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Abstract

INTERFACIAL PROPERTIES, MICELLIZATION, 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: 

C i2 H 2 5 (O C 2 H4 )8 OH, 2 H 2 5 (O C 2 H4 )4 OH, 2 H 2 5 (O C 2 H 4 )3 0  H ,

C 1 2 h 2 5 (O C 2 H 4 )2 OH, C i 6 H 3 3 (O C 2 H 4 )gO H, N -decy l-2 -py rro lid ine , 

N -o c ty l-2 -p y rro lid in e , C i 2 H 2 5 N + ( C H 2 C 6 H 5 ) ( C H 3 ) C H 2 C O O ' ,

C i2H2sS0 3 'Na+, two isomeric compounds, C ieH 33(0 C2H4)5S0 4'N a+, where in 

both compounds the hydrophobic group has C8 and Cg alkyl groups attached to the p

carbon, but in one the groups are both straight chain and in the other they are both 

branched, and fina lly , the analogous isomeric unsulfated alcohols

c 16H3 3 (°c 2H4)5OH-

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 

parameters, p a LL and PMLL< related to the molecular interactions between the two

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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CHAPTER I 

INTRODUCTION

1.1 Surfactant/Hydrocarbon/Aqueous Systems

The modifying properties of surface active agents (surfactants) in 

hydrocarbon/aqueous 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 - c.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. Other 

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) 

macroemulsions, which have droplet sizes in the range of 1000-10,000 nm, 2)

m icroemulsions, which have droplet sizes from 10-100 nm, and 3)

miniemulsions (10-13) which have an 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 who have made 

major contributions in understanding macroemulsions include: Bancroft (21), who 

correlated surfactant solubility in each phase to the type of emulsion obtained 

("Bancroft's rule"), and pointed out the importance of the interfacial film; Davies 

and Rideal (22), who adapted von Smoluchowski's theory (23,24) of the
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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
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Schulman's (38) idea of a transient negative interfaciai 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 Interfaciai Properties of Single Surfactants

This section will 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 Interfaciai Adsorption

By definition, a surfactant will, at low concentrations, spontaneously adsorb
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onto surfaces and interfaces, and substantially change the surface or interfaciai 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 oil, and a hydrophilic portion that 

has a strong attraction for water and very 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 Waals 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 water molecules are released from the hydrophilic head groups.

1 . 2 . 1 . 1  Interfaciai 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:

r  = -  (1/2.303RT) (ay j/3  log CW)T [ 1 ]



5

where r  is the interfaciai excess concentration in mol-cnr2 , R = 8.314 J/mol-K°,

and (9y j /9 log Cw ) j  is the slope of the interfaciai 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:

r  = -  (1/4.606RT) (3y j/3 log CW)T . [ 2 ]

The slope of a typical y j  - log Cw 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 r  calculated from [1] or 

[2] is labelled r 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 = r max [3 ]

where N = Avogadro's number and r max is in mol/cm2.

1.2.1.2 Standard Thermodynamics of Adsorption

Posner et. al. (73), after Ward and Tordai (74,75), introduced the 

expression:

A G °ads = -  kT { In (dn/dC)C->o * (kT6 )} [ 4 ]

for the standard free energy of adsorption, where the standard state is unit 

concentration in the bulk and interfaciai region, k is Boltzmann's constant, T is the

absolute temperature, (dn/dC )c->o is the slope in the linear, low concentration

region of the y j  (or n  = y ° i  - y j ,  where y ° j  is the interfaciai tension between the

two pure liquids) - bulk concentration curve, and 6 is the monolayer thickness.

Betts and Pethica (76,77), have correctly criticized equation [4] on the
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grounds that the value taken for 6 is no more than an estimation, and they have given 

a more sound equation:

A G °ads = -RTIn<dn/dC)C..,o [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 interfaciai tension values. Despite this, a study (56) on 

surfactants in L/L (liquid/Liquid) systems has used data in the C-»0 limit.

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

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

H = Y ° i  - Y i = R T rmax 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., r  = r max/2, and [5] becomes:

AG°ads = RTInB [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 interfaciai tension data 

from the point at which the interface is saturated ( f m ax) up to the cmc. The

standard state is defined as a hypothetical monolayer at saturation adsorption, but at 

zero interfaciai pressure (n ). The expression is :
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AG°ads = RT *n (an) * ^ m in [ 8 ]

where n is the interfaciai pressure (the difference between the interfaciai tension

between the pure solvents and the value at surfactant activity in a bulk phase, an)-

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

rewritten as :

where, Cw n = the surfactant concentration in the water phase after partition at 

interfaciai pressure n, and cu = mol of H20 /dm3 of H2O at absolute temperature T 

(co = 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:

where the concentrations are for the aqueous phase, and fx+, 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) :

ads = ^  1° (Gwn^w ) ‘ H^min [9 ]

AG °ads = RT [ In (Cx+/qj) + In (fx+) + In (Cy./o)) 

+ In (fy_)] - n A m jn [1 0 ]

log f j0n = - (B |Z+Z-| I 1' 2) / (1 + 0.33a 11/2 ) [ 1 1 ]

where the total ionic strength of the solution is

I = 1/2 Xj CiZ2j ,
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B = 0.509 at 25.0° C, and a  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:

AG°ads = 2RT In (Cx+Au) - nAmin . [ 1 2 ]

Standard entropies and enthalpies of adsorption can be calculated from [4], 

[5], [7], [9], [10], and [12] using the relationships (79) :

AS ads = ' d( AG°ads)/dT [13]

and,

AH°ads= AG°ads+ 7 AS°ads [14]

respectively, where it is assumed in equation [13] that A H °ads is constant with 

respect to changes in T over the range investigated. When AS°ads 's assumed to be 

constant over the T range investigated, then AH °ads may be calculated from:

A H°ads = *t2  AG°ads /T) / dT [151

and then A S °ad s -,n 1urn» r̂om equation [14].

1.2.2 Micelle Formation

After initial saturation ( rmax) is achieved, the monomer concentration in
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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 materials on micellization.

1.2.2.1 Detection of Micelle Formation

Many physical methods 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 scattering, 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  T h e r m o d y n a m i c s  of Mi ce l l e  F o r m a t i o n  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 ln (cmcw/cu) [ 1 6 ]

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

point in the y j - l o g C w 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 surfactant 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].
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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 p C 3otw (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., pC3o(W = 

- log Cw , at n=30). At n = 3 0  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 (pC3otw + l°9 w ) * (30mN/m)(Amjn) [17]

for a nonionic surfactant in a hydrocarbon/water system. From [17], the larger 

the pC3ojW, the more negative A G °a(js 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 pC3o>w on AG°acjs is the same as for a nonionic surfactant.
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1.2.3.2 Effectiveness of Interfaciai Tension Reduction

Effectiveness of interfaciai tension reduction is measured by the maximum

interfaciai pressure, n max . When micelles form, n max = n cmc since the 

interfaciai tension generally does not decrease significantly, above the cmc. If an 

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

will occur at the insolubility limit. n m a x  for a surfactant in a 

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

n max = 30 mN/m + {2.303nRTrmax log (cmc/CWin = 30)} M 8 ]

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 

cm c/Cw n=30  ratio in I18] 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 (106) have derived equations for molecular 

interactions and synergism in interfaciai 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.



14

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:

U1,I = U°1,1 + R T ln f1,I x 1,l ■ Y i A1(I [ 1 9 ]

where y. -j tj is the chemical potential of surfactant 1 in the mixture at the

interface, is the standard chemical potential of surfactant 1 in the interfaciai

region after partition (with the standard state defined as a monolayer of pure 

surfactant 1 at zero interfaciai tension): f-| j is the activity coefficient of

surfactant 1 in the mixture in the interfaciai region, X - ] j  its mole fraction and 

A i i its partial molar interfaciai area there. The chemical potential l - t ^ w  of

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

as:

U1.W = U6 1,W + RT ln a1,W

= P 6 1,W + R T In f1 ,W c 1,W [2 0 ]

where l i e i (w  is ,he standard chemical potential of surfactant 1 in the aqueous 

phase (with the standard state defined as 1M solution, but behaving ideally), f-j vv 

is the activity coefficient of surfactant 1 in the mixture after partition, and C iw  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:

U °1 ,I(n )  - U G1,W = RT l n ( f 1 (W C 1|W/ f l , I  x 1 , l )+  Yl  A 1,I [ 2 1 ]

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

partition) and at the same interfaciai tension, y  j , as the mixture:

^1,1,0 = U°1,1 * Y l A°1,I [2  2 ]

where A ° i j  is the molar interfaciai area occupied by pure surfactant 1. in the 

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

U1,W,0 = ^ e i ,W  + R T i n a ° 1iw

= UG1,W + R TIn f01,W C ° i , w  . [ 2 3 ]

where a0 i (w  is the aqueous phase activity of pure surfactant 1, after partition, 

required to produce the same interfaciai tension, y  j , as that of the mixture; 

C°1 yy is its aqueous phase molar concentration; and f ^ w  is lts aqueous phase 

activity coefficient. At equilibrium, P i , i , o  = U1,W,0 > and from I22] and [23],

H °1 ,I - 1̂ 0 1,W = RTIn f01 ,Wc °1,W + Yl  A°1 ,I [ 2 4 ]

Since [24] and [21] are equal,

c 1 ,W f1,W
RT In _________________________  = Y I  ( A° 1 ,1 '  A1 ,l) [ 2 5 ]

f1,I X1,I f ° i ,W

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

C2,W f2,W
RT In   = Y i ( A °2>1 - A2 , i ) [ 2 6 ]

f2,I X2,I C °2 ,W f02,W

and since, only with two surfactants, X2>i = (1 - X-|f i ), [26] can be expressed 

as:

C2.W f2,W
R T I n   = Y l  ( A ° 2 ,l - A2 , i ) [ 2 7 ]

f2,I O ' x 1 ,l) C°2,W 1°2,W

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

W and f2 , w / f°2,W  in I25l ancl I27l > respectively, can be taken as 

equal to 1, and [25] and [27] become: .

C1,W
R TIn  __________________  = Y l  ( A 0 i , j  - A1 f I ) [ 2 8 ]

f1 , I  X 1 , I

and

C2,W
RTIn    = YI  ( A °2 , i - A2 , i ) [ 2 9 ]

f2,I C* x 1,l) C ° 2 ,w

respectively.

The activity coefficients of each surfactant at the interface ( f - j j  and f2 j )  

can be approximated using the second term of the Margules expansion (the first 

term being equal to zero) (107), as:
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*1,1 = exp{paLL( i-  x 1 t I )2} [ 30]

and

*2,1 -  e x p i p O L L l X , ^ } ,  [ 3 1 ]

where P ° ll  is a measure of the deviation from ideality in the interfaciai 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:

C1,W YI ( A°1 ,1 - A1,l)
p a Ll (1 -  X1fI )2 = In   -   [ 3 2 ]

X1,I C°1,W RT

and

C2,W YI ( a ° 2,I '  A2,l)
Pa L L ( x 1 , l ) 2 = ln --------------------------- -   [ 3 3 ]

(1-X1,I ) C°2iw  RT

respectively. If one lets:

Y l ( A ° i , i  - A1 tI)

B i  = ____________________
RT

and,

Y I ( A °2, i - A2, i )

b 2 -  __________________
RT
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then one gets for [32] and [33],

C1,W
P ° L L ( 1- x 1,I )2 = ln   - B1 [ 3 4 ]

*1,1 c o 1(W

and,

C2,W
P ° L L ( x 1 , l ) 2 = ln --------------------------  - b 2 [ 3 5 ]

(1-X1,I ) C°2iw

The partition coefficient for surfactant 1 can be expressed as:

K1 = C1,B/C1,W [ 3 6 ]

where C-| g is the concentration of surfactant 1 in the oil phase of the two-phase 

system after partition and C i y y  is the concentration of surfactant 1 in the aqueous 

phase after partition. The total concentration of surfactant 1, C-| t , in the mixed 

system is then:

c 1,t = (C-| tw v W + C i ^ V g J / V t  [3 7]

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

entire system, respectively. From [37],
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C 1,B = <C1 ,tVt - C1,WVW) '  VB- l 3 8 l

and substitution of [38] into [36] gives:

K1 = <C1 ,tv t '  C1 ,WVW>/ VBC1 ,W 

from which,

Vt
C 1(w - ^  )  C1it [39 ]

K1VB + VW

If (p = Vg/Vw , then Vt = <pVw  + Vw  and VB = <pVyy. Substitution into [39] then 

yields:

C l

(p + 1

,W = f -------------- )  c 1,t = F1 C1,t t 4 ° ]
'  K ^  + 1

where F1 = (<p + 1) / ( K1 <p + 1), the fraction of surfactant 1 in the aqueous phase

of the surfactant mixture.

Simi lar ly,

/  <p + 1 \
C2.W = ( ---------------- )  c 2,t = F2 C2,t 14 1 1

'  K2cp + 1

where F2 = (<p + 1) / ( K2<p +1) ,  the fraction of surfactant 2 in the aqueous phase
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of the surfactant mixture. Hence,

cp0-| + 1

C °1,w -  [  )  C °u  = F®, 0 ° , . ,  [42]
'  K ° i cp°i + 1

where F ° i = (cp°-| + 1) / ( K°-| cp0 -j + 1), the fraction of surfactant 1 in the 

aqueous phase of the system containing only surfactant 1, and

cp°2 + 1

C°2,W  = ( ------------------ )  C°2,t = F ° 2 c °2 ,t [ 4 3 ]
K°2(p°2 + 1

where F °2 = (cp°2  + 1) / ( K °2 cp°2  + 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:

and

F1 c 12,t a 1
P ° L L ( 1 - X 1fi )2 -  In _________________ - B 1

F°1 X1fl C01;W

F2 C12,t (1' a l )
P a L L ( X 1, i ) 2 -  In ___________________ - B2

f °2 (1 -X i f i ) C 0 2|W

[4 4 ]

[ 4 5 ]
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where the relationships C-) j = C i 2 , t a 1 and C2,t = C-|2,t (1 -o. 1) were used 

for C-j t and C2,t- Ci 2,t is the total concentration of surfactant, 1 and 2 combined, 

in the mixed surfactant system, and a-| is the mole fraction of surfactant 1 in the 

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

F1 c 12,t <̂ 1
( X l . I  )2 In _______________  - E3i

F°1 XU  C01>w

__________________________________________ —  = 1 • [ 4 6 ]

F2 C12,t C - ^ l )  
( 1 - X 1 f I )2 In _____________________  - B2

f °2 0 - x i , i  ) C°2>w

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

interfaciai film are required. The first assumption is that A - | j  = A ^ j  , and A2(j

= A °2,i and thus that B-| = B2 = 0. In this case [44] and [46] become:

m (C l2 , l O i F 1/C'>u F01 X U )

P ° L L  -    [ 4 7 ]
(1-X1.I )2

and
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( X U )2 in (C12 ta- jF^C®-) t F°-j X u )

-------------?----------------------------------- n--------n--------------------- = 1 ■ [48]
(1* X 1 , \ )  In ( C 1 2 t t ( 1 - < * 1 ) F 2 / C u 2 lt F ° 2 ( 1 - X 1 , l ) )

The second assumption (106) is that the ratio of the molar areas of the two 

surfactants in the interfaciai film is equal to that in the individual monolayers, i.e. :

A 1,I 1.1

Ao r A0

X1,I A°1 ,I + <1" X1 .!> A°2 ,I

and,

a 2,I
Aav a °2,I

X1,I A°1 ,I + d - X u t A O j , ,

[49]

' 2,1 1,1 

In the mixed film,

X 1,I A1,I + x 1,l> a 2,I = Aav • [50]

From, [49] and [50],

Aav A^1 ,l

A 1,I =

From these,



YI ( A°1 ,I * A i, i)
B1 = __________________

RT
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Aav
Yl A°1,I n - ____________________________

X1.I A°1 ,I + (1-X i ,i ) a 02iI

RT

and,

Y l ( a ° 2,I - A2,l)
b 2 -  ________________

RT

Aav
Y l a °2 ,I [1 ------------------------------------------------

X l, i  A°1 ,I  + d - X i , i )  a 02iI

RT

[5 1 ]

]

.  [ 5 2 ]

In this case, [44] and [46] become:
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P°LL =
In

F1 c 12,t a 1 

F°1 X i,i C °1lW

and

Y l a ° 2 ,I t1
'av

*1,1 AO,., + ( I - X u JAOj ^

RT {1- X1(I)2
153]

HX1,I • ln( F1 C i2 ,t a 1 /  F°1 X1fI C °1iW)} - { y  i A ° , j  [1 - (Aav 

I X l . I  A ° i , i  + ( 1 - X u )  A02 iI ) ]/RT}] / [{(1 -X ,,,) • ln [F 2 C12>t(1-

a i ) / F 0 8 ( 1 - X ^ ^ C O ^ w D  • { Y l  A °2 (i [1 • (Aav / X1pI A«u  + (1- 

X l , l )  a 02,! )]/RT)J -  1 [ 5 4 ]

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

Pa LL ^  -5> equations assuming = B2 = 0 are good enough, and 2) if pa [_|_ < 

-5, equations employing the correction terms ( B-| and B2) based on assuming that 

A 1,1 / A2J = A ^i j  /  A®2,i should be used.
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Under certain conditions, the partition coefficient values may be eliminated 

from the pertinent equations since the ratios F0-j/F-i and F°2/F2 become equal to

1. There are two such conditions :

1) cp = cp0 1 = cp°2» K-| = K ° i , and K2 = K°2. Then, cp° j , (p0 2 » and cp

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, K ° i and K°2 are frequently equal to K-j and K2, respectively.

2) cp = cp0 1 = tp0 2 and the Kcp values are «  1. Under this condition,

F °-|/Fn = F °2/F 2 = (cp +1)/1 / (cp +1)/1 = 1 . Kcp may be forced to become «

1 by using a small volume of oil relative to the aqueous phase which makes cp small. 

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 X-j j, XM -|, p a |_L> and 

p ^ L L  ,n equations [46] and [47] and the analogous equations for mixed micelles:

3) cxi approaches zero or one. When the limit a -| -» 1, then

a  1 c 12,t C ®1 , K-| -> K^ f ,  and F^-)/F1 -» 1. When the limit a -j -» 0, then

F ° ,/F i •  a-j -> 0 and the effect of F°i/F-j on X-j and Pa LL (and> X^1  and PMLL) 

becomes negligible. Similar relationships hold for a 2 -

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

ln (C i2 ,t a i / c 0 1it X ^ )

P ° L L  -  _______________________
(1- X i, , ) *

[ 5 5 ]
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and

( X i . i ) 2 ln(C12,ta 1/C01it X u >
  = 1 [ 6 6 ]
d - X t . i ) 2 In <C12, t ( 1 - a i ) / C ° 2 i , ( 1 - X u ) )

and [53] and [54] reduce to:

c 12,t a 1
In

Pa LL = *1,1 C °1iW

Aav
Y I a02>, [1 ■ ____________________________j

*1,1 A01fI + (1-X1tI) A«>2,,
____________________________ „ ________________ [5 7 ]

R T O - X ^ j Z

and

HX1.I ’  N  C i2 ,t a 1 / X1,I C ° i , w ) }  ’ { Y l  A ° i j  [1 - (Aav / 

X l , i  A ° 1fI + (1 -X 1 t I ) a 0 2>i )] /  RT}] / [{(1-X1 tI) • ln[

/ (1- X1fl  ) C02 l Wl} - { Y I  A °2>i [1 - (Aav / X1fI A01(I + (1 -X1(I) 

A ° 2 , l ) ] / R T } ]  = 1 [5 8]
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respectively. Since C-j 2 ,t» a  1 > C°1 ,t • and c ° 2 , t  can be determined 

experimentally (as can K-), K°- j , K °2 , K2, cp, cp °i, cp°2, A ° i bj, A °2,i. and Aav ), 

[56] (or [58], [48], and [54]) can be solved numerically for X-j j . Once X - j j  is 

known, [55] (or [57], [47], and [53]) can be solved to obtain p a |_[_-

2.2 Synergism and Negative Synergism in Interfaciai Tension 

Reduction Efficiency

The efficiency of interfaciai 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 interfaciai tension reduction. Synergism 

in this respect is present in a surfactant mixture if a given interfaciai 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 interfaciai tension value at a 

concentration higher than that required for either surfactant of the mixture by 

itself.

For the case where P CT|_|_ ~ '5 or ,ess negative, = B2 = 0 (i.e., A ^ j « 

A ° i j  , and A2 j = A °2 j ), and equations [44] and [45] yield:

F°1
-  ------- X n l  C °1it . exp{pa i_L(1- X ,, ,  )2}, [ 5 9 ]

F1

and,
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F°2
C i 2 , t ( 1 - a D -  ____  (1 -X )C 02ft • exp{pcrL L ( X )2} . [ 6 0 ]

f 2

respectively, where X s x -j j  .

From [59]:

F°1
In C12>t - In C01ft = In X + In   + P ° |_ l O- x )2 '  ln cc-j. [61 ]

Fi

Since, for synergism to be present, C-| 2<t must be less than C0- ^  or less than 

t , a condition for synergism is:

F°1
In X + In   + p a L|_(1-X )2 - In a- j < 0. [ 6 2 ]

F1

Since for negative synergism to be present, C i g,t must be greater than C0- ^  or 

greater than C°2 t, a condition for negative synergism is:

F°1
In X + In   + perLL(1. x  )2 . |n a  ̂ > 0.

