodecane (4), heptane (8), and cyclohexane (§).
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Figure B14. C12BMG in hydrocarbon/HoO systems at 25.0°C. Hydrocarbon
phase: isooctane (@), heptamethylnonane (), and toluene (m). .
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Figure B15. C12EQ7, C12S, and their mixtures in heptane/Ho0 systems at
25.0°C. ac12E07: (0).0; (+),3.75 x 10°3; (@), 0.24¢; (@), 1.
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Figure B16. C12BMG, C12S, and their mixtures in heptane/HoO systems at
25.0°C. aci12BMG: (X), 0; (4), 0.0277; (@), 0.0515; (9), 0.94; (B),1.
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Figure B17. C12BMG, C15S, and their mixtures in dodecane/HpoO systems at
25.0°C. acioBMG: (X), 0; (+) 0.0277; (m), 0.051g; (@), 0.94; (@),1.
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Figure B18. C12BMG, C42S, and their mixtures in hexadecane/HoO systems at
25.0°C. agc12BMG: (X), 0; (), 0.0277; (m), 0.051g; (@), 0.94; (@),1.
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Figure B19. C12BMG, C12S, and their mixtures in isooctane/HpO systems at
25.0°C. aci2BMG: ). 0; (@), 0.0277; (@), 0.051¢; (@), 0.94; (B@),1.
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Figure B20. C12BMG, C12S, and their mixtures in heptamethylnonane/H»0
systems at 25.0°C. agia2BmG: (H. 0; (4), 0.0277; (B), 0.051g; (@), 0.94;
(@).1.
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Figure B21. C12BMG, C12S, and their mixtures in cyclohexane/HoO systems at
25.0°C. ac12BMG: (+). 0; (4), 0.0277; (m), 0.051¢g; (@), 0.94; (@).1.
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Flgul;e B22. C45BMG, C12S, and their mixtures in toluene/HoO systems at
25.0°C. X C12BMG: (+). 0; (4), 0.0277; (a), 0.051¢: (0), 0.94; (@),1.
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Figure B23. C15S, CgP and their mixtures in hexadecane/0.1M NaCl aqueous
solution systems at 25.0°C. agy2g: (@), 0; (B), 0.275; (9), 0.771; (#).1.
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Figure B24. C12S, C1gP and their mixtures in hexadecane/0.1M NaCl aqueous
solution systems at 25.0°C. ocq2g: (@), 0; (@), 0.41¢; (0), 0.74g; (@),1.
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Figure B25. Cy1gHGEO35S, C16HGEOs5S, and a mixture of theirs in
C16HGEO5S! (B), 0;

hexadecane/0.1M NaCl aqueous solution systems at 25.0°C. o
(@), 0.013g; (¢@).1.




235

55

5.0 4

4.5

- 4.0+

N

-
3)

o

o

-l

L}
354
3.0
25 T T L4 1 v 1 J T L
0 4 8 12 16 20
Y1 (mNm1)

Figure B26. Cy1gEGEOs5S, C1gEGEOgS, and a mixture of theirs in

hexadecane/0.1M NaCl aqueous solution systems at 25.0°C. « C16EGEOs5S: @), 0;
(@), 0.012g; (@),1.




236

—n
4.8 4
4.4 -
o]
-
o 4.0- o
-
S °
o
o
A -
[
3.6 4
3.2 I
28 T T v { v T v LI
0 4 8 12 16 20
Y1 (mNm)

Figure B27. Cy2EOg, C12EO4, and a mixture of theirs in hexadecane/H>0
systems at 25.0°C. o ci2g08: (#), 0; (¢), 0.255; (@),1.
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Figure B28. C13EOg, C12EO3, and a mixture of theirs in hexadecane/Ho O
systems at 25.0°C. « g12gQg: (#), 0; (m), 0.079g; (@),1.
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Figure B29. C1,EQg, C12EOQy, and their mixtures in hexadecane/HoO systems
at 25.0°C. « c12e08: (9), 0; (#), 8.9, x 10-3; (@), 0.387; (@),1.
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Figure B30. Cy5EOg, C12EO5, and a mixture of theirs in heptane/HoO systems
at 25.0°C. « c12g08: (§), 0; (m), 0.046g; (B).1.
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Figure B31. C1gEOg, C12EO2, and a mixture of theirs in hexadecane/Ho O

systems at 25.0°C. o G16EO8: (B), O; (@), 6.55 x 10-3; (¢),1.
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Figure B32. C1oEQg, C1o0H, and their mixtures in hexadecane/HoO systems at
25.0°C. o g12E08: (@), 0; (@), 2.00 x 10°3; (§), 0.0353; (B),1.
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Figure B33. C{3EOg, CgP, and their mixtures in hexadecane/Ho0O systems at
25.0°C. « ¢12e08: (4). 0; (@), 0.042g; (¢), 0.523; (@).1.
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Figure B34. G12EOg, C1oP, and a mixture of theirs in hexadecane/HoO systems
at 25.0°C. a cy12e08: (4). 0; (a), 0.013g; (@),1.
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APPENDIX C