F1

[6 3 ]
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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]:

When synergism (or negative synergism) in interfaciai reduction efficiency 

exists, there will be a minimum (or maximum) in the C-| 2,t vs a  -j curve and

maximum synergism in this respect will be obtained where the C i2 ,t vs a 1 curve 

shows a minimum (or maximum), i.e.

d C i 2 , t / d a t  = 0.

From [61],

In X + + Pa |_l_0' X )2 - In a !  < 0 [6 4 ]

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

In X + + Pa LI_0' X )2 - In a-j > 0. [ 6 5 ]

d C-|2,t:,t 1 dX 1 dX

d a i
[ 6 6 ]

where it assumed that Kj does not change with a-j at the low surfactant 

concentrations normally used. Since
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d C i 2,t d ln C 12,t
  = C i2,t -----------------

da-| da-j

[66] can be expressed as:

d C 12|t 1 dX 1 dX
 1  -  c 12,t • ( ----------- --- —  - 2P°LL(1-X ) _ ) -  0-

da-| X da-j a-j da-|

Since C i 2 , t * ° -

1 dX 1 dX
 -   - 2p a LL(1-X)   = 0 .
X da-j a-j da-|

at the point of maximum synergism. From this,

dX X

  =   • [ 6 7 ]
d a i  a-j (1 - 2pa LLX + 2pa j_i_x2)

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

F ,F ° 2C02 ,,
In ___________  + In a i  + In (1-X) - P ctl l  + z p a L L *

F2F ° iC ° i it

- In (1- a-j)  - In X = 0. [6  8 ]
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Differentiating with respect to a-j gives:

1 1 dX dX 1 1 dX
  - ____________+ 2pa L L   + _____ - _______ = 0 [69 ]

a-j (1-X) da-j  d a j  (1-<Xj) X d a 1

where it is assumed that K-j and K2 do not change with change in a-j. Equation [69] 

can be expressed as:

dX X(1-X)
  =  ^  • [70 ]

da-, a ^ l - a ^  1 - 2 p (7LLX + 2p a LLX*)

Combining [67] and [70],

X

a i  (1 - 2pa LLX + 2p ^ X * )

X(1 -X)

a 1(1 -a1)(1 - 2p a LLX + 2 p ° LLX*)

or,

(1-a-,) = (1-X)

and

= X [71]

♦
where a  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 interfaciai 

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 interfaciai 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:

pc LL(1-X)2 < 0 ,  [7 2 ]

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

as:

Pa LLO'X)2 > 0 ,  [7 3 ]

and since (1-X)2 is always positive, p a LL must be negative for synergism, and 

positive for negative synergism, to exist.

From [71] and [68]:

F2F ° iC 0 i it

In ___________  -  - p ° LL(1-2X) .
F iF °2C °2 ,t

[7 4 ]

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

interfaciai tension reduction efficiency is:

In
F 2 F ° iC °1t

F iF °2C02,t

t
P °L L [75 ]
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and since P°\j_  must be positive for negative synergism in this respect, the second 

condition for negative synergism to exist is:

In

FlF°2C02i,
< P ctl l (761

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

values is satisfied, the second condition for synergism, [75], becomes,

1,t
In

2,t

Pa LL [77]

and the second condition for negative synergism becomes:

In
1,t

pO 
c  2,t

< Pa LL [78]

Substitution of [71] into [61] gives:
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c °1,tF°1
,n Cl2,t,min(max) = ln ----------------  + P a LL(1’x )2 * [ 7 9 ]

where C 12,t,min(max) is the minimum (or maximum, for negative synergism)

total surfactant concentration required to produce a given interfacial tension 

(reduction). From [74],

l n ( F 2F01c 0 1it / F 1F02c 0 2 ,t) + P a LL
X = ___________________________________  = [8 0 ]

2 P a LL

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

coefficient values is satisfied:

X =

2 Pa LL

Substitution of [80] into [79] gives:

[8 1 ]

c 12,t,m in(max) =
C°1 ,tF°1

exp

P a LL - ln (F 2 F01c 0 1it/ F 1F02c 0 2 t) 2

P ° l l ( ____________________________________)
V 2 Pa LL 1

, [ 8 2 ]

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

coefficient values is satisfied:
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Cl2,t,m in(m ax) = C°1,t *

exp
0O LL - l n ( C 0 1ft/C02it) 2 

— — --------------------)
2 Pa LL

. [8 3 ]

2.3 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, CMC-|2,t> 

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 Eqs. [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) Pm l l  mus* be 

negative, and (ii) |ln CMC0 ^ /  CMC°2(tl rnust be less than |p M [_l_l- For negative 

synergism to exist, (i) p M |_l_ must be positive, and (ii) |ln CMC0 - ^ /  CMC°2 itl 

must be less than p^LL* where pM[_L's tbe experimentally determined parameter 

related to molecular interaction between the two surfactants in the mixed micelles 

in the system, and CMC0- ^  and CMC°2,t are the cmc's of individual surfactants 1 

and 2, respectively, by themselves in similar two-phase, liquid-liquid systems. 

pMLL is evaluated from equations analogous to Eqs. [47] and [55].

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:

In (CMC°1itF2F °1 / CMC02itF iF 02) + Pm l l
\ M  _ XM [84]

2P MLL

In (CMC°1>t/CM C°2,t) + PMLL
= XM [8 5 ]

and
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CM C01>tF01

CM Ci2,t,m in(m ax) = -------------------

F1

exp
PMLL - ln(CMC01>tF2F0 i/C M C 02ftF1F02) . 2 

PM LL I ---------------------------------’______________’________]  [86]
LL

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

coefficient values is satisfied:

CMCi2,t,m in(m ax) -  C M C °i t *

exp
PmLL - In (CMC0-) jt/C M C °2it). 2

p m l l / _ ---------------------------- ’________ ! _ \
'  2 |3m i l  /LL

[ 87]

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, CMC-^.t . than

either surfactant comprising the mixture can attain at its respective cmc, CMC°-| >t

or CMC®2,t • 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, CMC-j2,t . of the mixed surfactant system (when

B-| = B2 = 0) are:

F °i
C M C i2 ita i  = ___  X C ° -C M C 1jt . exp[ p a LL(1-X)2] [ 8 8 ]

F1

and,

F °2
CMC12ft(1-cxi) = ___ (1-X)C0 ,CMC2 t . exp[ p a LL(X)2] [89]

f 2

where C0>CMC1 t and C ° '^ ^ ^ 2 , t  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, y  j , vs C°t 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:

YCMC,12,t = S 1 + s 1ln C°-CMC1it [ 9 0 ]

and,
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YCMC,12,t -  s 2 + s2,n C°-CMC2it [ 9 1 ]

where S-j and S2 are the slopes of the y  vs In plots of the individual 

surfactants and S'-j and are the hypothetical y  intercepts of the same plots. 

From [88] and [90],

Fi
Y CMC,12,t = S 1 + S1 In X)2 [9 2 ]

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 v s a i  curve, or mathematically:

d YCMC,12,t
  = 0.

d a-j

Thus,

d YCMC,12,t 1 d in  C M ^ 2,t 1 dX
____________  = S-| / ------ +   - _________

da-j '  a-| da-j X da-j

dX
+ 2 Pa LL(1-X) U  0 , [ 9 3 ]

d a /
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where it is assumed that K-j and cp do not change with change in a - j . Since S-j *  0:

1 d in  CMC-|2,t 1 dX dX
  +  L - __________+ 2pC7LL(1_ x )_____ = o
a-j da-j X da-j da-j

d in  CMC-j2,t 1 dX 1
_________ -  = / _  '  2 p ^ LL(1 -X ) j_____ - _  . [ 9 4 ]

da-| ' X  '  da-j a-j

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

d in  CM Ci2|t 1 x dX
[9 5 ]

da
-  /  _  + 2 p ° LLx )  ____ -   ,

■j V 1-X 7 da-j 1-a-j

where it is assumed that K2 and cp do not change with change in a - j .

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:

F°1
CMC12, ta i  =   CMC°1itXM • exp p MLL(1-XM)2 [ 9 6 ]

F1

and
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F°2
C M C i2 , t ( 1 -a i )  = ___ CMC°2 it(1-XM ) •  exp [ p M LL(XM)2]. [ 9 7 ]

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

obtains :

d in  CMCf2,t -1 1 dXM
= _ _  + ( ____ - 2  PM LL(1-XM)J

da-j
[ 9 8 ]

da-j

and

d in  CM Ci2,t -1 1 dXM
- 2 p M LLX M \  ____ , [ 9 9 ]

(tda-j 1-a-j ' 1-XM •  da-j

respectively, where it is assumed that K-| and K2 do not change with change in a-j. 

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

1 1
—  - 2 pa LL(1-X)   - 2 p M LL( i -xM)
X XM

  [ 1 0 0 ]
1 1

  - 2 Pa Ll_X   - 2 p M LLxM
1-X 1-X1̂1

which reduces to:
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X = XM • [ 1 0 1 ]

Relationship [101] states that when a maximum or a minimum occurs in the

YCM C,12,t vs a 1 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 CMC^i t - l n C ° - CMCi >t = (pa |_[_- PMLL)(1' x )2 [1 0 2 ]

and combining [89], [97], and [101] gives:

In CMC°2>t - lnC °> CMC2it = (Pa LL' PML L )W 2 • [1 0 3 ]

Substituting [90] into [102] gives:

S'-( + S i In CMC°i it - Y CMC.12,t = S1 (Pa L L 'P MLL)(1’ x )2 ■

Since,

Y°CMC,1,t = S 1 + S-jIn CMC^i t ,

where Y°C M C ,1,t is the interfacial tension in a pure surfactant 1 system at the 

critical micelle concentration for the entire system,

Y°CMC,1 ,t ‘ YCMC,12,t = S1 (Pa LL- PMLL)(1-X)2 [1 0 4 ]

By the same line of reasoning, using [91] in [103]:

Y°CM C,2,t - YCMC,12,t = s 2(Pa LL‘ PMLl_Kx )2 - [1 0 5 ]
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where Y °C M C ,2,t is 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 YCMC,12,t iess than

Y°CM C,1,t and Y°CMC,2,t ■ From I104! and I105]- since the slopes S-| and S2 

are always negative and the quantities (1-X)2 and (X)2 are always positive, then 

the value of (Pa LL’ PMLL) must be negative for synergism in interfacial tension 

reduction effectiveness to be present. When YC M C,12,tis greater than Y°CMC,1,t 

and Y°CMC,2,t> negative synergism in this respect exists. The necessary condition 

for negative synergism in this respect is that (pa i_L' PMLL) must be positive.

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

In C0.CMC1 t . |n t t1  + in X  + InfF0^ )  + p a LL(1‘ x )2 = 

ln C ° .C M C 2(t . in ( 1 - a- j )  + ln(1-X) + In (F02/F 2 ) + p a LL(X)2 . [1 0 6 ]

Combining [96] and[97] yields:

In CM C°i t - I n a i  + In XM + In (F °1/ F i ) + p M LL(1-XM)2 =

In CMC°2it - In (1- ! )  + ln(1-XM ) + In (FO2/F 2) + P M |_l_(XM )2 . [1 0 7 ]
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Combining [107J, [106], and [101] gives:

(q O,CMC.| j CMC°2,t
In

C0, CMC2 t
_______  )  = (Pa L L *P M LL)(2X-1) . [1 0 8 ]
CMC°1it 7

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

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

Since, in relationship [109], p a |_l_ and the ratio C°>CMC.| ^ /  q 0, CMC2 t ( change 

somewhat with y j  , values are best calculated, when synergism occurs, at y j  values 

less than both y °  j  and y 0 2 ! and when negative synergism occurs, at values greater 

than both y 0 j  and y ° 2 -

In summary, the conditions for the existence of synergism in intefacial 

tension reduction effectiveness, when the partition coefficients (K-j and K2) and the 

volume ratio (cp) do not change with a-|, are:

C°,CMC1)t CMC°2it

q0, CMC21 CMC°1>t
[1 0 9 ]

1 -P a LL-PMLL < 0
C0,CM C1 t CM C02>t

Condition 2 can be simplified by choosing = CMC°t (i.e. y j  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. P a L L 'P M LL

CMC0? t

'n ( _________ )V r.Mr*. /c°. c m c 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:

2b. P ctl l - P m ll

C O ,C M C

 )  •
CMC°1it I

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

synergism in intefacial tension reduction effectiveness, when the partition 

coefficients (K-j and K2) and the volume ratio (cp) do not change with a -|, are:

1-Pa LL-PMLL > 0
C°,CMC1 CMC°21

(  L. ’- )
' c ° ’ CMC2 t C M C °iit

2. p<7LL-p M LL > In

In analogous fashion to condition 2 for synergism in this respect, condition 2 for 

negative synergism can be simplified by choosing y  1 at the cmc for the individual

surfactant with the higher value (of y j  at its cmc). If this is surfactant 1, the 

condition reduces to:

CMC0

2a. p ° L L - P M LL > In (
2,t

co, c m c 2

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

at its cmc,
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Pure Surfactant 1 Pure Surfactant 2

E
z
E

YCMC.1

I
qO.CMC  ̂ j _ CMCO-j j

' " t "
QO.CMCg ^

Log C(

Figure 1. Method for determining C°-CMC11 _ CMC°-j j , C0-CMC2>t (ancj 

CMC°2,t whan YCMC.1is ,ess lhan YCMC.2 anc* synergism may exist.
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E
z
E
*—4
>*

YCMC.2

Pure Surfactant 1

x .

QO,CMC1 t

Pure Surfactant 2

/
CO.CMCg t = CMC°2>t

Log Ct

Figure 2. Method for determining C°*CMC.| ̂  f CMC0-) j * and 

CMC°2,t when YCMC.2 is less than YCMC.1 and synergism may exist.
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Pure Surfactant 2

Pure Surfactant 1

YCMC.1

Log Ct

Figure 3. Method for determining t » CMC0 -]^ » C °>^M^2 ,t * anc*

CMC°2,t when YCMC.1 is greater than YCMC,2 and negative synergism may exist.
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2b. P a L L -P MLL > In

CO.CMC.

( - )
'  CMC01>t '

This situation is shown in Figure 4.

Conditions at the point of maximum synergism.

Dividing Eq. [104] by Eq. [105], yields:

Y °C M C ,1 ,t ’ S1(P<7 lL - P MLL)(1-X*)2
  = 1 [1 1 0 ]

Y°CMC,2,t - S2 [p a L L 'P M LL)(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],

«1 CMC°1)t XM
In   = In _______  + In   + p M LL(1-2XM )

1-a-j C M C °2it 1 - X M

F °1F2
+ In   , [ 1 1 1 ]

F°2F1

from which,
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Pure Surfactant 2

Pure Surfactant 1

YCMC.2

Figure 4. Method for determining C°'CMC.j t f t , cO>CMC2 t t anc(

CMC°2ft when YCMC.2 is greater than YCMC.1 ancJ negative synergism may exist.
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CMC°1 t F ^F g  XM

• exp p MLL(1-2XM)

CMC° 2,t f ° 2f 1 1' xM
<*1 =    • [112 ]

MCMCu1 t Fu1F2 X'

1 + 1  •    ®   •  exp P m l l (1-2Xm)
CMC°2 t F°2F-| 1-XM

Since relationship [101] applies at the point of maximum synergism, X* = XM at

this point, and substitution in [112] for XM gives:

CMC°1 t F°-|F2 X*

•  exp p M |_L(1-2X*)
CMC 2 t F °2F1 1- X

« * ,6 1 -  — ____________________________________________   , [113]
/CMC0,, ,  F°,F2 X* \

1 +1 ________ • ______  • ______  • exp p MLL(1-2X*))
\  CMC° 2 t F°2F1 1- X* /

where a  ,E-j 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:

CMC°1>t X*
0 •  exp P Ml l ( 1*2X*)

a * ,E
CMC 2jt 1- X

1 =  :--------------- ;------------------------------------ ■ [114 ]

1 4

/CMC^1>t X v

/  _______• _______• exp p MLL(1-2X*)]
\C M C °2 t 1-X * /



Substituting the values of X* and a*>Ei  into Eq. [96] yields:
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X*

C M C *i2,t = CMCO-j(t •  ___ •    •  exp [p ML|_(1-X*)2 1 [1 1 5 ]
r- * F  •• ■*F-j a  ,c -|

where C M C*i2,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:

X*
CMC*121 = CMC°1 t •  ______ •  exp [ n _(1 -X*)2] . [1 1 6 ]

Substituting the values of x* and a * ’E-j into Eq. [90] yields:

Y*CMC,12,t = Y °C M C ,1, t -  *1 (Pa LL' PMLL)(1-X*)2 [1 1 7 ]

where Y *C M C ,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 a  >E-( , CM C*i2 ,t . and Y *C M C ,12,t > due to the lack of 

constant ionic strength at different values. Use of a cruder method, which 

assumes X-j = X2 = 0.5 (108) at the point of maximum synergism in interfacial
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and Y*C M C ,12,t in lhe absence of a swamping amount of electrolyte because this

method is not as sensitive to the change in ionic strength with change in cx^. 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]:

F2F01CMC01it
<x* ’ E1 =   [1 1 8 ]

F2F °1CMC01it + F ^ O ^ M C O ^ t

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

values is satisfied:

CMC°i it
<x* ’ E1 = ______________________ . [1 1 9 ]

CMC°1>t + CMC°2(t

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

F2F°1CMC°1it + F-| F®2CMC®2 t p ML|_
CMC -\2,t = ______________________________ •  exp _____, [1 2 0 ]

2F iF2 4

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

coefficient values is satisfied:

CMC°1it + CMC°2>t p MLL
CMC*-|2 it = ___________________  •  exp _____

2 4
[ 1 2 1 ]
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Finally, from [104] and [105], and using the assumption X = 0.5:

S1(2)(P a LL-PMLL)
Y C M C ,12,t "  Y °C M C ,1(2),t ' -------------------------------

4
[ 1 2 2 ]

Best agreement between calculated Y *c m c  12,t anc* experimental values is obtained 

when the individual surfactant having the larger (negative) slope in its y j  vs In Ct 

plot is used.
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CHAPTER 3 

EXPERIMENTAL

3.1 M aterials

Surfactants

Sodium dodecanesulfonate, 2 H25S 0 3 ‘ N a+ (C 12S) > 99% purity 

(Research Plus, Bayonne, N.J.). N-dodecyl-N-benzyl-N-methylglycine, 

C-|2H25N+(CH2C0H5)(CH3)CH2COO' (C12BMG) > 98% purity and synthesized in 

this laboratory (109). C i2 H2 5 (°C 2 H4)xOH (^1 2 EOx)> where x=8,7,4,3,2, and 

C 1 6 h 3 3 ( 0 ^ 2 H 4 )8 0 H (C -ig E O g ), > 98% purity as indicated by gas 

chromatography (Nikko Chemical Co., Tokyo, Japan). C12H25OH (C12OH) 

purchased as reagent grade (Aldrich) and purified to > 99% purity (as measured by 

gas chromatography) by fractional distillation. N-dodecyl-2-pyrrolidine (C-|2 p )< 

N-decyl-2-pyrrolidine (C -jop ). and N-octyl-2-pyrrolidine (CgP) > 99% purity 

as indicated by gas chromatography (GAF Corp. Wayne, N.J.). Two isomeric 

compounds C -jg H g s fC ^H ^g S C ^N a  where in both compounds the hydrophobic 

group has Cg and Cg alkyl groups attached to the p carbon, but in one (C-jgHGEOgS) 

the groups are both straight chain and in the other (C10EGEO5S) they are both 

branched. Both compounds are > 92% purity by titration. Analogous unsulfated 

alcohols C16HGEO5OH and C10EGEO5OH 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 

C-|2E02i3 i4 , C ^O H , C-)2p> C-igEOg, C10HGEO5OH, and C-jgEGEOgOH.

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

(£C12BMG,263nm = 355 (109)); nonionics, by UV spectroscopy (ec8P, 191nm

= 7.94 x 103; £q ioP , 19lnm = 7-48 x 1°3)> 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 1 0 5 )(A p )(r3 o )

Y I =   [1 2 3 ]
P2

yields y j  in dyne/cm, where A p  is the density of the water minus the density of the 

oil in g/cm3, r0 is the radius of the oil droplet in cm, and P3 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 P artition  C oeffic ien ts (C g /C vy)

Partition coefficient values for various surfactants are listed in Table 1. For 

pure C i2BMG. 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 C-|2bm<3 was obtained by determining the concentration in the initial

aqueous solution by using UV spectroscopy, £ci2BMG,263nm = L mol" 1 

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

two-phase system. The partition coefficient of C-| 2BMG in the presence of 2S 

was determined the same way as for pure C ^B M G  since C12S does not absorb in the 

UV. (Data are listed in Table A1 in appendix A.)

For pure CgP in the hexadecane/H20  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 CsP in the water phase was then determined by UV absorbance at

191 nm, £C8P,191nm = 7 -94 x 1° 3 L mol" 1 cm-1 (114), and its partition 

coefficient calculated. (Data are listed in Table A2.)

For pure CgP and C-j qP in hexadecane/aq. soln., 0.1 M NaCI solution systems,

known volumes and concentrations of CgP and C-jqP solutions in 0.1 M NaCI were 

overlayed with measured volumes of hexadecane and allowed to partition to 

equilibrium (as described above). The concentration of CsP or C-kjP 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 CsP and C-jqP solutions in 0.1 M NaCI, 

since the e 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
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TABLE 1: Partition coefficient values at 25.0 ± 0.1 °C

Surfactant 1 (surfactant 2) Interface Ki (=CB/CW) «1

C-|2BMG heptane/H20 8 .62 x 10-3 _

C 12BMG (C12S) heptane/H20 6.93 x 10-3 0.557

CgP hexadecane/H20 2.2 x 101 -

C8P hexadecane/aq. soln., 

0.1 M NaCI 3.0 x 101

C8P (c 12s ) hexadecane/aq. soln., 

0.1 M NaCI 1.6 x 101 0.72

C8P (C12S) hexadecane/aq. soln., 

0.1 M NaCI 2.0 x 101 0.62

C io p hexadecane/aq. soln., 

0.1 M NaCI 3.4 x 102

C 10P (C-|2S) hexadecane/aq. soln., 

0.1 M NaCI 2.3 x 102 0.59

C i2S hexadecane/aq. soln., 

0.1 M NaCI <0.015

C 12S (C8P) hexadecane/aq. soln., 

0.1 M NaCI 0.054 0.41

c 12s (Ci 0P) hexadecane/aq. soln., 

0.1 M NaCI 0.046 0.35

C^EGEOsS hexadecane/aq. soln., 

0.1 M NaCI 0 .0377
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aqueous phase affecting the calculated concentrations after partitioning was 

eliminated by 1) using hexadecane-saturated water or hexadecane-saturated 

aqueous 0.1 M NaCI solution as the blank and 2) saturating solutions of CgP or C-iqP 

of known concentration with hexadecane and observing no change in £ values. For 

CgP and C iqP . each in its mixture with C12S, 12 mL of aqueous 0.1M NaCI 

containing the C-12S was shaken intermittently over a period of two hours with 0.3 

ml of hexadecane containing the CgP or C-igP- 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 

C 12S had no absorbance at 191 nm at the concentrations used. For the C ^ S , 75 ml

of an aqueous 0.1 M NaCI 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 C ^ S  concentration. (Data is listed in Table A6.)

For C10EGEO5S, 50 ml of 2.7q x  10' 4 M surfactant in 0.1 M NaCI 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 C16EGEO5S 

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

3.4 Kcp and a  Values

In all of the systems studied, cp was held constant such that cp = cp̂ -j = cp̂ 2 =

0.025 (except C-12EO7/C 12S which has cp = cp̂ -i = cp02 = 0.0123). One of the

conditions for the elimination of partition coefficient values (Kcp «  1 or that a  1

-* 0 or 1) was met for all the systems investigated except the CgP,C i gP/C-) 2s 

systems. For these systems, Kcp for C1 2 S 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, F i , 

F ° i ,  F2, and F°2  were included in the pertinent equations for this system.
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CHAPTER 4 

RESULTS AND DISCUSSION

4.1 Interfacial Properties and M icellization of Pure, Individual

Surfactants in Hydrocarbon/Aqueous Systems

4.1.1 Nonionic Surfactants

Plots of Y j vs -log Cyy (or -log Cj) for the nonionic surfactants C ^E O g ,

C f 2^=04, C 12E O 3, C 12 E O 2 , C -jgE O g, C -igH G EO gO H , C 10 E G E O 5 O H , C gP, C-jqP. and  

C-|2 p are shown in figures B 1-B 5 (appendix B ). These plots were constructed 

using the interfacial tension vs -log Cyy (or -log C^) data in Tables B 1-B 17.

The minimum areas per molecule, A m jn , were calculated using equation [3], 

r max values were calculated using equation [1J. Values of A m in , r max, and n max 

for the nonionic surfactants are listed in Table 2 (below).

Cmcw values for C ^ E O g  were taken as the concentrations at the points of

intersection of the two linear portions of the y j  vs log Cyy plots. Since K(=Cg/Cw) 

of the C i2EOg is approximately equal to one (118) and the volume of the oil phase 

used was extremely small, all the C ^E O g can be considered to be in the water phase 

after partition. Table 4 lists the values of y mjn> cmcw , pC3oiW, and cmc/C3Q for 

the nonionic surfactants.

The standard free energy of adsorption, A G ° a (j s , and the free energy of 

micellization, A G ° m jc , for C ^E O g , CgP, and C iqP  were calculated using equations 

[9] and [16], respectively. Values are listed in Table 5.
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The A m jn values (Table 2) for C-|2E0 8  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 

3 A 2 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 A m j n 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 A G °acj s , Table 5)

must supply the necessary energy for the compression of the E O 3  heads, resulting 

in the 3A2 contraction. With the branched chain and cyclic hydrocarbons, the 

bulkiness of these molecules intercalated between the C i 2 E C>8 tai,s in the 

interfacial film appears to cause a steric inhibition to contraction, and therefore the 

A min value in the hydrocarbon/water system is about the same as for C ^ E O s  in the 

air/water system.

The effect on A m j n of reducing the number of E O  groups in the C-j 2 

polyoxyethylenated (P O E )  nonionics (down to C 1 2 E O 2 )  (Table 2) in 

hexadecane/water systems is first the expected decrease with decrease in the length 

of the P O E  chain (similar to that found at the air/water interface (115)) , and then 

an increase at C12EO2 due t0 increased solubility of the surfactant in the oil phase. 

(Approximate partition coefficient values for nonionic surfactants can be calculated 

by using the cmct values from figures B3 and B4 and assuming that the

concentration in the aqueous phase at this point equals cmcw , values of which are 

known from references 115-117. This assumption is reasonable since it is known
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T A B L E  2 : Interfacial properties of nonionic surfactants at 25 .0 °C . I:  A m jn ,

Emax> Ymin- ^max- (Values in parentheses are at the corresponding air/aqueous 

solution interface.)

r max x Y min ^ ^max^

Surfactant System mol cm-2 mN m*1 mN m' 1

C12EO8 hexadecane/H20 63.0 (66.0a) 2.64 3.41 48 .7 (3 7 .2 a )

C-|2e0 8 dodecane/H20 6 2 . ( 6 6 . 0a) 2 .67 3 .10 4 8 .9 (3 7 .2 a )

C-|2e08 heptane/H20 63.3 (66 .0a) 2.62 1.70 4 8 .5 (3 7 .2 a )

C i2 E08 cyclohexane/H20 67.7 (66.oa) 2.45 1.2? 48 .g (3 7 .2a )

C-|2e0 8 isooctane/H20 66.0 (66 .Qa) 2.52 2 .20 4 8 .0 (37 .2 a )

C i2EOe heptamethyl-

nonane/H20 65.6 (66.0a) 2.53 3 .0 0 48 .g (37 .2 a )

C i2 E04 hexadecane/H20 52 .6 (45 .7a) 3-16 0.05 5 2 .! (43 .3 a )

C i2E03 hexadecane/H20 50 .0 (41 .ga) 3.32 0.18 5 1 .g (4 4 .1a )

C i2 E02 hexadecane/H20 s s . g ^ s . ^ ) 2.99 4 .5 2 47 .6 (45 .7 a)

C i 2E(-̂ 2 heptane/H20 73.1 2.27 6 .50 43.7

C-| 6E08 hexadecane/H20 5 4 .7 (4 8 b) 3 .O4 1.5q 5 0 .6 (3 7 b )

c 16egeo5oh hexadecane/aq.

soln., 0.1 M NaCI 7 0 .0 (44c) 2 .37 1-28 5 0 .g (3 9 c )

c 16hgeo5oh hexadecane/aq.

soln., 0.1 M NaCI 65.2 2 -45 1 .43 50.7

CqP hexadecane/H20 42 .4 (37 .ge ) 3.92 0.9 51 .2 (41 .6 d )

CgP hexadecane/aq.

soln., 0.1 M NaCI 45 .5 (38 .ge) 3.65 - 4 8 .5 (4 1 .^ )
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TABLE 2: (Continued)

Surfactant

r

System Amin^ 2

max x 1010/ 

mol cm-2

Y m in / rimax'' 

mN nrr1 mN rr r1

C10P hexadecane/aq.

soln., 0.1 M NaCI 61-2 2 .7 i -

C i2p hexadecane/H20 58 .4 (32 .7°*) 2.84 2.4 49 .7 (4 5 .6d )

a Data from reference 115. 

13 Data from reference 116. 

c Data from reference 117. 

°* Data from reference 114.



65

that saturated hydrocarbons affect cmcw 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 A m ;n to be larger at the liquid-liquid interface than at the 

water/air interface.

The A m jn value for C 1 2 E O 2  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 C -jg E O g , C -jg E G E O g O H , C -ig H G E O g O H , C g P , C-|qP, and 

C-J2P 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 C-jgEGEOgOH has a larger A m jn value than the

isomeric C10HGEO5OH, despite the fact that C10HGEO5OH is more oil soluble.

The effectiveness of surfactant interfacial tension reduction can be measured 

by n max (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/Cgg ratio values (Table 4) in the hydrocarbon/water systems.

The n max values reflect the-value of y mjn- In this respect, it is interesting to note

that in the series C-| 2^ 0 x in the hexadecane/water systems, when x = 3 or 4, the

Ym in  's very l°w (0.05mN m'1 for x = 4; 0.18 mN nr"! 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 

v h/lcao = 1 (where Vf, is the volume occupied by the surfactant hydrophobic tail, lc 

is its length, and a0 is the area occupied by the hydrophilic head group), lamellar 

micelles are formed and the head-group curvature energy at the oil-water interface
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TABLE 3: Approximate partition coefficient values at 25.0°C

Surfactant System K =C g /C  yy

C-12EO4

C12EO3

C-|2E02

c 12e 0 2

Ci 6E08

c 16e g e o 5 o h

c 16h g e o 5o h

hexadecane/H20

hexadecane/H20

hexadecane/H20

heptane/H20

hexadecane/H20

hexadecane/0.1M NaCI 

aq. soln.

hexadecane/0.1M NaCI 

aq. soln.

4 x 102

1 x 103 

4 x 103 

7 x 103 

4 x 102

7 x 103

2 x 104
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favors zero curvature, leading to very low interfacial tension. Since V^/Iq = ac 

(where ac is the area occupied by the hydrophobic tail (57)), when Vhlc/a0 = 1, 

ac/a0 = 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 C-|2EOx> 

when x = 4, lamellar micelles are formed, confirming that Vh/Ica0 = &c/a0= 1 for 

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

interface.

Cmcw values for C ^ E O g  (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 cmcw. Thus, with

heptane, which is solubilized to a greater extent than hexadecane, C-j2E0 8  has a 

smaller cmcw . 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 

pC3Q,w (Table 4). In air/aqueous systems, PC20 is usually used to measure a 

given surfactants efficiency in reducing surface tension; however, in 

hydrocarbon/aqueous systems, pC3o w 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 n  value where saturation is achieved; this usually 

occurs at about n  = 20 mN m-"' in air/aqueous systems but not until about n  =
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TABLE 4: Interfacial properties of nonionic surfactants at 25.0°C. II :  cmcw ,

P^30,w ■ cmc/C3Q (values in parentheses are for the corresponding air/aqueous 

solution systems)

Surfactant System cmcw x104/M pC3Q(w cmc/C3Q

C12EO8 hexadecane/

H20  1 .02 (1 .09a)

C-|2EC)8 dodecane/

H20  1 .00 (1 .09a)

C i 2E08 heptane/

H20  0 .9 9 (1 .0ga)

C i 2E08 cyclohexane/

H20  1.01 (1 .0ga)

^ 1 2 ^ 8  isooctane/

H20  0 .99 (1 .0ga)

C i 2E08 heptamethyl-

nonane/H20  1.05 ( 1.0ga) 

C i2E04 hexadecane/

H20  b

C12EO3 hexadecane/

H20  b

C12EO2 hexadecane/

H20  b

C12EO2 heptane/H20  b

5 .24 (4 .48a ) 17 .5 O .3 -, a)

5 .23 (4 .48 a ) 1 7 .0 (3 .3 ^ )

5 .27 (4 .48a ) 1 8 .6 (3 .3 ^ )

5 .34 (4 .48a ) 22 .2 (3 .3 -|a )

5 .25 (4 .4ga )

5 .23 (4 .48a ) 1 7 .8 (3 .3 ^ )

1 6 -8(4 .5 a )

1 4 .5 (4 .3 a )

b

b

1 0 .8 (4 .2 a ) 

11.5
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TABLE 4: (Continued)

Surfactant System cmcw x 104/M Pc 30,w CITIC/C3 0

C16E08 Hexadecane/

H20 b b I\D O O

c 16egeo5oh hexadecane/0.1

M NaCI aq. soln. b b 4 3 .7 (2 .73C)

c 16hgeo5oh hexadecane/0.1

M NaCI aq. soln. b b COCDCVJ

c 8p hexadecane/0.1

M NaCI aq. soln. d 3.22 (2 .82e ) -

C8P hexadecane/

H20 d 2-9g(2.73e ) -

Ci 0p hexadecane/0.1

M NaCI aq. soln. d 4.10 -

a Data from reference 115.

b Only cmcj and pC3ott obtainable; accurate partition coefficients not available. 

c Data from reference 117.

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

cmcw.

e Data from reference 114.
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30 mN m' 1 in hydrocarbon/aqueous systems. The pC3o >w values are all greater 

(i.e., the surfactants are more efficient at reducing y  j) in the hydrocarbon/aqueous 

systems than for the corresponding air/aqueous systems (PC30 values are used for 

the air/aqueous systems for comparison purposes). According to equation [17] and 

the data for AG °ac|S (Table 5), this is due (in all cases) to the more negative AG°ac|s 

values in the hydrocarbon/aqueous systems.

The relationship between micellization and adsorption can be measured by 

the cmc/C3o ratio (Table 4). Upon the introduction of some factor, if the cmc/C3o 

ratio increases, this indicates that micellization is inhibited more than adsorption 

or adsorption is facilitated more than micellization. A decrease in the cmc/C3 o

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 

air/aqueous 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, C30 values are reduced to a greater 

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

micellization), resulting in larger CITIC/C30 values.

For the shorter C-|2EOx compounds, the ratio decreases as x decreases. For 

C12EO4 and C12EO3- the decrease in A m jn (increase in T m a x ) in the y  j vs log C{ 

slope (Figure B3) means that the C30 is being increased relative to cmc. For 

c 12e o 2> the Y l vs l°9 c t sloPe decreases (i.e. C30 decreases relative to cmc), but
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the cmc decreases more than C30.

The AG °mjc values in Table 5 for C-^BOg 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^, according to equation [16].

The A G ° a(j S 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°ac|s values, it is apparent that, for C-^EOg, adsorption is affected to 

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

4.1.2 Zwitterionlc Surfactant

Plots of y i  vs -log Cw for the zwitterionic surfactant C12BMG are shown 

in figures B6-B11. These plots were constructed using the interfacial tension vs 

-log Cw data in Tables B18-B38.

Cmcw values for C12BMG were taken as the concentrations at the point of

intersection of the two linear portions of the y  j vs -log Cw plots. Values of the

maximum interfacial excess concentrations, n ^ g x , were calculated using equation

[1]. Minimum area per molecule values, Amjn, were calculated using equation [3].

Values of cmt^,, r max, and Amjn for C12BMG are listed in Table 6 (below).

The efficiency in interfacial tension reduction (pC3 o )W)- relationship

between micellization and adsorption, cmc/Cgg. minimum interfacial tension,

Ymin» and maximum interfacial pressure, n max, values for C1 2 BMG are listed in 

Table 7.

The standard free energies (A G °mjC), entropies (A S °mjc), 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).

Surfactant System

^® °ads/ 

kJ mol'1

AG mic/ 

kJ m ol'1

C12EO8 hexadecane/H20 -5 1 .-i ( -4 7 .4 a ) -32 .7  ( -3 2 .6 a )

C l2 E08 dodecane/H20 -5 1 .-i ( -4 7 .4 a ) -32 .g  ( -3 2 .6 a )

C l2 E08 heptane/H20 -51.5  ( -4 7 .4 a ) -33 .0  ( -3 2 .6 a )

C12EO8 cyclohexane/H20 -5 2 .8 ( -4 7 .4 a ) -32 .8  ( '3 2 .6 a )

C ^EO s isooctane/H20 -51 .8  ( -4 7 .4 a ) -3 2 .8 ( -3 2 .6 a )

C12EO8 heptamethylnonane/

H20 -52 .0  ( '4 7 .4 a ) -32.7  ( -3 2 .6 a )

c 8p hexadecane/ H2O -3 4 .6 ( -3 2 .4 b) c

C8P hexadecane/0.1 M

NaCI aq. soln. -3 6 .5 (-3 2 .g b ) c

C10P hexadecane/0.1 M

NaCI aq. soln.

.q00 
c?C

\l

1

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.



73

(A H ° m jc ), of micellization for C i2 BMG were calculated using equation [16] and 

those analogous to [13] and [14], respectively. Values are listed in Table 8.

The standard free energies (A G °ac|s). entropies (A S °acjs), and enthalpies 

(A H °acjs), of adsorption for C-j2BMG were calculated using equatios [9], [13], and 

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

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

than in the air/water system. As found for C -^EO g, the cmcw value decreases as 

the solubilization of trie saturated hydrocarbon into the core of the micelles 

increases. Thus, with heptane, which is solubilized to a greater extent than 

hexadecane, C-^BM G has a smaller cmcw 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 cmcw of the

C-|2b MG more than the saturated hydrocarbons. This is in agreement with the 

findings of Rehfeld (63).

The A m j n values (Table 6) for C i 2 BMG 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 C -^E O s 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 C i2 BMG- As the degree of intercalation increases, A m j n 

increases.

The data at 25.0°C indicate that for C-)2BMG, as the chain length of the
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TABLE 6: Interfacial Properties of C1 2 BMG. I: cmcw, r max, Amjn

Second phase 

(against water) T/°C

cmcw x 104/ 

M

Tmax x 1010/ 

mol cm'2 ^min^

heptane 25 4.3 ! 2 .8 ! 59 .2

35 4.0g 2-73 60.8

45 4.3g 2 .66 62.4

dodecane 25 4.82 2.83 58 .7

35 4.86 2 .66 62.4

45 5.24 2.5g 64.3

hexadecane 25 5.1 9 2.90 57.3

35 5.67 2.61 63 .6

45 5.68 2 .56 64.8

isooctane 25 4.30 2.77 cp
0CD

35 4.35 2.5g 64.2

45 4.5g 2 .6 i 63.6

heptamethylnonane 25 4.95 2 .78 59.8

35 4.82 2.67 62.2

45 5 .O7 2.64 62.9

cyclohexane 25 3.63 2.64 62 .g

35 3.47 2 .58 64-3

45 3.64 2.45 67-7

toluene 25 2.24 2 .22 74.7

35 2 - i 8 2-15 77-3

45 2.14 2 . I 5 77-3
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TABLE 6: (Continued)

Second phase cmcw x 104/ r max x 101 ° /

(against water) T/°C M mol cm' 2 A m in ^

aira 1 0 6.04 3 .00 55.5

25 5.50 2.95 56 .0

4 0 5.45 2 .78 59.7

a Data from reference 109.
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hydrocarbon phase increases, A mjn decreases. Thus, A m ;n 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, 6 

(so lub ility  parameter (128)) of the hydrocarbon (cyclohexane, 16.7; 

isooctane,14.0; n-heptane,15.2; n-hexadecane,16.3, in M Pa1/2). 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 4 5 .0 °C , there is the expected increase in A m jn 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 A m jn . Thus at 4 5 .0 °C , the order is n-hexadecane > 

n-dodecane > isooctane > n-heptane, almost exactly opposite to that at 2 5 .0 °C . This 

order at 4 5 .0 ° C  is in agreement with the findings of Rehfeld for sodium dodecyl 

sulfate (63) at 2 5 .0 °C , whereas the order at 2 5 .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 n  cloud, has the greatest 

concentration at the interface of the hydrocarbons investigated and produces the 

largest A m j n for C -^ B M G . This is in agreement with Rehfeld (6 3 ), and 

Vijayendran and Bursh (64 ).

The efficiency of C12BMG in reducing interfacial tension is measured by 

pC3o,w (Table7). These values are all greater in the saturated hydrocarbon/water



77

TABLE 7: lnterfacialPropertiesofC-12B M G .il: pC3o,w. cmc/C3o, Ymin- n max

Second phase 

(against water) T/°C Pc 30,w cmc/C3Q

Ymin/ 

mN n r1

n m£ 

mN r

heptane 25 4.50 1 4 1.8 48

35 4.44 1 1 1.7 47

45 4.34 1 0 1.4 46

dodecane 25 4.5 ! 1 6 2.8 49

35 4.5 ! 1 6 2.6 48

45 4.34 1 1 2.5 47

hexadecane 25 4.4! 1 3 3.5 48

35 4.45 1 6 3.1 47

45 4.2g 1 1 3.0 46

isooctane 25 4.52 1 4 2.0 48

35 4.53 1 5 1.8 47

45 4.32 1 0 1.7 46

heptamethylnonane 25 4.52 1 7 2.8 49

35 . 4.44 1 4 2.6 48

45 4.32 1 1 2.4 47

cyclohexane 25 4.68 1 8 0.8 49

35 4.66 1 6 0.8 47

45 4.5! 1 2 0.7 46

toluene 25 4 .11 2.8 0.3 35

35 3.9! 1.8 0.4 33

45 3 .7 i 1.1 0.5 30
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TABLE 7: (Continued)

Second phase Ymin^ n max/

(against water) T/°C pC30,w CITIC/C30 mN n r 1 mN m*1

a ira 1 0 3.82 4.0 34 40

25 3.8 ! 3.3 33 39

40 3.82 3.6 32 38

a 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 A G °acj s 

(Table 8), this is due to the more negative A G °acjs values in the hydrocarbon/water 

systems in all cases. When the aromatic hydrocarbon toluene is the second phase 

against water, the C ^B M G  efficiency (in interfacial tension reduction) is only

slightly greater than in the air/water system. Although C ^B M G  A G °acjs is more 

negative in the presence of toluene, it is not as efficient as in the saturated 

hydrocarbon/water systems because its A m j n is larger in the toluene/water 

system, which tends to decrease the pC3o,w value as seen in equation [17].