SYMBOLS

minimum area per surfactant molecule at an interface;

mole fraction of surfactant 1 in the total surfactant in the
entire system,

aq value at the minimum or maximum in the Cy2t vs
x4 curve;

a4 value at the minimum or maximum in the CMCq2t vs
&1 curve;

G4 value at the minimum or maximum in the YCMC,12,t
VS 4 curve;

the molecular interaction parameters for mixed

monolayer formation at the liquid-liquid interface, and in
the mixed micelle, respectively;

molar concentration of surfactant in the aqueous phase;
molar concentration of surfactant in the entire system;
the total molar concentration of surfactant 1 and 2
combined, in the mixgd surfactant system, at a given c 4
and interfacial tension;

the molar concentrations of individual surfactants 1, and

2, respectively, at the same interfacial tension as the
mixture;




CO,CMC1 1 CO,CMC2,t

C12,t,min

CMCy

cmct

CMCq2,t

cMcOy ;, cmc0y
CMC4 2,t,min
CMC™12 ¢
AG®ads) AG mic
AH®ads, AH mig

AS®ads: AS°mic

245

molar concentrations of individual surfactants 1 and 2,
respectively, required to yield an interfacial tension equal
to YCMC,12,t of any mixture;

C12, value at the minimum or maximum in the Cq2 vs
Cq curve;

molar concentration of surfactant in the aqueous phase at

the point of intersection of the two almost linear portions
of the interfacial tension vs log aqueous phase

concentration curve;
molar concentration of surfactant in the entire system at

the point of intersection of the two almost linear portions
of the interfacial tension vs log total (i.e., in the entire

system) concentration curve;

the cmcy value for surfactants 1 and 2 combined, in the
mixed surfactant system, at a particular oy value;
cmcyi values of individual surfactants 1 and 2,
respectively;

CMC 42t value at the minimum or maximum in the
CMCq2tvs «1 curve;

CMC 2t value corresponding to the 1 value at the
minimum or maximum in the yCcMC,12,t VS X1 curve;
standard free energy of adsorption and micellization,
respectively, for a given surfactant;

standard enthalpy of adsorption and micellization,
respectively, for a given surfactant;

standard entropy of adsorption and micellization,

respectively, for a given surfactant;




004, 902

U'max

Y min

Yo%cme,1,t YOcMme 2.t

YCMC,12,t

Y oMG. 12t

K%y, Ky

K05, Ko

max

PC30,W

S1, S
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ratio of the volume of the oil phase to the water phase in
the mixed surfactant system;

¢ values for systems containing individual surfactants 1
and 2, respectively;

maximum interfacial excess concentration attainable for a
given surfactant;

minimum interfacial tension attainable for a given
surfactant;

interfacial tension values at their cmcy's of individual
surfactants 1 and 2, respectively;

interfacial tension of mixed surfactants 1 and 2, at a given
a1, at the cmg;
Y CMC,12,t value at the minimum or maximum in the

YCMC,12,t VS &ty Cuive;
partition coefficient (concentration in the oil

phase/concentration in the aqueous phase) of individual
surfactant 1, and of surfactant 1 in its mixture with

surfactant 2 at a given o4 value, respectively;

partition coefficient (concentration in the oil

phase/concentration in the aqueous phase) of individual
surfactant 2, and of surfactant 2 in its mixture with
surfactant 1 at a given <4 value, respectively;

maximum interfacial pressure attainable for a given
surfactant;

- Log Cg3p,w. where C3q w is the molar concentration of
a given surfactant necessary to produce IT = 30 mN m-1;

slopes of the ¥ vs In Cot plots of individual surfactants

1 and 2, respectively;




X1, XM,
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mole fraction of surfactant 1 in the total surfactant at the
liquid-liquid interface, and in the micelle, respectively;
mole fraction of surfactant 1 in the total surfactant at the

liquid-liquid interface corresponding to the minimum or

maximum in the YCMC,12,t VS &1 curve.
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