The relationship between micellization and adsorption can be measured by 

the CITIC/C30 ratio (Table 7). The values for C ^ B M G  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 C30 value being reduced to a larger extent than the cmcw by the presence of 

the saturated hydrocarbon.

The cmc/C3o 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 C30 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 n max. The values of n cmc 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 CITIC/C3 0  ratio in

these systems, since r max does not vary very much. In the toluene/water system,

rimax 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 r max of C-|2BMG molecules at the toluene/water interface 

and the slight decrease in the cmclC^o ratio.

The A G ° m jC values (Table 8) for C-|2 BMG 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 A H °mjc and A S °mjC values reflect this small change. The slight 

differences for the various hydrocarbons investigated are not considered significant.

The A G °ac|s values (Table 9) for C-^BMG in the hydrocarbon/water systems

are all considerably more negative (as seen above for C-|2 E 0 8  ancl 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 A G °mjC values are not affected as much 

as A G °a{j s 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 A H °aCjS values at 35.0°C become more negative and the A S °aCjs 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 to 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 A S °ac|s values for the branched alkanes are also consistent with 

this. In the case of toluene, the large AH°ac|s and small AS°ac|s values are also due to 

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

value of Amjn.
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TABLE 8: Thermodynamic Parameters of Micellization for C12BMG

Second phase 

(against water) T/°C

AG°mic^ 

kJ mol' 1

AH°mic/

kJ mol' 1

AS mil 

kJ mol

heptane 2 5 - 2 9 . 1

3 5 1 CO 0 CO + 0 . 5 0 .0 9 g

4 5 ■31- 1

dodecane 2 5 - 2 8 . g

3 5 - 2 9 . 8 - 3 0 . 0 8 7

4 5 CO

0CO1
hexadecane 2 5 - 2 8 . 6

3 5 -29 .4 - 3 0 . 0 8 7

4 5 - 3 0 . 4

isooctane 2 5 O
J

o>CM1

3 5 - 2 9 . 8 - 3 0 . 0 8 9

4 5 - 3 1 . 0

heptamethylnonane 2 5 - 2 8 . g

3 5 CO
CT>CM1 - 0 . 5 0.095

4 5

0CO1

cyclohexane 2 5 -29-5

3 5 1 CO 0 + 1 0 . 10

4 5 - 3 1 . 6

toluene 2 5 CO
0CO1

3 5 -31 .9 + 1 0.11

4 5 0COCO1
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TABLE 8: (Continued)

Second phase AG °mjC/ AH°mjQ/ AS°mjc/

(against water) T/°C kJ mol' 1 kJ mol' 1 kJ mol' 1 K' 1

___ __ _ _ _

25 -2 8 .6
- 3 O.O87

40 - 29.9

a Data from reference 109.
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TABLE 9: Thermodynamic Parameters of Adsorption for C12BMG

Second phase 

(against water) T/°C

AG°ads/ 

kJ mol' 1

AH°ads/ 

kJ mol' 1

AS°ads/ 

kJ mol' 1

heptane 25 1 -e>. CD •v
l

35 ■47.5 -2 .-J x 101 O.O84

45 CO
COTf1

dodecane 25 -4 6 .3

35 -47.g - 1.-1 x 101 0 .12

45 -4 8 .6

hexadecane 25 -45.5

35 -4 7 .6 - 1 0 -15

45 -48.4

isooctane 25 -46-6

35 -4 8 .3 - 1.9 x 101 0.094

45 u
>

CO1

heptamethylnonane 25 -46.5

35 -4 7 .8 0 X 0 O.O89

45 CO
0
0

■
*rl

cyclohexane 25 -48.Q

35 -49.Q - 1.4 x 101 0 . 1 i

45 -50 .3

toluene 25 -46.g

35 -47.3 [O -U X 0 0 .077

45 -4 8 .4
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TABLE 9: (Continued)

Second phase 

(against water) T/°C

AG°ads/ 

k j mol'"*

AH°ads/ 

kJ moM

A S°ads/ 

kJ moM K' 1

a ira 1 0 -40.1

25 0
 

CM1

OXTT1 0.093
40 -4 3 .4

a Data from reference 109.
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4.1.3 Anionic Surfactants

Plots of Y j vs -log Cw for the anionic surfactants C12S, C-jeEGEOsS, and 

CieHGEOsS are shown in figures B12-B14. These plots were constructed using the 

interfacial tension vs -log Cw data in Tables B39-B48.

For the anionic surfactants in 0.1 M NaCI aqueous solution, the maximum 

interfacial excess concentration values ( r max) were calculated using equation [1];

for those without added NaCI, 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 

cmcw, r max, Amjn, and AG °acjs for the anionic surfactants are listed in Table 10.

Values for pC3o,w> cmc/C3Q, Ymin* and n max are ,isted in Table 11.

As found for the nonionic and zwitterionic surfactants, all the cmcyy values 

(Table 10) for the anionic surfactants studied in the hydrocarbon/aqueous systems, 

except C16EGEO5S, were less than their corresponding values in the air/aqueous

systems. There is not much decrease in the cmcw values in the systems with 

saturated hydrocarbons relative to their values in the air/aqueous systems. 

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

considerably. This agrees with the findings for C12BMG and of Rehfeld (63).

The Am jn values (Table 10) for the anionic surfactant C1 2 S in the 

hydrocarbon/water systems in the absence of electrolyte are all larger than the 

A m jn value for C12S in the air/water system. The Amin values for C ^ S ,

C16EGEO5S, and C16HGEO5S in the hexadecane/0.1 M NaCI aqueous solution systems
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TABLE 10: Interfacial Properties of Anionic Surfactants at 25.0°C. I: cmcw , 

r max> Amin* AG°ads

Surfactant system

r

cmCvy/M

max x 1010/ 

mol "2 cm Amin^ 2

A G °acjS/ 

kJ mol"1

C t2S heptane/H20 9.9 x 10-3 2.44 68-! - 6 O.3

C i2S dodecane/H20 9.7 x 10-3 2 .5 ! 66.0 -6 0 .0

C12S hexadecane/H20 1 .0 -j x 10-2 2.80 59-2 -5 7 .8

C i2S isooctane/H20 9.5 x IQ’ 3 2.58 64.3 -59 .3

C12S heptamethylnonane/

h2o 9.7 x 10-3 2.75 6O.4 -5 8 .2

C12S cyclohexane/H20 9.2 x 10-3 2-3g 69.5 - 6 I .3

C i2S toluene/H20 5 .4 8 x 10-3 2.34 70.g -5 8 .9

C-(2Sa air/H2 0 1 .24 x 10-2 2.93 56.7 -5 2 .8

C i2S hexadecane/O.lM

NaCI aq. soln. 2 . 0 q  x 10-3 4.57 36 .4 -5 2 .8

air/0.1M NaCI

aq. soln. 2 .4 7 x 10-3 3.76 44 .2 -51.9

c 16egeo5s hexadecane/0 .1M

NaCI aq. soln. 3 .8 0 x 10-5 3.29 50.5 -67 .g

C16EGE05Sb air/0.1 M NaCI

aq. soln. 3 .3 2 x 10-5 2 .80 59.3 CO

CO<01

C10HGEO5S hexadecane/0.1M

NaCI aq. soln. 1.0c x 10-5 3-2q 51.4 -71 .0
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TABLE 10: (Continued)

r max x 1010/ A Q »ads 

Surfactant system cmCw/M mo! "2 cm A m j n / A 2 kJ  mo1' 1

C 16HGE05Sb air/0.1 M

NaClaq.soln. 1.1 e x 10' 5 3 .O7 54.•) -69-2

a Data from reference 130. 

b Data from reference 117.
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are all decreased relative to their values in the corresponding air/0.1 M NaCI 

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 

0.1 M NaCI 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/0.1 M NaCI aqueous 

solution system. In agreement with the findings on C ^B M G , as the degree of

intercalation increases (119,120) for the straight-chain hydrocarbons, the Amj n

values for C-| 2S (in the absence of added electrolyte) increase.

The A G °acjs 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. C12S, C-jqEGEOsS, and

C-16HGEO5S in hexadecane/0.1M NaCI aqueous solution systems have AG°acjs values

about the same as in the corresponding air/0.1 M NaCI 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 Amjn in these systems relative to the 

values in the air/0.1 M NaCI aqueous solution systems. The result is that in both the 

hexadecane/0.1M NaCI aqueous solution systems, and in the air/0.1 M NaCI aqueous 

solution systems, AG °acjs is about the same, but in the former, Amjn is smaller than 

in the latter.

The efficiency of interfacial tension reduction for the anionic surfactants as

measured by pC^o,^ (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. I I :  pC3o(W,

cmc/C3C), Ymin- ^m ax

Ymin/ ^max^

Surfactant system Pc 30,w cmc/C3Q mN nrr1 mN m' 1

C12S heptane/H20 2-45 2-73 7.7 42.5

C i2S dodecane/H20 2.60 3 .86 9.4 42.ft

c 12s hexadecane/H20 2.3g 2.47 9.8 42.3

C12S isooctane/H20 2.44 2 .6 ! 8.2 42 .0

C12S heptamethylnonane

/H20 2 .4 i 2.4g 9.6
/

42.2

C i2S cyclohexane/H20 2.4g 2.87 6.9 43.3

C i2S toluene/H20 2.30 1.0g 5.2 30.g

c12sa air/H20 2.O4 1.25 C
O CO 0 33.0

c 12s hexadecane/0.1M

NaCI aq. soln. 3 .32 4.1g 6.6 45.7

c12sa air/0.1 M NaCI

aq. soln. 3 .06 2*8 -| 35.9 36.4

C-| 5EGEO5S hexadecane/0.1M

NaCI aq. soln. 5.5q 11-9 2.0 50.4

C16EGE05Sb air/0.1 M NaCI

aq. soln. 5.2g 6.33 29-5 42.8

C16HGEO5S hexadecane/0.1M

NaCI aq. soln. 6.0fi 11.0 2.5 42.1
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TABLE 11: (Continued)

Ymin/ n max

Surfactant system pC30,w cmc/C30 mN n r1 mN m' 1

C16HGE05Sb air/0.1 M

NaCI aq. soln. 5.63 4 .95  30-2 42 .1

a Data from reference 130. 

b Data from reference 117.
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The values of the relationship between micellization and adsorption for the 

anionic surfactants as measured by the cmc/C3o 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 C-J2S in the toluene/water

system, the cmc/C3o value is slightly less than the value for C12S 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 n max. 

The values of n max (Table 11) for the anionic surfactants in the saturated 

hydrocarbon/water systems are all greater than for the air/water systems. C-| 2S 

in the toluene/water system has a n max value less than in the air/water system. 

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

The y mjn 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 0.1 M NaCI is added, the head-group curvature energy is reduced 

at the oil/water interface, and Y mjn is reduced.

4.1.4 Summary of Effect of Surfactant Type on Interfacial

P ro p e rtie s

CMCW

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

zwitterionic, anionic) are in agreement. In saturated hydrocarbon/aqueous solution
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systems cmcw values are slightly reduced relative to their values in air/aqueous 

solution systems (about 5% on average). In aromatic hydrocarbon/aqueous solution 

systems, the cmcw values are considerably reduced compared to air/aqueous 

solution systems.

AG °m ic

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°ads

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 0.1 M NaCI, A G °a(j s 

values in hexadecane/aqueous solution systems are comparable to those in 

corresponding air/0.1 M NaCI 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.

A min

For those nonionic surfactants that partition strongly into the oil phase, 

Amjn 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 (OPE2) are in agreement with this finding. For the nonionic 

surfactants (that partition preferentially into the water phase), and for ionic 

surfactants in 0.1 M NaCI, Amjn values in straight-chain hydrocarbon/aqueous 

solution systems are decreased relative to their values in air/aqueous solution 

systems, van Voorst Vader's data (62) on C-j 1 H23COO‘ Na+ in Table 12 is in
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TABLE 12: Amjn values from the literature at 25.0°C

Surfactant system A m in ^ Amin(a'r/H2 0 )/A2

OPE10a>b isooctane/H20 78 74-5

OPEga isooctane/H20 71 66

OPE8a isooctane/H20 64 64

OPE/* isooctane/H20 58 58

0 PEea isooctane/H20 56 56

OPEs3 isooctane/H20 53 53

OPE4a isooctane/H20 50 50

OPE3a isooctane/H20 48 45

OPE2a isooctane/H20 53 34

C-|-| H23COONac heptane/0.1 M NaCI

aq. soln. 45 47

a Data from reference 62.

b OPE = p,t-octylphenoxyethenoxyethanols. Subscript = polyoxyethylene (EO) 

chain length.

c Data from reference 60; at 20.0° C.
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agreement with this finding. For nonionic surfactants in branched or cyclic 

hydrocarbon/water systems, and for the zwitterionic surfactant C12BMG and ionic 

surfactants in the absence of added electrolyte in hydrocarbon/water systems, Amjn

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 repulsions 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.

PC 30,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 systems.

cm c/C 3Q

For all surfactant types studied in the saturated hydrocarbon/aqueous 

solution systems, cmc/C3 o values are larger than in the air/aqueous solution 

systems since C30 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 C-|2BMG and C ^S ), cmc and C30 values are both reduced

considerably, leading to a CITIC/C30 value that is about the same or slightly smaller 

than in the air/aqueous solution systems.

n max

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

solution systems. When toluene is used as the hydrocarbon phase, n max 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 i  vs -log C^for the mixed systems investigated (including <*i = 0

and a  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 <p = (p°i = <p°2  = 0.025 for all the mixed 

systems except C12EO7/C 12S which has (p = <p°i = <p°2  = 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 CsP curve is constructed from 

data in Table B15 (Sep-pak purified CgP data) ; in Figure B31, the CsP curve is 

constructed from data in Table B90 (non-Sep-pak purified CgP data). The data for 

C12EO8 in Tables B79 and B84 were produced without sending the C12EO8 through 

a Sep-pak (while for the data in Tables B1-B6, C12EO8 was passed repeatedly 

through a Sep-pak minicolumn).

Values of the molecular interaction parameter for the interfacial film, 

p a LL> were calculated using equations [55] and [56] in all 20 mixed systems

investigated (except the C8P/C12S and C10P/C12S systems for which equations 

[47] and [48] were used) and are listed in Table 13 (pa  values at the air/aqueous



96

TABLE 13: Synergism in interfacial tension reduction efficiency at 25.0°C (values

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

Surfactantl -2, 

system

|ln C °1>t/ svneraism

P a LL C °2,tl predicted found(exp.)

+ 0.1heptane/H20 

C-^BMG-C^S, 

heptane/H20 

C-12BMG-C12S, 

dodecane/H20 

C-^BMG-C-^S, 

hexadecane/H20 

C i2BMG-C-(2S, 

isooctane/H20 

C-J2BMG-C-J2S,

heptamethylnonane/H20  - 4 .4 (- 5 .7 a ) 

C-J2BMG-C-J2S,

cyclohexane/H20 -5 .o ( -5 .7 a )

C-j2BMG-C-|2S,

toluene/H20  -3 .2 ( -5 .7 a )

C sP -C ^S , hexadecane/

0.1 M NaCI aq. soln. - 1 .7 ( -3 .- |b )

5.0 no

-4 .7 ( -5 .7 a ) 4 .2 (4 .0 a ) yes

-4 .8 ( -5 .7 a ) 4 .0 (4 .0 a ) yes

-5-2 (_5 . 7 a ) 4 .0 (4 .0 a ) yes

-4 .4  ( -5 .7 a ) 4 .2 (4 .0 a ) yes

4 .2 (4 .0 a) yes

4 .5 (4 .0 a) yes

4 .6 (4 .0 a ) no

no

yes

yes

yes

yes

yes

yes

no

0 .66c (0 .23b ) yes yes
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TABLE 13: (Continued)

Surfactant1-2,

system Pa LL

| in c ° 1it/ sm e ig ism 

C °2,tl predicted found(exp.)

+0.55

CioP-C-|2S, hexadecane/

0.1 M NaCI aq. soln. -2.3

C16HGE05S- c 16h g e o 5oh, 

hexadecane/0.1 M NaCI aq.

soln. - 1.2

C16EGE05S- c 16eg eo 5oh, 

hexadecane/0.1 M NaCI aq. 

soln.

Ci2E08-Ci2E04, 

hexadecane/H20

C l2 E 08"c 12E03> 

hexadecane/H20

c 12e o 8 ' c 12e o 2 > 

hexadecane/H20

C l2E0 8 ' c 12E0 2> 

heptane/H20

c 16e o 8‘c 12e o 2> 

hexadecane/H20

c 12e o 8 ' c 12o h - 

hexadecane/H20

0.32° yes

4.1

-2 .2 (-1 -1 d ) 2.9

1.4

- 0 .7 1 (-0.1 7 e ) 2.3

2 -2 (-1 -0 )  3.6

1-6

- 1.4

-5-2

5.2

5.5

7.2

no

no

no

no

no

no

no

no

yes

no

no

no

no

no

no

no

no
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TABLE 13: (Continued)

Surfactant1-2, IlnCO,.,/ svneraism

system P ctll C °2,tl predicted found(exp.)

c 12e 0 8 'c 8 P'

hexadecane/H20 ■0.52 4.5 no no

c 12e 0 8_c 12p »

hexadecane/H20 •2-0 4.3 no no

a Data from reference 131. 

b Data from reference 132.

c |ln F-,F02c 0 1>t/ F 2F01C02 ,tl- f 1f(V f2f °1 = 0.806 for C8P -C i2S system 

and 0.71 -| for the C-| op -C i 2$ system. 

b Data from reference 117. 

e 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, C-|2 ,t,min> at the Point ° f  maximum synergism were 

calculated using equation [83] (equation [82] for the CgP/C-^S , and C-kjP/C-^S  

systems), and mole fraction values, <x*-j, at the point of maximum synergism were 

calculated using equation [81] (equation [80] for the C g P /C ^ S , and C-jQ P/C ^S  

systems). These calculated parameters are listed in Table 14 and the calculated 

C i 2 ,t,min values are compared with experimentally determined C i2 ,t,min values 

(at experimental a  values close to the a *  values) in Table 13. Calculated and 

experimental C i2,t,min values are in good agreement.

For systems whose p a  values at the air aqueous interface are listed in (Table 

13), the p a i_i_ values (for those systems containing two water soluble surfactants

(C-j2BMG/C-j2S, C i2s /CqP)) at the hydrocarbon/aqueous solution interface are 

less negative than the p a  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 (C i0 E G E O 5S /C 10EG E O 5 O H ,

C-| 2 E O g/C-| 2 E 0  3 , an<̂  G1 2 b G g / C  1 2 E O 2 ), the P a  |_L values at the 

hydrocarbon/aqueous solution interface are more negative than the p a  values at the 

corresponding air/aqueous interface.

Molecular interaction parameters in the mixed micelles, p Mi_L values, were 

calculated for the systems in which both components exhibited cmc's (for the 

C^EO g/CgP and C ^EO g/C -^P  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/C-|2S and C10P/C12S systems for which equations analogous to 

[47] and [48] were used) give the values listed in Table 15 ( p M 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 - C ^ .t.m in - a * at 25.0°C

Surfactantl -2, <**BMG,CxP C l2,t,min/M

system (calc.) calc. exP-(a BMG,CxP)

C-|2BMG-C-)2S,

heptane/H20  0 .95  1 .1 - jX lO ' 4 1 .07 x 10' 4 (0 .9 4 )

dodecane/H20 0 .92  1 .42 x 10' 4 1 .44 x 10‘4 (0 .94 )

C-j2BMG-C-j2S,

hexadecane/H20 0 .88  1.67 x 10' 4 1 .6gx 10'4 (0 .9 4 )

C-|2BMG*C-(2S,

isooctane/H20 0 .98  I . I 4 X 10 ' 4  1 . 1 -j x 10' 4  (0 .9 4 )

C-|2E3MG-C-|2S,

heptamethyinonane/H20  0 .97  1 .48 x 1 0 '4 1 .3 8 x 10'4 (0 .94 )

C ^ B M G -C ^ S ,

cyclohexane/H20 0 .95  7 .5q x  10‘5 9.2q x  10'5 (0 .94 )

C 8 P ’ C 1 2 S - 

hexadecane/0.1M NaCI

aq. soln. 0 .30  1.2 -j x 10*3 1 .3 0 x 10'3 (0 .2 3 )

C io P -C i2S, 

hexadecane/0.1 M NaCI

aq. soln. 0 .43 6 .38 x 10‘ 4 7 .5 0 x 10‘4 (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)

Surfactantl-2, |ln C M C °i(t/ svnergism

system P^*LL C M C ^.tl predicted found(exp.)

c 12e 0 7"c 12s -

h e p ta n e ^O  - 0.1 g 3.7 no no

C-^BM G-C-^S,

heptane/H20 -4 .o ( -5 .o a ) 3.1 (3 .0a ) yes yes

C ^ B M G -C ^ S ,

dodecane/H20  -3 .e ( -5 .o a ) 3 .1 (3 .0 a ) yes yes

C-j2®MG-C-(2S,

hexadecane/H20 -4 .o ( -5 .o a ) 3 .0 (3 .0 a ) yes yes

C-(2BMG-C-)2S,

isooctane/H20 -4 .o ( -5 .( ja ) 3.1 (3 .0a ) yes yes

C-)2BMG-C-|2S,

heptamethylnonane/H20  -4 .2 ( -5 .Qa ) 3 .0 (3 .0 a ) yes yes

C ^ B M G -C ^ S ,

cyclohexane/H20  -2 .- |( -5 .o a ) 3 .3 (3 .0 a ) yes yes

C ^ B M G -C ^ S ,

toluene/H20  -2 .1 ( -5 .0 a ) 3 .3 (3 .0 a ) no no

C16HGE05S- c 16h g e o 5oh, 

hexadecane/0.1 M NaCI aq.

soln. -0 .1 8 4.3  no no
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TABLE 15: (Continued)

Surfactant1-2,

system Pm ll

| ln C M C °iit/ svneraism 

CMC°2(tl predicted found(exp.)

c 16e g e o 5s - c 16egeo5oh,

hexadecane/0.1 M NaCI aq. 

soln.

c 12E0 8 'C i2 E0 4>

hexadecane/H20

c 12e o 8’ c 12e o 3'

hexadecane/H20

c 12e o 8 ‘ c 12e o 2 >

hexadecane/H20

c 12e o 8 ' c 12e o 2 >

heptane/H20

c 16e o 8_c 12e o 2-

hexadecane/H20

c 12e o 8‘ c 8p >

hexadecane/H20

c 12e o 8 ‘ c 12 p >

hexadecane/H20

- 1 . 5 ( + 0 . 4 b ) 3 .0

+O.33

- 0 . 18

+ 0 . 4 i

-5 .2

•O .lg

- 1.4

1.8

2.7

-2 .7 ( + 0 .3 7 ) 3.4

4.4

5.0

4.8

4.5

no

no

no

no

no

yes

no

no

no

no

no

no

no

no

no

no

a Data from reference 131. 

b Data 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 C -ieE O 0/C -|2 E O 2 in a hexadecane/H2 0  system, the 

condition for synergism that IP m l l I  > l,n (CM C°-j , t /C M C ° 2 it)l was within 

experimental error of not being met since p M LI_ va,ues have an inherent error of = 

±  5%.

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

concentration values at the cmc at the point of maximum synergism, C M C ^.t.m in*  

were calculated using equation [87], and the mole fraction values, at the

point of maximum synergism were calculated using equation [85]. These calculated 

parameters are listed in Table 16 and the calculated C M C ^2 ,t,min values are 

compared with experimentally determined C M C -^ .t.m in  values (at experimental 

<x-| values close to the values) in the Table. Calculated and experimental

C M C i2 ,t,min values are in good agreement.

For systems that air/aqueous p M values have been included (Table 15), it is 

observed that for the C-12BMG/C12S systems, which contain two water soluble 

surfactants, the p Mi_L values in the hydrocarbon/aqueous systems are less negative 

than the p M value in the corresponding air/aqueous system. For those systems 

where a water soluble surfactant is mixed with an oil soluble one 

(C igEG E O gS/C -j0 EGEO5OH, and C -^E O g/C -^E iC ^), the P ^ L L  values in the

hydrocarbon/aqueous systems are more negative than the p M 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 (C-|2BMG/C-|2S in a toluene/water system and C-igEOg/C-^EC^

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 - CMC-|2,t,min> a *’M at 25.0°C and a g ^ G , exp. = 0.94

Surfactantl -2, 

system

» * ’MBMG

(calc.)

CMCi2,t,min/M  

calc. exp.

C-j 2BMG-C12S,

h e p ta n e ^O 0.89 4.0 x 10' 4 3.2 x 10' 4

C-J2BMG-C-J2S,

dodecane/H20 0.92 4.4 x 10- 4 3.7 x 10- 4

C-J2BMG-C-J2S,

hexadecane/H20 0.88 4.6 x 10- 4 4.3 x 10- 4

C-|2BMG-C-|2S,

isooctane/H20 0.98 4.0 x 10- 4 4.3 x 10' 4

C ^ B M G -C ^ S ,

heptamethylnonane/H20 0.97 4.8 x 10‘ 4 3.8  x 10‘ 4

C-|2BMG-C-|2S,

cyclohexane/H20 0.95 3.4 x 10-5 3.0 x 10-5
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TABLE 17: Synergism and Negative Synergism in Interfacial Tension Reduction

Effectiveness at 25.0°C

Surfactant1-2,

system

synergism(+)

|ln C M C ^.t/ or negative(-) synergism

Pa LL' PMLL predicted found(exp.)

C12EO7-C12S, 

heptane/H20 

C-^BMG-C-^S, 

heptane/t^O 

C j2^^G -C -|2S, 

dodecane/H20 

C-j2BMG-C-(2S, 

hexadecane/h^O 

C-|2EJMG-C-|2S, 

isooctane/f-^O 

C12BMG-C12S, 

heptamethylnonane/H20 

C ^B M G -C ^ S , 

cyclohexane/H20 

C-| 2BMG-C-|2S, 

toluene/H20 

C16HGE05S- c 16h g e o 5oh, 

hexadecane/0.1 M NaCI aq.

soln. - 1.0

+ 0 .3 q 0.39

-0 .7  0.45

- 1 . 0  0.45

-1 .2 0.32

-0 .4 2 0.41

-1 .n  0.43

-0 .8  0.41

-0 .9  0.46

no ro

yes(+ ) yes(+ )

yes(+ ) yes(+)

ye s (+ ) yes(+)

ye s (+ ) yes(+)

ye s (+ ) yes(+)

ye s (+ ) yes(+)

ye s (+ ) no

0.15a ye s (+ ) yes(+ )
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TABLE 17: (Continued)

synergism(+)

Surfactant1-2, |ln CMC°2jt/ or negative(-) synergism

system Pa LL_ PMLL q O.CM C ^ i predicted found(exp.)

c 16egeo5s- c 16e g e o 5oh,

hexadecane/0.1 M NaCI aq. 

soln. -0 .7 0.076a yes(+ ) yes(+)

C 12EO8-C12EO4,

hexadecane/H20 - 0 .2 2 0.46a no no

C12E 08’C12E 03>

hexadecane/H20 -O.53 0.55a no no

^ 12e0 8 ' ^ 12E(->2-

hexadecane/H20 + 0.5 0.12 y e s (- ) no

C i2E0 8 -C i2E0 2 ,

heptane/H20 - 2-0 0.78 yes(+ ) yes(+)

c 16e o 8'c 12e o 2>

hexadecane/H20 +3-8 0.75a y e s (-) y e s (-)

c 12e 0 8 'c 8p -

hexadecane/H20 -O.33 0.43a no no

c 12e 0 8 'c 12p *

hexadecane/H20 - 0 .6 0.06 yes(+ ) yes(+)

a Parameter is for |ln CMC0 - ^ .
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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*-|2 ,t’ f° r C12BM G /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 (C16EO 8/C 12EO2 in a hexadecane/water system) were 

calculated using equation [116]. a * -Ei values for the C i2BMG/C-|2s  systems 

were calculated using equation [119], while a *> ^ i values for the other systems 

were calculated using equation [114]. The interfacial tensions at the point of 

maximum synergism, Y*CMC,12,t> lor the C -^BM G /C -^S  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 calculated parameters are listed in Table 18. Again, there is good agreement 

between theoretical calculations and experimental results.

4.2.2 E ffect o f the Hydrocarbon S tructure

This is demonstrated in Table 19 by the results for the C12BM G /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, 6 , of the hydrocarbon, and thus the smaller its tendency to penetrate an 

interfacial film, the more negative is the P a i_L value. Thus, hexadecane and 

cyclohexane, which have larger 5 values than isooctane or heptane, yield p a |_|_
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TABLE 18: Parameters at the Point of Maximum Synergism or Negative Synergism 

in Interfacial Tension Reduction Effectiveness - a*>E, CMC*-|2,t> Y*CMC,12,t

CMC* 12^ x Y ^ C M C .^ y  

Surfactantl-2, a * > ^ i 103/M mN m~1

system (calc.) calc. exp. calc. exp. a-j.exp.

C-)2BMG-C-)2S,

heptane/H20  0.042 1.85 1.62 0.6 1.1 0.051 q

C-)2BM G-C i2S,

dodecane/H20 0.044 2 .O5 2.0q 0.7  1.8 0.051 q

C-| 2BMG-C12S,

hexadecane/H20 0.047 1.96 2 -18 1-4 1-4 0.051e

C-j2BMG-C-|2S,

isooctane/H20 0.042 1.83 1.7q 1.3 1.0 0.051 q

C-j2BMG-C-)2S,

heptamethylnonane/H20  0.048 2. I 4 2 . I 5 1.1 1.3 0.051e

C-|2BMG-C-|2S,

cyclohexane^O  0.037 1.69 1.5e 0 0.1 0.051 q

c 16h g e o 5s- c 16h g e o 5oh,

hexadecane/0.1 M NaCI aq.

soln. 9 .8 4 X IO - 3 O.447 O.363 0.085 ° - 13 0.0138

C16EGE05S- c 16egeo 5oh, 

hexadecane/0.1 M NaCI aq.

soln. 3.65 x 1 0 '2 0.58e 0.47q 0.42 ° - 10 0 .012g

c 12e o 8 ‘ c 12e o 2 >

heptane/H20  2.35 x 10‘ 2 - - 0.92 ° - 50 0.046g
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TABLE 18: (Continued)

CMC*i2,t * y'cMC.^y  
Surfactant1-2, a*>Mi  103/M mN m~1

system (calc.) calc. exp. calc. exp. a-|,exp.

C16E 08 'C12E 02>

hexadecane/H20 2.73 x 10' 3 - - 9.7 10.1 0.00658

C12E 0 8‘ C12P>

hexadecane/H20 3.44 x 10‘ 3 - - 1.9 1.7 0.013e
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TABLE 19: Effect of the Hydrocarbon Structure on Molecular Interactions between 

C-J2BMG and C12S

System PCLL PMLL

h ep tan e^ O  -4.7  -4 .g

dodecane/H20 -4 .g  -3 .g

hexadecane^O -5 .2  -4 .g

isooc tane ^O  - 4.4 -4 .g

heptamethylnonane/H20 -4.4  - 3.4

cyc lohexane^O  -5 .g  -4-2

to lu e n e ^ O  -3.2 -2.-j
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values that are more negative. No such trend is observed for the p M|_l_ values.

Data that show the effect of hydrocarbon structure on synergism in 

interfacial tension reduction efficiency are listed in Table 20. The variation of 

<x*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, 

a*beta ine values increase slightly. This follows from equation [81] and the data in

Table 13, since as In (C ° - jy C ° 2 ,t ) -> P a LL> <x*1~> and as the straight-chain 

hydrocarbon length is decreased, In (C ^ i y C ^ . t )  values are closer to their 

respective p a i_L values.

The quantity <C0-(,, - C i 2 ,t ,m in V C °1 ,t <- 1 - c 12 ,t,m in 'C 0 i lt), where 

C ° 1 .t<  C °2 . t is a measure of the degree of synergism; the larger this quantity, the 

larger the synergistic effect. This quantity is related to equation [4], which 

determines the value of the C i2 ,t ,m in ^ °1  , t ratio- As the difference between p a |_L 

and ln(C°-j t/C ° 2 (t) becomes larger, the C-j2,t,m in/ c °1 ,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 p a LL and

l n ( C ° i  , t / C ° 2 ,t) and therefore the largest degree of synergism of the

hydrocarbon/water systems 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 cx*>Mbetajne values with 

change in the hydrocarbon structure is slight, and no trend is observed.

The quantity (C M C 01jt - CMC12ft im jn)/C M C 01ft (= 1 - CM C12(t ,min 1 

CMCO-jp ,  where C M C ^ t  , < C M C ^ .t*  <s 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
*

a  betaine 1 ' ( ^ 12,t ,m in ^ 0betaine,t)

heptane/H20 0.95 0.01

dodecane/H20 0.92 0.03

hexadecane/H20 0.88 0 .07

isooctane/H20 0.98 0.01

heptamethylnonane/H20 0.97 0.01

cyclohexane/H20 0.95 0.01
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TABLE 21: Effect of the Hydrocarbon Structure on Synergism in Mixed Micelle

Formation in C ^B M G /C ^S  Mixed Surfactant Systems

System a  ,Mbetaine 1 * (SMC-|2It Imin/ SMC0betaine,t)

heptane/H20 0 .89 0 .05

dodecane/H20 0 .93 0 .02

hexadecane/H20 0 .87  0 .08

isooctane/H20 0 .89 0 .04

heptamethylnonane/H20 0 .94 0.01

cyclohexane/H20 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 <x*’Ebetaine va,ues w'th 

change in the hydrocarbon structure is slight.

The degree of synergism in this respect is measured by the y°cm c, lowest * 

Y*CMC,12,t = A Y  difference. The larger the A y  value the larger the synergistic 

effect. A y  is related to [117], viz.

A y  = S! (Pa L L - p M LL) (1 -X *)2 [1 2 4 ]

From this relation it is observed that A y  becomes larger when S-| becomes more 

negative and/or (pa LL‘ PMLL) becomes more negative. As shown in Table 22, the

hexadecane/water system has the largest A y  value of the hydrocarbon/water 

systems studied. As the alkane length is shortened in the straight-chain alkane 

series, the A y  value becomes progressively smaller.

4.2.3 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: C^gEOg or C -^E O g/ C-|2E0 2  and

C i2 E 0 8 ^ 8 p or C-|qp in hexadecane/water systems, and CgP, C io p/ in

hexadecane/0.1 M NaCI aqueous solution systems.

Data of the effect on molecular interactions are listed in Table 23. For the 

C12EO8 or C-igEOg/ C i2E02  systems, increasing the length from C12 to C-jg for 

the EOg compound causes p a i_L to become less negative and pMy_ to become more 

negative. For the CgP, CiqFV C12S case, increasing the hydrophobic chain length



TABLE 22: Effect of the Hydrocarbon Structure on Synergism in Interfacial

Tension Reduction Effectiveness in C ^B M G /C -^S  Mixed Surfactant Systems

System a  * - E betajne A y

heptane/H20 0 .042 0.7

dodecane/H20 0.044 1.g

hexadecane/H20 0 .047 2 .-j

isooctane/H20 0.042 1.q

heptamethylnonane/H20  0.048 1.5

cyclohexane/H20 0.037 0.9
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TABLE 23: Effect of the Length of the Surfactant Hydrophobic Group on Molecular 

Interaction

Surfactantl -2

second phase 

(against hexadecane) Pa LL Pm ll

C-j 2EOq-Ci 2 ^ 2 H20 - 2-2 - 2.7

C 16EO8-C12EO2 h2o - 1.4 - 5 .2

c 8p-c 12s 0.1 M NaCI aq. soln. -1 -7 -

C 10P-C12S 0.1 M NaCI aq. soln. -2 -3 -

c 8p -c 12e o 8 H20 - 0 .5 2 - 0.19

c 12p ' c 12e o 8 h2o - 2-0 - 1.4
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from Cg to C-|o for the CXP compound causes p a LL to become more negative. For the 

C gP  or C i2P /C -|2E0 8  systems, increasing the length from Cg to C-J2 lor the CXP 

compound causes both p a Li_ anb P*^LL *° 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 p a u_ becomes more negative. This 

trend continues up to the point where the chain lengths in each surfactant are equal; 

beyond that point, however, p a u_ then begins to become less negative (as seen in the

C 12E O 8 , C-jgEO g/ C12EQ 2 case). In the mixed micelles, p M i_l_ 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 a  and pM are 

seen at the air/aqueous 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 (C0-jtt/ C°2,t) P a LL > a *1 1

(equation [80]), and the difference between In (C ° - |y  C°2,t) a n d p a i_[_ (Table 

13) is greater for the C -^S-C-ioP system than for the C-^S-CgP system, <x*-\ is 

smaller in the former system where the chain length of the CXP compound is longer. 

This is expected since p ° L L  changes more rapidly with hydrophobic chain length 

(up to the point where the length of each surfactant is equal) than does In (C0  ̂y  

C °2 ,t) -  The stength of the synergism in this respect, measured by [1 -

(C12,t,min/f C®1,t)l< 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 P ° l l  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 NaCI Aqueous 

Solution Systems

Surfactant1-2 a*-| 1 - (C l2 ,t ,  m in ^ ° 1,t)

C 12S-C8P 0.70 0 .14

C i2S -C i0P 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 C-jgHGEOgS/C-igHGEOgOH and C-| gEGEOgS/C-j gEGEOgOH mixtures. Data are 

listed in Table 25. In both cases, in the hexadecane/0.1M NaCI aqueous solution 

systems, there is more surfactant interaction at the planar interface than there is 

in the micelle (i.e., p a |_|_ is more negative than p M|_L)* 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 dodecyl sulfate in Nujol/water 

systems has been observed by Void 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 A-J2 value calculated for XQ-jg^Q Eoss = °-32

(viz. (0.32)(50.4A2) + (0.68)(70.qA2) = 63.7A 2) 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 and X2 values are 

correct. This contraction shows that there is enhanced adsorption in the mixed 

surfactant system . The A-| 2 experimental value does not, however, mean that there 

is contraction relative to the L/A case. In fact, there is not; A °q i gEGE05S > LM = 

59.3A2 , A° C16EGE050H > ^  = 44.qA2, calculated A12 = (0.32)( 59.3A2 ) 

+ (0.68)( 44.qA2) = 48.9A2 (calculated at X0 igEG [=o5S  =0.32). Since p a |_L's 

more negative than P ^ l l  due 10 branching of the hydrophobic groups, p a |_|_ ‘ 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

Surfactantl-2 system P a LL PM LL

Cl 6HGE05S/C-| 6hgeo5oh 

C-i eEGEOsS/C! 6egeo5oh

hexadecane/0.1 M NaCI 

aq. soln. - 1.2 - 0 .1s 

hexadecane/0.1 M NaCI 

aq. soln. - 2 .2 - 1.5

TABLE 26: Area per Molecule Data for Pure and Mixed C-jgEiGEOsS and

C-j 0EGEO5OH in Hexadecane/0.1 M NaCI Aqueous Solution Systems

Parameter area/A2

A°min (C i6EGE05S) 50.4

A°min (C16EGE0 50 H) 00

A12,exp. (XEGS = °-32) 55.7

A12,calc. a tX EGS = 0.32 63.7

c o n tra c tio n 8.q
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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 EOg in mixtures with

C i2EOg , both p a i_|_ ancl 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 p a |_L anc* P ^ L L  are plotted 

against number of EO 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 X i and X2 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 

C-|6EGE0 5 S/C-|6EGE0 5 0 H mixture, and as indicated in Table 28, the contraction 

shown in the L/L system does not mean that the interfacial film at the LA interface 

is contracted relative to the film at the L/A interface (44.5A 2 L/L; 41.9A2 L/A;

both for XC12EO8 = 0.36e). It is interesting to note that experimental and 

calculated Amjn values at the L/A interface ( 42.gA2 vs 43.-jA2 , at XC12EO8 = 

0 .594) are very close, which is possibly the reason for the less negative p a  value 

at the L/A interface than at the L/L interface where there is a substantial deviation 

from ideality (44.5A 2 experimental vs 58.3 A2 calculated at Xq 12E08 = 

0 .3 6 6 ).

Among the POE nonionic mixtures investigated, only two exhibit any type of 

synergism (see Tables 17 and 18). The C ig E O g /C ^E C ^ system shows negative 

synergism in interfacial tension reduction effectiveness, although the interfacial
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TABLE 27: Effect of the Length of the POE Groups on Molecular Interactions in POE 

Nonionic Mixtures in Hexadecane/h^O Systems3

Surfactantl -2 P °LL  PMLL

C-|2E08/C-|2E04 +O.55 +O.33

C -|2 E 0 g /C - |2 E 0 3  -0.7-j -0.1 g

c 12E 08/C l2E02  -2-2 -2 .7

C l2E°8 /C i2 EOoa -5-2

3 C12EO0 = C-|2 0 H.
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0.0 2.0 3 .01.0 4 .0

X (EO units)

Figure 5. p °u _  or pMu . vs E0 content in C i2EOx for C ^EO g/C ^EO x 
mixtures in hexadecane/water systems. Q , Pa LU f , p^|_|_.
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TABLE 28: Area per Molecule Data for Pure and Mixed POE Nonionic Surfactants in 

Hexadecane/H20 Systems

C12EO8 / C12EO8/ C12EO8 / c 12e o 8 !

Parameter/A2 C-J2E04 C12EO3 C12EO2 c 12e o 0

A °1 ,min 6 3 .0 63 .0 63.0 63.0

A ° 2 ,min 52 .6 50.0 55 .6 1.08 x 102

A 12,exp. 5 9 .8 54 .8 44-5 59 .!

atXEOs O.585 0.468 0.366 0.770

Al 2,calc. atsam eX£08 5 8 .7 56.1 58.3 75.5

c o n tra c tio n ■1-1 1 *3 1 3 .8 I 6 .4

A °1 ,min *-/A - - 6O.9

A ®2,min L/A - - 30.9

A 12,calc. L/A at

XE08 = °-366 - - 41.g

A 12,exp/A 12,calc.

at XE 08 = 0.594i L/A - - 4 2 .9/ 4 3 .!  -
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tension does continue to decrease slowly after the break in the y j  vs -log Cj 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 

C i 2 EO b/C-i2 e 0 2  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 a *-| 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 (CO-j,t/C02 ,t) P a LL> <x*i~»1, and in the hydrocarbon/aqueous 

systems, In ( C ^ y c ^ t )  values are closer to their respective p a i_L values than 

in the air/aqueous systems.

The strength of the synergism in this respect (as measured by 1 -

( C 1 2 , t , m in / C °  1 ,t) 9*ven in Table 29) is smaller in each of the

hydrocarbon/aqueous systems studied compared with the corresponding air/aqueous 

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 oc'>M t> e ta in e  

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 (CMC01(t/C M C °2it) -  PM LL- <**’M1-  1.

The strength of the synergism in this respect (as measured by 1 -

( C M C-j 2 , t , m in ^ c  M c  0 1 , t )  given in Table 30) is sm aller in the
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TABLE 29: Effect of the presence of the hydrocarbon on synergism in interfaciai 

tension reduction efficiency

Surfactant1-2,

system a * !  1 - (C ^ .t.m in 'C 0! ,t)

C12BMG/C12S

heptane/H20 0 .95 0.01

C-|2BMG/C-)2S

dodecane/H20 0 .92  0.03

C-^BMG/C-^S

hexadecane/H20 0 .88 0 .07

C-|2l3MG/C-|2S

isooctane/H20 0 .98  0.01

C-j2BMG/C-|2S

heptamethylnonane/H20 0 .97  0.01

C ^B M G /C ^S

cyclohexane/H20 0 .95  0.01

C-J2BMG/C-J2S

air/H2Oa 0.85 0.12

C ^S -C gP . hexadecane/

0.1 M NaCI aq. soln. 0 .70 0.14

C ^ S -C s P , air/

0.1 M NaCI aq. soln.15 0 .53  0.49

a Data from reference 131. 

b Data 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 - (C M C ^.t.m in /

System a  • M betaine C M C ° b e t a i n e , t )

heptane/H20 0.89 0.05

dodecane/H20 0.93 0.02

hexadecane/H20 0.87 0.08

isooctane/H20 0.89 0 .04

heptamethylnonane/H20 0.94 0.01

cyclohexane/H20 0.89 0.05

air/H2 0 a 0.80 0.18

a Data from reference 131.
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hydrocarbon/aqueous systems than for the air/aqueous system.

The effect of the presence of the hydrocarbon on synergism in interfacial 

tension reduction effectiveness is shown in Table 31. The cx*’^-j values for the 

(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 

C-| eBGE0 5 S/C-| 6BGEO5OH (one water soluble surfactant and one oil soluble 

surfactant) in hexadecane/0.1 M NaCI aqueous solution system, the a*>E-| value is 

very small and much less than the value in the corresponding air/0.1 M NaCI 

aqueous solution system. C i 0EGEO5OH is very oil soluble which forces CMC0-) t «

C M C °2(t. and therefore to be very small for the L/L system because in

equation [114], when CMC°-)t «  CMC°2>t> <x**Ei 0. The <x*>Ei  value for the 

L/A system is much larger because no oil phase is present to dissolve the 

C 16EGEO5OH molecules and, therefore, C M C ° it is not much less than CMC°2ft 

(C M C °- j(j /C M C ° 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 A y  in Table 

31) for the C-12BM G /C 12S in hydrocarbon/water systems is less than for the 

corresponding air/water system. For the C^ 0 E G E O 5 S /C 1 0 E G E O 5 OH in 

hexadecane/0.1 M NaCI aqueous solution system, the synergism in this respect is 

slightly stronger than for the corresponding air/0.1 M NaCI 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 E ffect o f the H ydroph ilic  Head on M olecular 

In te rac tion  and Synergism

P a LL

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

Surfactantl-2 system A y(exp )

C-J2BMG/C-|2S heptane/H20 0.042 0.7

C-(2l3MG/C-|2S dodecane/H20 0.044 1-0

C12BMG/C12S hexadecane/H20 0.047 2-1

C-|2i3MG/Ci2S isooctane/H20 0.042 1-0

C-j2BMG/C-(2S heptamethylnonane/H20 0.048 1-5

C-j2BMG/C-|2S cyclohexane/H20 0.037 0.9

C-|2BMG/C-|2S air/H2 0 a 0.047 4-9

Ci 6HGE05S/C-| 6hgeo5oh hexadecane/0.1 M NaCI

aq. soln. 9.8 x 10*3 1 -3

C16EGE05S/C-| 6egeo5oh hexadecane/0.1 M NaCI

aq. soln. 3.6 x 10-2 1-2

Cl 6EGEO5S/C-1 6egeo5oh air/0.1 M NaCI

aq. soln.b 0.87 1-0

a Data from reference 131. 

b Data from reference 117.
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anionic-betaine > anionic-nonionic(oil soluble) ~ n o n io n ic (w a te r 

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 p a |_L values in Table 13, it 

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

P “ l l

The order of decreasing interaction is similar to that given for p a i_L above 

and only those LA 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: C-| 6 E G E O 5S /C 16EG EO 5 OH in

hexadecane/aqueous 0.1 M NaCI, C-j2E 0 8/C 12E 0 2 in heptane/water, and

C 12EO8/C12P in hexadecane/water.
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Partition Coefficient Data
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TABLE A1: Data for calculating the partition coefficient of pure C-^BMG, and in its 

mixtures with C12S, in heptane/water systems at 25.0°C (concentrations are for 

C-12BMG only)

System

Cw x 10-3/M 

(initial)

A

(fin a l)3

C w x 10-3/M 

(final)

* w A tsJ "f IVI 

(final)

C12BMG (pure)

run 1 O.273 0.0965 0.272 0.23

run 2 O.273 0.0965 0.272 0.23

C12BMG (aBM G =°-557)

run 1 1.30 0.462 1-30 0.8

run 2 1.3q 0.46-j 1.30 1

a A = absorbance of the water phase.
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TABLE A2: Data for calculating the partition coefficient of pure CgP, and in its

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

System

Cw x 

10-3/M 

(initial)

CB x

10- 2/M

(in itia l)

A

( f in a l)

Cw x 

10' 4 / 

(final)

CB x

10-3 /M

(final)

CgP (pure), hexadecane/ 

H20 3.00 0 Q.220a 3.O5 6.74

CgP (pure), hexadecane/ 

0.1 M NaCI aq. soln. 3.00 0 0.19gb 2.3! 6.92

C8P (cxC8P=°-72)> hexa' 

decane/ 0.1 M NaCI aq. soln. 0 1.02 0.40g 1.8! 2.97

CgP (ac8P =°-62 ),  hexa­

decane/ 0.1 M NaCI aq. soln. 0 I.O5 O.4 O3 1-75 3.5

a Absorbance listed is for one ml of the final water phase diluted to 10ml. 

b Absorbance listed is for 4 ml of the final aqueous phase diluted to 14 ml.
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TABLE A3: Data for calculating the partition coefficient of pure C ^ P . and in its 

mixture with C12S, in hexadecane/0.1M NaCI aqueous solution systems at 25.0°C 

(concentrations are for C-igP only)

System

Cw x 

10’ 3/M 

(initial)

Cb x 

10- 2/ M 

( in it ia l)

A

( fin a l)

Cw x 

10*5/ 

(final)

Cb x 

10- 2/ M 

(final)

C10P (pure) 3.53 0 0 .202 8.6 ! 2.94

Ci0P (cxciOP=0-59) 0 2.69 0.19-1 9.93 2.29

TABLE A4: Absorbance vs concentration data for C3P in 0.1 M NaCI aqueuos

solutions at 191 nm and at 25.0°C

C x 104/M  A

2.73 0 .458

1.8 g O. 3 8 4

1.43 0 .324

0.97 0 .260

0 .645 0.1 9 i
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TABLE A5: Absorbance vs concentration data for C iq P in 0.1 M NaCI aqueuos

solutions at 191 nm and at 25.0°C

C x 105/M A

12.0 0.29-\

8.6-| 0.20-\

6.02 0.144

TABLE A6: Data for calculating the partition coefficient of pure C12S, and in its 

mixtures with CgP and C iqP. in hexadecane/0.1 M NaCI 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; 

titra tion  error = ± 0.045 ml)

0 £ X Cw x Cb x

10-4/M 1 0 -4 / M 10-5/M

System (initial) ml titrant (final) (final)

C12S 1.95 9-58

1

IV _L CO

CO
COcviV

I

C i2 s /C 8p (a C12S=0-41) 1-95 9.4g 1.94 I.O5

c 12s / c 10p (a C12S=°-35) 1-95 9.5q 1.94 0.90
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TABLE A7: Data for calculating the partition coefficient of pure C16EGEO5S in

hexadecane/0.1M NaCI aqueous solution system at 25.0°C (titrant is I.O2 x 10'3M

Hyamine and the ml's used represents the amount needed to titrate 25 ml of the 

aqueous phase; titration error = ± 0.045 ml)

Cw/M Cw/M Cb /M

(initial) ml titrant (final) (final)

2 .7 0 x 10' 4 6.4g 2.65 X 10' 4 1 .00 x 1 0 - 4
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Figure A1. CsP in 0.1 M NaCI aqueous solution at 191nm and 25.0°C.
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Figure A2. C-jqP »n 0.1 M NaCI aqueous solution at 191nm and 25.0°C



APPENDIX B

Interfacial Tension - Concentration Data



140

TABLE B1: Interfacial tension vs water phase concentration for C ^ E O g  in

hexadecane/H20 system at 25.0°C

C w  X 105/M -log C w Y j / m N  m ' 1

2 7 . 7 3 . 5 5 8 3 . 3 3

2 3 . ! 3 . 6 3 0 3 . 4 5

6 .92 4 . 1 6 o 6 .O5

5 .1 9 4 . 2 8 5 7 . 8 2

3 .44 4.463 10.4

2 .3 i 4 . 6 3 6 13.0

TABLE B2: Interfacial tension vs water phase concentration for C ^ E O g  in

dodecane/H20 system at 25.0°C

C w  x 105 /M -log C w Y l / m N  m _1

2 7 . 7 3 . 5 5 8 3 . 2 9

2 3 .1 3 . 6 3 0 3 . 0 g

6 .4s 4 . 1 8 s 5 . 8 g

4 .8 6 4 . 3 1 3 7 . 7 8

3 .2 4 4 . 4 8 g 10.0

2.10 4 . 6 6 0 13.2

1.62 4 . 7 9 0 15.3



141

TABLE B3: Interfacial tension vs water phase concentration for in

heptane/H20  system at 25.0°C

Cw x 105/M -logCw y i ^ N  m’ 1

2 7 . 7 3 . 5 5 8 1 . 7 6

2 3 . n 3 . 6 3 g 1 . 7 7

6 .92 4.1 6 0 3 . 4 0

5.1g 4 . 2 8 5 5 . 6 3

3 . 4 4 4 .4 6 3 7 . 9 3

2-3-j 4 . 6 3 6 1 0 . 2

1-73 4 . 7 6 2 12.4

1 - 15 4 . 9 3 9 1 5 . !
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TABLE B4: Interfacial tension vs water phase concentration for C-|2E08  in

cyclohexane/H20 system at 25.0°C

Cw X 105/M -log Cw yj/m N  n r 1

27.7 3 .558 1.26

23.! 3.63g 1.20

6.4g 4 .190 3 .93

3.23 4.49-j 8.25

2.1s 4.66g 10.6

1.62 4 .790 12.2
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TABLE B5: Interfacial tension vs water phase concentration for C -^EO g in

isooctane/H20 system at 25.0°C

C w x 105/M -log Cyv y j/m N  m‘ 1

27.7 3.55g 2 .10

23-i 3.636 •2 . I 4

6.44 4.19-) 5 .57

4.82 4.317 6 .2g

3.22 4.492 9 .49

2. I4 4 .670 12-2

1.6! 4.793 13.g

1.0g 4.967 17.2
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TABLE B6: Interfacial tension vs water phase concentration for C ^ E O s  in

heptamethylnonane/H20  system at 25.0°C

Cw X 105/M -log Cw Yi/mN m'1

27.7 3.55s 3 .O4

23.-, 3 .638 3 .O1

6.47 4.189 6.9g

4.85 4.314 8.69

3.24 4 .489 11.1

2.16 4.66s 13-9

1.62 4.79q 15.2

1.08 4.967 I 8.4
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TABLE B7: Interfacial tension vs total concentration for C1 2 E O 4 in

hexadecane/H20  system at 25.0°C

Ct x 104/M -log C{ y j/m N  m‘ 1

11.1 2.955 0 .35

9-26 3.033 0.26

7-72 3 .1 1 2 0 .095

6.43 3.1 9 2 0 .044

5.32 3 .2 7 4 2 .1 i

4.87 3 .312 2.33

4.43 3.354 3 .00

2.66 3.575 7.52

1.06 3.975 14.4

0.79s 4 .098 I 6.4
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TABLE B8: Interfacial tension vs total concentration for C1 2 E O 3 in

hexadecane/H20 system at 25.0°C

Ct x 104/M -log Ct Yi/mN m' 1

000 2.432 0.37

22.2 2.654 0.29

11.1 2.955 2 .86

7.4i 3 .130 6.60

4.94 3.306 9.80

3.2g 3.483 13.0

TABLE B9: Interfacial tension vs total concentration for C1 2 E O 2 in

hexadecane/H20 system at 25.0°C

Ct x10 3/M -log Ct Yj/mN nrr1

8.23 2 .O85 2 .7 i

5 .5 i 2 .259 3.5g

2.67 2.573 6.43

1.78 2 .750 9.37

1.33 2.876 11-3

O.889 3.05! 14.4

O.667 3.176 16-7
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TABLE B10: Interfacial tension vs total concentration for C12EO2 in heptane/H20

system at 25.0°C

C{ x 103/M -log Ct Yi/mN m' 1

8 . 2 2 2 .O85 5 . 7 7

7 . 1 5 2 . 1 4 6 6 . I 3

5 . 4 g 2 . 2 6 - I 6.4g

3 . 5 2 2.453 9 . 0 0

2 . 3 s 2 . 6 2 g 11.1

1.57 2 .8O4 13.2

I .O 4 2 . 9 8 3 15-s

0 . 6 9 6 3 . 1 5 7 18.2
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TABLE B11: Interfacial tension vs total concentration for C !8 E 0 8 in

hexadecane/H20 system at 25.0°C

C| x 105/M -log C{ y j/m N  n r 1

27.5 3 .56 ! 1.52

2 2 .0 3 .658 1.48

15.2 3-818 1.2g

10.2 3 .99 ! 1.3g

7.6! 4 . H 9 I .33

5.08 4.294 1.58

2.54 4.595 1.48

1.19 4.924
'■y

6.4 q

0.896 5 .04 8 8 .O5

O.597 5.224 11.0

0.448 5.34g 12.7

0.29g 5.524 15.7
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TABLE B12: Interfacial tension vs total concentration for C15EGEO5 OH in

hexadecane/0.1 M NaCI aq. soln. system at 25.0°C

x 104/M -log C{ y j/m N  rr r1

I 6.4 2.785  1 .32

lO.g 2 .9 6 3 1-3(3

7.28 3 .1 3 8 1.97

4.85 3.314  3 .8 8

3.24 3 .48g 6.4g

2.18 3 .66g 8.95
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TABLE B13: Interfacial tension vs total concentration for C10H G EO 5OH in

hexadecane/0.1 M NaCI aq. soln. system at 25.0°C

Cj x 104/M -log C{ y j/m N  m' 1

13 .4 2 . 8 7 3 1 . 4 2

8.95 3 . 0 4 8 1 . 3 8

4.80 3 . 3 1 g 4 . 2 0

3 .2 0 3 . 4 9 5 7 . 0 i

2 .1 3 3 . 6 7 2 9 . 7  8

1.42 3 . 8 4 8 12.1

0 .9 5 4 . 0 2 2 14.g

0 . 6 3 2 4 . 1 9 g 16.8
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TABLE B14: Interfacial tension vs water phase concentration for C8 P in

hexadecane/H20 system at 25.0°C

C w  X 103 /M -log C w yj/m N  m_1

3 . 4 g 2 . 4 5 8 1 0 .4

2 . 4 4 2 .6 I 3 1 3 . 8

I .89 2 . 7 2 4 1 7 . 5

1 . 5 7 2 .8 O4 1 8 . 6

1 .2 6 2 . 9 0 0 2 0 . 4

1 . 0 2 2 . 9 9 ! 2 2 . 4

TABLE B15: Interfacial tension vs concentration data for C8P in hexadecane/0.1M 

NaCI aq. soln. system at 25.0°C

C w  x 103/M -log Cw Ct x 103/M -log Ct Y j/m N  m*1

2.93 2.553 5 . I 3 2 .290 7.42

2 . 3 2 2 . 6 3 5 4 .06 2 .39 ! 10.2

1-88 2.726 3 . 2 g 2.482 12.6

1.62 2-79q 2.83 2.548 13.0

1.26 2.900 2 .20 2 . 6 5 g 15.3
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TABLE B16: Interfacial tension vs concentration data for C-j q P <n

hexadecane/0.1 M NaCI aq. soln. system at 25.0°C

( x 104/M -log Cyy Ct x 103/M -log Ct Y j/mN

2 .15 3.66g 2 0 5 2 .68 8 15.8

1.69 3 .772 I .61 2.794 17-6

1.37 3.863 1.3t 2.882 19.0

I.O y 3.97 -j 1 .02 2.993 20.7

0 .483 4.31 6 0 .460 3 .3 3 7 25.9

TABLE B17: Interfacial tension vs total concentration for C-|2 P in

hexadecane/H20 system at 25.0°C

x 103/M -logCt Y l/mN m_1

19-5 1.710 1.60

13.0 1.886 2 .10

9.7 2.O I3 2 .88

6.4g 2.188 5.23

4.32 2.365 7.85

2.88 2.54-| 11-3

1.92 2.717 14.2

1-28 2.893 16.g
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TABLE B18: Interfacial tension vs concentration data for C-|2BMG in heptane/H20

system at 25.0°C

Cyy x 1C)4/M -log Cyy C{X104/M -log Cj y j/m N  m'"*

7 .3 5 3 . 1 3 4 7 . I 7 3 . 1 4 4 1 - 76

7 . 2 7 3 . 1 3 g 7 . 0 g 3*1 4 g 1.74

5 . 6 5 3 . 2 4 8 5 . 5 1 3 . 2 5 g 1 .77

5 . 1 8 3 . 2 8 7 5 .O5 3 . 2 9 6 1 - 78

3 . 5 4 3 .45 - ) 3 .4 5 3 . 4 6 2 3 . 0 0

3 . 4 g 3 . 4 5 7 3 - 4 0 3 . 4 6 g 2 .89

2-1 6 3 . 6 6 6 2 . 1 i 3 - 6 7  6 6 .89

1 .7 4 3 . 7 5 g 1 . 7 0 3 - 7 7  0 7 .9 7

1 . 3 0 3 . 8 8 6 1.27 3 . 8 9 7 I O .4

1 -16 3 . 9 3 6 1-13 3 - 9 4 6 10.8

0 . 7 8 4 - 1 0 8 0 . 7 6 4 . H 9 14.3

0 . 7 4 4.13-) 0 . 7 2 2 4 . 1 4 i 13-6
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TABLE B19: Interfacial tension vs water phase concentration for C-^BMG in

heptane/H20  system at 35.0°C

Cyy x 104/M -logCw yj/m N  m*1

7 . 3 5 3 . 1 3 4 1 .67

7 . 2 7 3 . 1 3 8 1 .6 7

5 . 6 5 3 . 2 4 8 1 . 6 8

5.1 8 3 . 2 8 7 1 . 7 0

3 . 5 4 3 . 4 5  -j 2-8  -|

3 . 4 g 3 . 4 5 7 2-6  -|

2 . 1 6 3 . 6 6 g 6 .6 0

1 .7 4 3 . 7 5 g 7 . 6 !

1 . 3 0 3 . 8 8 6 10.2

1-16 3 . 9 3 g I O .4

0 . 7 8 4 . 1 0 8 13.g

0 . 7 4 4 . 1 3  -j 13.2
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TABLE B20: Interfacial tension vs water phase concentration for C ^B M G  in

heptane/H2 0  system at 45.0°C

C w  x 104/M -log Cw Yi/mN m-1

7.35 3.134 1 . 5 !

7.27 3.1 38 1.56

5.65 3 .248 1.5s

5 .18 3.287 1.56

3 .54 3.45-( 2.89

3.4g 3.457 3 .00

2.1 6 3.660 6 .72

1.74 3.759 8.O7

1-30 3.886 IO.3

1.16 3.936 11.0

0.78 4*108 13.8

0.74 4 .13 i 13.4
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TABLE B21: Interfacial tension vs concentration data for C ^ B M G  in

dodecane/H20 system at 25.0°C

;w  x i o 4/ m -log C w C t x 104/M -log Cj Y j / m N  n r

7 - 7 3 3 . 1 1 2 7 . 5 4 3 . 1 2 3 2 .6 5

7 . 2 ! 3 . 1 4 2 7 .O3 3 . 1 5 3 2 . 7 !

6 . 1 ! 3 . 2 1 4 5 . 9 g 3 . 2 2 5 2.81

5 . 8 0 3 . 2 3 7 5 . 6 g 3 . 2 4 7 2 . 7 8

4 . 1 ? 3 . 3 8 0 4 .O7 3 . 3 9 i 3 . 8 0

3 . 7 9 3 . 4 2 i 3 . 7 0 3 . 4 3 2 4 -2 l

2 . 2 7 3 . 6 4 4 2 .2 ! 3 . 6 5 5 8 .O4

2 . 1 8 3 . 6 6 2 2 . 1 3 3 . 6 7 2 8 . 4 4

1 . 3 g 3 . 8 5 7 1 .3 g 3 . 8 6 3 12 .!

1 . 3 g 3 . 8 5 7 1 . 3 g 3 . 8 6 8 11-5

1 . 0 ! 3 . 9 9 g O . 9 8 5 4 - o o 6 13.5

0 . 8 7 4 . 0 6 0 0 . 8 5 4 . 0 7 ! 14 -5
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TABLE B22: Interfacial tension vs water phase concentration for C12BMG in

dodecane/H20 system at 35.0°C

Cyv x 104/M -log Cw y j/m N  n r 1

7.73 3 - 1 1 2 2 . 5 g

7 . 2 i 3 . 1 4 2 2 . 5 g

61-1 3 . 2 1 4 2 . 6 3

5 . 8 0 3 . 2 3 7 2 . 6 4

4 . 1 ? 3 . 3 8 q 3.47

3 . 7 g 3 . 4 2 - j 3 . 9 8

2 .2 7 3 . 6 4 4 7.65

2 -18 3.662 8. I 7

1 . 3 g 3 . 8 5 7 1 1 -7

1 .3 g 3 . 8 5 7 11.0

1 . 0 i 3 . 9 9 6 13.2

0 . 8 7 4 . 0 6 0 14-3
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TABLE B23: Interfacial tension vs water phase concentration for C ^B M G  in

dodecane/H20 system at 45.0°C

Cw  x 104/M -log Cyy y j/m N  m' 1

7 - 7 3 3 . 1 1 2 2 . 3 g

7 . 2 i 3 . 1 4 2 2 . 3 g

6 . 11 3 . 2 1 4 2 . 4 0

5 . 8 0 3 . 2 3 7 2 . 5 i

4 . 1 7 3 . 3 8 0 4 . 0 !

3 . 7 g 3 . 4 2 ! 4 . 4 2

2 .2 7 3 . 6 4 4 8.1 2

2 .1 8 3 . 6 6 2 8 . 6 0

1 .3 g 3 . 8 5 7 12.0

1 .3 g 3 . 8 5 7 11.5

1 .0 i 3 . 9 9 q 13-6

0 . 8 7 4 . 0 6 0 14 .6
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TABLE B24: Interfacial tension vs concentration data for C ^ B M G  in

hexadecane/H20 system at 25.0°C

C w  x 104/M -log Cyy Cj x 104/M -log Cj y  j/mN m' 1

7 . 2 7 3-138 7.0g 3.14g 3.5!

7.2! 3 .142 7 .O3 3.153 3 .4 0

6 .2 2 3.20 6 6 .O7 3 . 2 1 7 3.3g

6 . 1 8 3.20g 6 .O3 3.22 0 3.5 i

4.18 3.37g 4.0s 3 .39 q 5 .0 2

4 . I 7 3 .380 4 .O7 3.39-j 5 .23

2.59 3 .587 2.53 3.597 8.74

2 .1 8 3 . 6 6 2 2.13 3.672 9.6!

1 -6 q 3.796 1.56 3 .8 O7 12-3

1.3g 3.857 1.36 3 . 8 6 3 13.0

I.O 4 3 . 9 8 3 1 .0 i 3.994 15.2

0.87 4.060 0.85 4.07! 15.9
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TABLE B25: Interfacial tension vs water phase concentration for C12BMG in

hexadecane/H20 system at 35.0°C

Cyy x 10^/M -log Cyy y j/m N  m‘ 1

7 . 2 7 3 . 1 3 8 3-2-j

7 . 2 i 3 . 1 4 2 3 - 1 6

6 .2 2 3 . 2 0 6 3 . 2 0

6-1 8 3 . 2 0 g 3 . 2 5

4 . 1 8 3 . 3 7 g 4 . 7 6

4 . I 7 3 . 3 8 0 4 . 7 g

2 . 5 g 3 . 5 8 7 8 . 4 7

2 -18 3 . 6 6 2 9 . 8 7

1 . 6 q 3 . 7 9 6 11-8

1 . 3 g 3 . 8 5 7 12-6

I . O 4 3 . 9 8 3 14-6

0 . 8 7 4 . 0 6 0 15-6
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TABLE B26: Interfacial tension vs water phase concentration for C-^BMG in

hexadecane/H20 system at 45.0°C

Cyv x 104/M -logCw y j/m N  m' 1

7.27 3.138 3.0g

7 .2 i 3 .142 3 .O3

6 .22 3.206 3 .O9

6 .18 3.20g 3 .16

4.1 8 3 .379 4.9-j

4 . I 7 3 .380 5 .1 !

2.5g 3.587 8.72

2-18 3.662 9 .6q

1.6q 3.796 12.2

I.O 4 3.983 15.0

0.87 4.06(3 15-8
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TABLE B27: Interfacial tension vs concentration data for C i 2 BMG in

isooctane/H20  system at 25.0°C

C w  X 104/M -log Cw Ct x 104/M -log Ct y j/m N  m‘ 1

7 .2 i 3 . 1 4 2 7 . 0 3 3 . 1 5 3 1.97

6 -17 3 . 2 1 0 6 . 0 2 3 . 2 2 0 1 . 9 3

4 . I 7 3 . 3 8 0 4 .O7 3 . 3 9 - I 2 . 1 2

2 . 1 8 3 .6 6 2 2-13 3 . 6 7 2 6 . 7 q

1 . 3 g 3 . 8 5 7 1 . 3 6 3 . 8 6 8 10. !

0 . 8 5 4 . 0 7 ! 0 . 8 3 4 . 0 8 - I 12.9

TABLE B28: Interfacial tension vs water phase 

isooctane/H20 system at 35.0°C

concentration for C ^B M G  in

Cw x 104/M -log Cw yj/m N  m' 1

7 .2 i 3.142 1.83

6-17 3 .210 1.81

4-17 3.380 1.93

2-18 3.662 6 .22

1.39 3.857 9.7g

0.85 4.07! 12-6
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TABLE B29: Interfacial tension vs water phase concentration for C12BMG in

isooctane/H20 system at 45.0°C

Cw x 104/M -log Cw  y j/m N  m‘ 1

7.2i 3 .142 1.64

6 .17 3 .210 1.64

4 .17 3 .380 2 .O4

2 . 1 g  3 . 6 6 2  6 . 5 7

1 . 3 g  3 . 8 5 7  10-2

0 . 8 5  4 .07 - j  1 2 .q
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TABLE B30: Interfacial tension vs concentration data for C-j 2 BMG in

heptamethylnonane/H20 system at 25.0°C

C w  X 104/M -log Cw Ct x 104/M -log Ct Yj/m N m '1

7.27 3-138 7.0g 3-1 4g 2.6 !

7 .2 ! 3 .142 7 .O3 3.153 2 .66

6.34 3 .19g 6.1g 3.20g 2.65

5 .77 3.23g 5.63 3 .2 5 0 2 .7 i

5 .18 3.286 5 .O5 3 .2 9 6 2.81

4-18 3.37g 4.0g 3.39g 4 .0 !

4 . I 7 3 .380 4 .O7 3 .3 9 ! 3.37

2.5g 3.587 2.53 3.597 7.64

2 -18 3.662 2-13 3 .6 7 2 8.08

1.60 3.796 1 -56 3 .8 O7 11.2

1 .3g 3.85 7 1.36 3.86g 11.2

0.85 4.07! 0.83 4 .0 8 ! 14.4
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TABLE B31: Interfacial tension vs water phase concentration for C-^BMG in

heptamethylnonane/H20 system at 35.0°C

Cyy x 104/M -log Cyy yj/m N  n r 1

7 . 2  7 3-1 3 g 2 . 5 3

7 . 2 i 3 . 1 4 2 2 . 5 2

6 . 3 4 3.1  9 8 2 . 6 3

5 * 7 7 3 . 2 3 g 2 . 5 2

5-1 8 3 . 2 8 6 2 . 7 0

4 - 1 8 3 . 3 7 g 3 . 6 7

4 . 1 ? 3 . 3 8 0 3 . 1 2

2 . 5 g 3 . 5 8 7 7 .4 4

2-1 8 3 . 6 6 2 7 .6 3

1 . 6 0 3 . 7 9 6 11.0

1 . 3 9 3 . 8 5 7 10 .g

0 . 8 5 4 . 0 7 ! 14.0
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TABLE B32: Interfacial tension vs water phase concentration for C-|2 BMG in

heptamethylnonane/H20 system at 45.0°C

Cyv x 104/M -logC w  y j/m N  m_1

7 .2 7 3.138 2.40

7.2i 3 .142 2.34

6.34 3 .198 2.48

5.77 3.23g 2.37

5.18 3.286 2.5g

4.18 3.37g 3.94

4 . I 7 3.380 3 .6 3

2.5g 3.587 7.60

2 .18 3 .6 6 2 8 . I 7

1 -6 o 3.796 11.2

1.3g 3.857 11.4

0.85 4.07! 14.4
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TABLE B33: Interfacial tension vs concentration data for C ^ B M G  in

cyclohexane/H2 0  system at 25.0°C

C w  x 1Q4/M -log Cyy C fx104/M  -log Cj y j/m N  m'1

5.77 3.23g 5.63 3 .250 0.89

5 .18 3-286 5.05 3.296 0.82

4.1 8 3.37g 4.0g 3.390 0.83

4 . I 7 3 .380 4 .O7 3 .39 ! 0.98

2.5g 3 .587 2-53 3.597 3.0a

2 .18 3.662 2-13 3 .672 3.93

1.60 3 .796 1.56 3 .8O7 6.57

1.3g 3.857 1.36 3.86g 7.24

I.O 4 3.983 1.0 i 3.994 9.55

0.85 4.07! 0.83 4.08 ! 10-2

0.56-j 4.25! 0.547 4.262 13.5

0-516 4.287 O.5O3 4.298 13.4



168

TABLE B34: Interfacial tension vs water phase concentration for C -|2 BMG in

cyclohexane/H2 0  system at 35.0°C

Cw  x 104/M -log Cyy Yj/m N n r 1

5.77 3.23g 0 .77

5.18 3 .2 8 6 0 .73

4.18 3.37g 0.75

4.1? 3 .3 8 0 0 .80

2.5g 3 .5 8 7 2 .60

2 .18 3.662 3.62

1.6 q 3 .7 9 6 6 . 12

1.3g 3.857 6 .72

I .O4 3.983 9 .06

0.85 4.07-j 9.7g

0 .5 6 1 4.25-j 13.2

0 .516 4.287 13.!
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TABLE B35: Interfacial tension vs water phase concentration for C ^B M G  in

cyclohexane/H20 system at 45.0°C

Cyv x 104/M -log Cw y j/m N  n r 1

5.77 3.23g 0.66

5 .18 } 3.285 0 .64

4 .18 3.37g 0.61

4.1? 3.380 0.59

2.5g 3.587 2 .79

2.18 3.662 3.85

1.60 3 .796 6 .22

1.3g 3.857 6.9-I

I.O 4 3.983 8.9g

0.85 4.07-j 9 .80

0.56! 4.25! 13.!

0 .516 4.287 13.0



TABLE B36: Interfacial tension vs concentration data for C ^ B M G  in toluene/H2 0

system at 25.0°C

C yyx105/M  -log Cyy C ^xloS /M  -log y j/m N  m'1

67.9 3 .168 66.2 3.1 79 0.30

51-8 3 .286 50.5 3 .2 9 6 0.28

33 .2 3.47g 32.4 3 .4 9 q 0.23

25.g 3.58y 25.3 3.597 0.38

16.6 3 .780 16.2 3 .7 9 ! 1 -16

16.0 3 .796 15-6 3 .8O7 2.38

8.30 4 .08 ! 8.10 4 .0 92 5.56

7.77 4 .110 7.58 4-1 2q 6.85

3.87 4.412 3-78 4 .423 9.90

3.7! 4.43! 3.62 4 .4 4 ! 11.0

2.35 4.62g 2.2g 4 .6 4 0 12.4

1-73 4.762 1.69 4.773 15.1
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TABLE B37: Interfacial tension vs water phase concentration for C-^BMG in

toluene/H20 system at 35.0°C

Cyy x10®/M -log C\fl Yj/mN m‘

o> C
O 3 .162 0.34

51-8 3 .2 86 0.31

33 .2 3 . 4 7 9 0.25

2 5 . 9 3 .5 87 0.42

16.6 3 .7 8 q 1.38

16.q 3 .7 96 2.57

8.30 4.08-j 5 .36

7.77 4 .1 10 6.85

3.87 4.41 2 9.96

3.7t 4 .43 ! 11.0

2.3s 4.629 12-2

1-73 4.762 14.3
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TABLE B38: Interfacial tension vs water phase concentration for C-|2BMG in

toluene/H20  system at 45.0°C

Cyv x 1q5/M -log C w  yj/m N n r1

67.g 3.1 68 0.39

51.0 3 .286 0.42

C
O co ro 3 .479 0.31

25.g 3 .5 8 7 0.48

16-6 3 .78 q 1.58

16.q 3.79 6 3.1!

8.30 4.08-| 5 .70

7 J 7 4 .1 1 0 7.08

3.87 4.412 10.0

3.71 4.43i 11.0

2.3s 4.62g 12-3

1 - 7 3 4.762 14.8
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TABLE B39: Interfacial tension vs concentration data for C12S in heptane/h^O

system at 25.0°C.

Cw  x 103/M -log Cyy Ct x 103/M -log Ct Yj/m N m*1

13-6 1.866 13.3 1.877 7-78

12-6 1.900 12-3 1.91(5 7.82

9.80 2 .OO9 9.56 2 .01g 7-86

6.65 2.177 6.4g 2-1 8g 12-8

5.25 2.280 5.12 2 .29 ! 15.8

4.18 2.37g 4.0g 2 .390 18.!

TABLE B40: Interfacial tension vs concentration data for C12S in dodecane/l-^O

system at 25.0°C.

C w  x 103/M -log Cw Ct x 103/M -log Ct y j/m N  m'1

13-6 1 -866 13-3 1.877 9.32

12-6 1 -90(5 12-3 1.910 9.27

9.80 2 .00g 9.5g 2 .01g 9.32

6.95 2-158 6.7g 2.16g 13.1

5.7g 2.237 5.65 2.248 15.2

4.64 2.333 4.53 2.344 17.0

3.65 2.438 3-56 2.44g 21.1
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TABLE B41: Interfacial tension vs concentration data for C12S in hexadecane/H20

system at 25.0°C.

Cw  x 103/M -log Cyy Ct x 103/M -log Ct Y j/m N m' 1

15.q 1.80-j 15.4 1.812 9.84

12-6 1.900 12-3 1.910 9 .72

9.80 2.OO9 9.56 2 .O I9 10.6

6.65 2.177 6.4g 2-1 88 14-8

5-25 2.280 5.12 2 .2 91 19.4

4.18 2.37g 4.0g 2.390 22.2

TABLE B42: Interfacial tension vs concentration data for C|2S in isooctane/H20  

system at 25.0°C.

Cw  x 103/M -log Cw Ct x 103/M -log Ct Y i/m N  m' 1

13 -6 1.866 13 -3 1.877 8 .2 i

12-e 1.900 12-3 1 -91 0 8.3-)

9.80 2 .OO9 9-56 2 .O I9 8.33

6.65 2 .177 6.4g 2-1 8g 13--I

5.25 2.280 5.12 2 .291 16.2

4.1g 2.37g 4.0g 2 .390 19.3
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TABLE B43: Interfacial tension vs concentration data for C12S in

heptamethylnonane/H20  system at 25.0°C.

C w  X 103/M -log Cw Ct x 103/M -log Ct y j/m N  m'1

13.6 1.866 13 -3 1.877 9 .58

12.6 1.900 12.3 , 1.910 9.58

9-80 2 .OO9 9.56 2 .O I9 9.69

6.65 2.17y 6.4g 2.1 88 14-9

5.25 2.280 5.12 2 .2 9 i 17.5

4.18 2.370 4.0g 2.390 21-6

TABLE B44: Interfacial tension vs concentration data for C12S in

cyclohexane/L^O system at 25.0°C.

C w  x 103/M -log Cw Ct x 103/M -log Ct Y j/m N  m'1

13-6 1.866 13.3 1.877 6.33

12.6 1.900 12-3 1.910 6.43

9.80 2 .OO9 9.56 2 .O I9 6.58

6.65 2.177 6.4g 2.188 IO.4

5.25 2.28q 5.12 2.29-| 13.0

3.75 2.426 3.66 2.437 18.-,
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TABLE B45: Interfacial tension vs concentration data for C12S in toluene/H20

system at 25.0°C.

C w x 1 0 3/M -logC w  C fx 1 0 3/M -log C{ y j/m N  m' 1

7.11 2-14g 6.94 2.15g 5 .2 8

7 .00 2.155 6.83 2.1 66 5 . I 7

5.23 2 .282 5 .10 2 .2 9 2 6.23

3 .2 2 2.492 3 . I 4 2.503 11.2

1.7g 2.747 1.75 2 .758 I 8.7
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TABLE B46: Interfacial tension vs concentration data for C12S in

hexadecane/0.1 M NaCI aq. soln. system at 25.0°C.

C w x 1 0 3/M -log Cw C fx 1 0 3/M -log Ct y j/m N  n r 1

2.80 2.553 2-73 2.564 6 .33

2.65 2.57s 2 .60 2 .5 8 6 6.44

2.33 2 .633 2.27 2 .6 4 3 6 .29

1 .86 2-73q 1-8 -t 2 .7 4 i 7.3s

1.40 2.854 1.37 2.865 10.0

1.17 2.932 1.14 2.943 13.2

1.11 2.955 1.08 2.965 11.5

0.93 3.032 0.91 3 .0 4 2 15.7

0.82 3.08g 0.80 3 . 0 9 7 I 6.4

0.69g 3.150 O.682 3.160 18.2
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TABLE B47: Interfacial tension vs concentration data for C ^E G E O sS  in

hexadecane/0.1 M NaCI aq. soln. system at 25.0°C.

C w  X 105/M -log Cw Ct x 105/M -log Ct Yj/m N n r 1

6.75 4 .1 7 i 6.5q 4.18 ! 1.8g

4.4g 4.34g 4 .38 4 .3 5 8 2.13

2 .8! 4 .5 5 2 2.74 4 .5 6 2 3.7g

1 .80 4.745 1-76 4.755 8.40

1 .12 4.950 I .O9 4 .9 6 2 12.2

0 .675 5.17! 0.65g 5.18 ! 16.4

TABLE B48: Interfacial tension vs concentration data for C ^ H G E O s S  in

hexadecane/0.1 M NaCI aq. soln. system at 25.0°C.

C w  x 106/M -log Cw Ct x 106/M -log Ct Yj/m N m"1

27 .0 4 .568 26.3 4.57g 2.36

18.0 4.744 17-6 4.755 2-5g

9.0 5 .044 8.78 5 .056 4.00

6.76 5.1 7q 6.6q 5 .18 ! 6-13

5.O4 5 .298 4.92 5 .308 8.70
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TABLE B49: Interfacial tension vs total concentration for C 1 2 EO 7  in heptane/H^O

system

C t X 105/M - lo g  Ct y j / m N  m ‘ 1

<0 3.35-j 1.82

CO
CO04 3 .633 1.82

6.9s 4.15s 5.90

3.94 4.405 8.30

0.787 5.1 O4 I 6 . 7

0.252 5.59g ro CO

I

TABLE B50: Interfacial tension vs total concentration for C12EO7-C12S mixture

a* a C12E07 = 3-75 x 10’3 in heptane/H20  system

C i 2 ,t x 103/M - lo g  C i 2 it Yi /mN m'1

20.2 1.695 7.40

14.8 1 .830 7 .O3

12.1 1.917 6.85

4.69 2.32g 7.27

2.34 2.63! 12.0

0.553 3 .257 18.8
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TABLE B51: Interfacial tension vs total concentration for C ^ E O y - C ^ S  mixture

at cxQ-| 2E 07  = °-249 in heptane/h^O system

C i2,t x 104/M -tog C12(t y j/m N  m*1

26 .6 2.575 4 -65

13.8 2 .860 4-50

5.53 3.257 4.00

2.60 3.585 6.57

1.54 3.812 9.56

0.57! 4 -243 14-8

TABLE B52: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at aQ-|2BMG = 0-0277 in heptane/H20  system

C i2 ,t x 103/M -tog C12,t Yj/mN m*1

5 . 2 ! 2 .283 2 . 7 8

3 . 2 5 2 . 4 8 8 2.1l

2 .60 2 .584 1.62

1.76 2 . 7 5 e 3 . 8 0

1 . 3 2 2 .880 5 . 0 !

0 . 7 5 7 3 . 1 2 1 11.4

1

CO 
1 

U) 
1

0

3 . 2 8 6 1 4 . 7
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TABLE B53: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at a c i 2 BMG = 0.0513  in heptane/L^O system

C l2 ,t x 1° 3/m -log C12tt Yj/m N  m '1

3.83 2.416 2.7g

2.89 2 .540 2.5 !

2 .02 2.695 1.65

1.44 2.84-j 2 .3 !

1.02 2 .99 ! 5.87

0.732 3.135 8.7g

0.546 3.263 12.4

0.377 3.423 15.0

TABLE B54: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at c x q -|2 B M G  = 0.94 in heptane/H20 system

C12,t x 1° 4/m -log C12,t Yi/mN m' 1

7.4q 3-1 3q 2.35

4.95 3.305 2.53

2 .66 3.575 3.80

1.64 3.785 7.7g

I.Og 3.962 10.1

0.762 4-1 2g 13-8
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TABLE B55: Interfacial tension vs total concentration for C12BMG-C12S mixture

at a c i2B M G  = 0-0277 in dodecane/H20 system

C i2,t x 103/M -log C i2,t Y l/m N  m '1

5 .2 i 2.283 3.46

3-80 2.420 2-7 8

2 .60 2.584 2.33

1-76 2.756 5.57

1.32 2 .880 8. I 4

0.757 3.12-1 13.4
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TABLE B56: Interfacial tension vs total concentration for C-|2BMG-C-|2S mixture

at ac i2B M G  = 0.051g in dodecane/h^O system

C i 2 ,t x 1° 3 / m -log C i 2 ,t Y l/m N  m '1

3.83 2 . 4 1  6 3 .63

2.89 2 . 5 4 q 2 .8 8

2 . 0 2 2 .6 9 5 2 . 6 !

1 . 3 3 2 . 8 7 6 5.63

1 . 0 2 2 . 9 9 - I 8 . 3 2

0 . 7 3 2 3 . 1 3 5 11.4

0 . 5 4 6 3 .2 6 3 14.4

0 . 3 7 7 3 . 4 2 3 1 7 . g
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TABLE B57: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at oiq-|2BMG = ° - 9 4  in dodecane/I^O system

C i2,t x 104/M -log C12,t y j/m N  m' 1

7 .40 3 .130 3.40

4.95 3.305 3.50

3.25 3 .488 4.63

2.3s 3 .630 7.27

1.4g 3.82g IO .9

0.94 4.02g 14.-I

TABLE B58: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at CXC12BMG = 0.027j  in hexadecane/H20 system

C i2,t x 103/M ■tog c 12lt Yj/mN m_1

5 .2 i 2.283 3.42

3 .80 2.42q 3.00

2 .60 2.584 2.5q

1.76 2 .756 5.42

1.32 2 .880 8.63

0.757 3 .12 ! 15.!
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TABLE B59: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at cxq-|2BMG = 0.051 g in hexadecane/I^O system

C l2 ,t x 1° 3/m -log C i2 it Y ] / m N  n r 1

3.83 2-416 3 .5 !

2.89 2.540 2.43

2.02 2.695 2.42

1.44 2.84-j 5-25

1.02 2 .99 ! 8.25

0.732 3.135 12-3

0.546 3.263 15-8

0.377 3.423 19.q
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TABLE B60: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at CXQ-J2BMG = ° - 9 4  in hexadecane/h^O system

C-I2,t x 1°4/m -log C12lt Yj/mN nrr1

8.75 3.058 3.25

6 . I 9 3.20g 3.4!

3.8-| 3-418 4.42

2.94 3.532 6.5-)

1 -80 3-746 IO .3

1-Og 3.962 14.0

TABLE B61: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at CX.Q12BMG = 0-0277 in isooctane/H20 system

C i 2 ,t x 103/M -log C12jt Yj/mN m"1

5 .2 ! 2.283 3-16

3.5g 2.446 2.23

2 -60 2.584 1 .66

1-76 2.756 3-80

1.32 2 .88 0 5.9g

0.757 3 .12 ! 12.4

0-51 8 3.286 14.7
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T A B L E  B 6 2 :  In t e r f a c ia l  te n s io n  v s  to ta l  c o n c e n t r a t io n  fo r  C 1 2 B M G - C - 1 2 S  m ix tu r e

a t  CXQ 1 2 B M G  =  0 . 0 5 1 g  in  i s o o c t a n e /H 2 0  s y s te m

C l 2 , t  x  103 /M - lo g  C 1 2 ,t Y j / m N  m ' 1

3 . 8 3 2 . 4 1 6 3 . 1 3

2 .8 9 2 . 5 4 0 2 . 3 !

2 .0 2 2 . 6 9 5 2 .O3

1 .33 2 - 8 7 6 3 . 0 6

1 . 0 2 2 .9 9 - j 6 .O5

0 . 7 3 2 3 - 1 3 5 9 . 5 2

0 - 5 4 g 3 - 2 6 3 12.8

0 . 3 7 7 3 . 4 2 3 1 5 . 6

T A B L E  B 6 3 :  In te r fa c ia l  t e n s io n  v s  to ta l  c o n c e n t r a t io n  fo r  C 1 2 B M G - C 1 2 S  m ix tu r e

a t  a c i 2 B M G  =  ° - 9 4  in  is o o c ta n e /H 2 0  s y s te m

C - | 2 , t  x  1 ° 4 / m - lo g  C i 2 .t Y j / m N  m ' 1

7 . 4 0 3 - 1 3 0 2 . 5 g

4 . 9 5 3 . 3 0 5 2 . 7 2

2 -6 6 3 . 5 7 5 4 . 4 2

1 .64 3 . 7 8 5 8 . 2 2

I . O g 3 . 9 6 2 11.2
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TABLE B64: Interfacial tension vs total concentration for C12BMG-C12S mixture

at a C12BMG = 0-0277 in heptamethylnonane/H^O system

C12,t x 10^/M -log C12|t Yj/mN m' 1

5-2-1 2.283 3 .57

3 .80 2 .420 2.58

2 .60 2 .584 2-58

1.76 2 .756 5-1 o

1.32 2 .880 7-4q

0.757 3 .12 ! 14.3
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TABLE B65: Interfacial tension vs total concentration for C i2BMG-C-|2S mixture

at a C12BMG = 0.051 e in heptamethylnonane/I^O system

C i2,t x 1° 3/m -log C12)t Y j/m N  m '1

3 .83 2 .41 6 3.69

2.89 2 .540 2.5 !

2 .02 2 .695 2.68

1-33 2 .876 5.47

1.02 2.9 9 -j 7.93

0 .732 3.135 11.4

0 .546 3.263 14.g

0.377 3 .423 17-8
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TABLE B6 6 : Interfacial tension vs total concentration for C ^ B M G -C -^ S  mixture

at a C12BMG = ° - 9 4  in heptamethylnonane/I^O system

C l2,t x 1° 4/m -log C12>t y j/m N  m*1

7.4q 3.13o 3 .20

4.95 3.305 3.40

3.3g 3 .470 4.25

2.74 3 .562 5.89

1.68 3.775 9.6q

0.98 4.01-1 13.4

TABLE B67: Interfacial tension vs total concentration for C12BMG-C12S mixture

at aQ-j2BMG = 0-0277 in cyclohexane/H20 system

C i2,t x 103/M -log C12ft Yj/mN m' 1

3 .47 2.459 1.36

2.3g 2.622 I.O 4

1.5! 2 .820 1-95

1.3! 2.884 3 . I 7

0.797 3.09g 8.02

0.44g 3.35g 14-5
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TABLE B68: Interfacial tension vs total concentration for C12BMG-C12S mixture

at ac i2B M G  = 0-051g in cyclohexane/H2 0  system

C i2,t x 103/M -log C12,t Yj/m N n r 1

3.83 2 .4 1 6 2 .00

2 .88 2.54-j 1.74

2 .02 2 .6 9 5 0 .8 0

1.44 2.84 j 0 .90

1.02 2.99-j 3 .7 2

0 .732 3.135 6 .9 q

0 .546 3 .263 10.Q

0.377 3 .4 2 3 13.2
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TABLE B69: Interfacial tension vs total concentration for C ^ B M G -C ^ S  mixture

at CXQ1 2 BMG = 0,94 in cyclohexane/H20 system

C 1 2 ,t x 1° 4/m -log C-|2 ,t y j /m N  m_1

5 .7 6 3 .2 4 0 1.5 !

4 .0 2 3 .3 9 6 1 . 3 7

2 .15 3 . 6 6 7 3 .4 !

1.33 3 .8 7 7 6.9s

0 .9 0 4 .0 4 6 9 . 5 7

0 .5 0 s 4 .2 9 4 1 3 .4

TABLE B70: Interfacial tension vs total concentration for C ^ B M G - C ^ S  mixture

at cxq-j2 BMG = 0-0277 in toluene/H2 0  system

C i 2|t x 103/M -log C12|t Y j/m N  m* 1

3 . 4 7 2.45g I.O 3

2 -4 5 2 .6 1 1 0.82g

1 . 7 4 2 .7 6 0 1 .4 6

0 .7 9 7 3 .0 9 8 6 . I 3

0 .43g 3 .35g 1 0 .g

0 .23g 3 .6 2 2 14.s
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TABLE B71: Interfacial tension vs total concentration for C12BMG-C12S mixture

at a C12BMG = 0.051© in toluene/h^O system

C l2,t x 10^/M -log C-|2 ,t y j/m N  m' 1

3 . 8 3 2.41© 1.4©

2 .8 8 2.54 -j 1 -2 3

2 . 0 2 2 .695 0 .92

1 .4 4 2.84-j 1.42

1 .0 2 2 .99 i 3 . 2 7

0 .73 2 3.135 5.22

0.54© 3.263 6 .9 4

0.377 3 .4 2 3 9.98
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TABLE B72: Interfacial tension vs total concentration for C-|2 BMG -C i2 S mixture

at a c i 2 BMG = ° - 9 4  in toluene/H2 0  system

C f2,t x 104/M -log C12,t Yj/mN m' 1

3 .25 3 .488 0 . 4 4 q

2.35 3 .6 30 0.23g

1 *21 3.917 3.80

O.6 I 9 4.20g 7-40

0.372 4 -430 10.6

0.195 4.71 q 14.2

TABLE B73: Interfacial tension vs total concentration for C ^S -C g P  mixture at

a C12S = °-275 in hexadecane/0.1M NaCI aqueous solution system

C i2,t x 103/M -log C12it y j / m N  m'^

3.10 2 .5 08 3.85

2-4 1 2 .617 5.6 -(

1.72 2 .764 8.90

1.24 2 .906 12.4

0.890 3 .048 15.0
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TABLE B74: Interfacial tension vs total concentration for C i2S-C3P mixture at

a C12S = 0-77i in hexadecane/0.1 M NaCI aqueous solution system

C i2)t x 103/M -tog C12,t Yj /m N m*1

2-75 2 .5 6 0 3 .82

2.2g 2.63g 4 .30

1.78 2 .7 5 0 6.53

1.26 2.89g 10.2

0 -918 3 .0 3 7 13-4

0 .6 8 8 3.1 62 16.4

TABLE B75: Interfacial tension vs total concentration for C-|2S-C-)oP mixture at

a C12S = °-416 in hexadecane/0.1 M NaCI aqueous solution system

C i2,t x 104/M -tog C12it Yj/mN m'1

7 .03 3 .1 53 15--,

5 .5 7 3 .2 5 4 16.2

4 -4 0 3 .3 5 7 19.3

3 .52 3 .4 5 4 20.g
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TABLE B76: Interfacial tension vs total concentration for C -^S -C iq P mixture at

a C12S = °-748 in hexadecane/0.1M NaCI aqueous solution system

C i2 ,t x 104/M -log C i2,t Yj/mN m*1

11.2 2 .952 10.2

9.15 3 .0 39 12.2

7 .1 i 3 .148 14.6

5.4g 3.26-| 16.g

4.37 3.36 0 18.g

3.46 3.462 21.1

2.74 3 .562 23.4

2 .O3 3.692 25.6



TABLE B77: Interfacial tension vs total concentration for C1 0H G E O 5 S-

C16HGEO5OH mixture at c*ci6HGE05S = °-0138 in hexadecane/0.1M NaCI aqueous 

solution system

C i2ft x 104/M -log C12,t Yj/mN m'1

7-12 3.147 0.40

4.75 3.324 0.27

3.16 3 .500 1.36

2. 1i 3 .676 3 .8 i

1.42 3.846 7.38

TABLE B78: Interfacial tension vs total concentration for C ig E G E O g S -

C15EGEO5OH mixture at cxq-|6hgE05S = °-°129 in hexadecane/0.1M NaCI aqueous 

solution system

C i2,t x 104/M -log C12>t Yj/mN m'1

6.3^ 3 .20 ! 0.25

5.48 3 .26 ! 0.13

4-20 3.377 1.25

2.80 3.553 3.7g

I .89 3.723 6 .7 i

1.26 3 .900 9.92

0.840 4 -076 13.0
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TABLE B79: Interfacial tension vs total concentration for C-|2 E 0 8  in

hexadecane/H20 system

Ct x 104/M -log Ct y j/m N  m'1

2.42 3-616 3.68

1.65 3.782 3-6g

1.24 3.907 3.66

1.00 3.998 3.87

0.550 4.25g 8 .82

0.316 4.500 11.4

0.172 4.765 15.4

O.IO3 4.986 17.8
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TABLE B80: Interfacial tension vs total concentration for C-j2E0 8 '^ 1 2 E0 4

mixture at CXQ12EO8 = °-255 in hexadecane/H^O system

C12,t x 1° 4/M -log C12,t Yj/mN m '1

7.2g 3-138 0.92

6 .O7 3.217 1.19

4.76 3.323 1.58

4.36 3.36 -j 1.9-1

3 .96 3 .402 2.12

2.38 3.624 4-1 6

1.5g 3 .80 0 6.93

1-19 3 .925 7.9g

0 .812 4 .09q 10-6

0.39e 4.402 14-3
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TABLE B81: Interfacial tension vs total concentration for C ^ E O jj- C ^ E O s

mixture at ctQ i2E08 = 0.079g in hexadecane/h^O system

C-|2,t x 1°3/m -log C12ft Y j /m N m'^

1.34 2.872 0 .19

.1.0 ! 2 .997 0 .48

O.8O5 3.094 0 .84

0.67! 3.173 1 -6o

0 .402 3.395 5 .28

0.26S 3 .57 ! 8 -71

0.17g 3.747 11.4

O .H 9 3 .9 2 4 14.g
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TABLE B82: Interfacial tension vs total concentration for C-j 2 E0 8 ‘ ^1

mixture at cxci2E 08 = ®-92 x 10*3 'n hexadecane/H20  system

C i2,t x 1° 3/m -log C12,t y j/m N  m*1

4.17 2 .380 0.32

2.78 2 .556 1.97

2 .0g 2.681 3.45

1.54 2 .8 1 1 4.45

1.2S 2.892 7-11

I.O 4 2.982 8-16

0.770 3.113 11.5

0.513 3 .29 q 15.0



202

TABLE B83: Interfacial tension vs total concentration for C-|2 E0 8 ' ^ 12E<̂ 2

mixture at aQ-|2E08 = 0-387 in hexadecane/h^O system

C12,t x 1°4/m -log C12(t Yj/mN m'"*

IO .9 2.963 1.6 !

5.44 3.264 2.86

2-72 3.565 3 • 7 -(

1.8! 3 .742 4.64

1-10 3.95g 8-90

0-725 4.13g 11-2

O.484 4.315 14.0
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TABLE B84: Interfacial tension vs total concentration for C ^ E O s  in

heptane/H2 0  system

Ct x 104/M -log Ct Yj/mN nrr1

2.43 3.615 2.O7

1.82 3-740 1.92

1 *21 3-91 6 2 .02

O.8O9 4.092 2 .O3

0-276 4.55g 7.O7

0-166 4 .7 8 ! 10.2

0 -110 4.957 12.2

0.0735 5-133 15.3

TABLE B85: Interfacial tension vs total concentration for C-| 2EO8-C 12EO2

mixture at a c i2 E 0 8  = 0.046g in heptane/H20 system

c 12,t x 1°3/m -lo g C i2it Yj/mN m*1

2-16 2 -666 0.10

1.67 2 .79 ! 0.33

1-08 2.967 I.O 5

0.71g 3-143 3.86

0.480 3.31g 6 .2 i

0 .320 3.495 8.92
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TABLE B86: Interfacial tension vs total concentration for C-|eEOg-C-j2EO2

mixture at a c ig E o s  = 6 -58 x 10’3 in hexadecane/h^O system

Ct 2,t X 103/M -!og C i2,t Yl/mN m'1

2.72 2.565 0.54

1.8 ! 2.74-j 2 .7 i

1 -21 2.91 8 4.45

0 .8 9 q 3.05-) 6.67

0 .680 3 .167 9.00

0.555 3 .256 10.2

0.453 3.344 10.6

0 .302 3.520 14-5

0 .202 3.696 18.8

0 .134 3.872

cviCVJ
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TABLE B87: Interfacial tension vs total concentration for C ^ O H  in

hexadecane/H20 system

Ct x 102/M -log C, Y j / m N  m*1

2-72 1.565 14.3

1.82 1.74! 15.8

1 * 21 1.91 7 17.4

O.8O7 2.093 18-e

0.538 2.26g 20.!

TABLE B88: Interfacial tension vs total concentration for C ^ E O g -C ^ O H  

mixture at CXC12E08 = 2-02 x 10' 3 in hexadecane/H2 0  system

C i2 ,t x 102/M -log C i2(t y j/m N  m‘ 1

1 .64 1.786 8 .8 !

I.O 9 1 .962 9.29

0.728 2-1 3g 10-2

0.485 2.314 11-3

0.324 2 .490 12 .6

0-21 6 2 .6 6 g 14.0
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TABLE B89: Interfacial tension vs total concentration for C ^ E O g -C -^ O  H

mixture at a c i2 E 0 8  = 0-0353 in hexadecane/I^O system

c 12,t x 1°4/m -log C12it Yj/mN m '1

5.63 3-250 10.6

3.75 3-420 13.5

2-50 3.602 16 .2

1.67 3.77g 19.2

TABLE B90: Interfacial tension vs total concentration for CgP in hexadecane/I^O 

system

Ct x 103/M -log Ct y j/m N  m"1

19.4 1.712 0.72

16.! 1.794 0.75

9.83 2 .OO7 3.27

7.3i 2.130 6 .O7

5 .O4 2.29g 9.9g

2.52 2.59g 16.2

1.6g 2.77s cy
0OJ
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TABLE B91: Interfacial tension vs total concentration for C-|2EOg-CgP mixture at 
a C12E08  = 0.042g in hexadecane/H20  system

C12,t x 1° 3/M -log C i2,t Yj/mN m‘ 1

4*1 o 2.38g 2.17

3 .4 i 2 .4 6 7 2 .40

2-73 2 .5 6 4 2.60

2 .O5 2.689 3-16

1 .37 2.865 5 .02

1.02 2<99q 7.5g

O.683 3.1 6g 10.2

O.455 3 .3 4 2 12-8
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TABLE B92: Interfacial tension vs total concentration for C-^EOg-CgP mixture at

a C12E08 = 0-523 in hexadecane/T^O system

C i 2|t x 104/M -log C-j 2,t Yi/mN n r 1

3 .3 q 3.48-| 3 .8 0

2.64 3 .5 7 8 3.85

1-76 3.754 4-98

1.35 3.86g 6 .18

0.99 4 .OO4 8 . 12

0 .66g 4 .1 8 0 9.94

0 .4 4 0 4 .3 5 6 12.4
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TABLE B93: Interfacial tension vs total concentration for C -^EO g-C -^P  mixture

at CXQ12EO8 = 0.013g in hexadecane/h^O system

C i2 ,t x 103/M -log C12>t y /  n r 1

13.2 1.880 0.43

8.7g 2.057 0.08

5.85 2.233 0.22

3.90 2.40g 1.15

2 .60 2.585 3.2 !

1-73 2.76-) 6.52

1.14 2.942 9.93

0.762 3-118 13.q

4
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Figure B1 . C ^ E O g  in hydrocarbon/H2 0  systems at 25.0°C. Hydrocarbon phase:
hexadecane (0 ), heptamethylnonane (a ), and heptane (0 )-
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Figure B2. in hydrocarbon/H2 0  systems at 25.0°C. Hydrocarbon phase:
dodecane (0 ), isooctane (♦), and cyclohexane (■).
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Figure B3. Nonionic surfactants in hydrocarbon/aqueous systems at 25.0°C. 
Surfactant/hydrocarbon/aqueous phase: C i 2 E0 4 / he * ad e c a n e /H 2 0  (0),
C f 2 E0 2 /heptane/H 2 0  (♦), C-jgEGEOsOH/hexadecane/O.IM NaCI (n), and 

C-jeE08/hexadecane/H2 °  (* )•
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Figure B4. Nonionic surfactants in hexadecane/aqueous systems at 25.0°C. 
Surfactant/aqueous phase: C-j2p/H2 °  (♦)• C12EO3/H2O (0), C-|2EO^H20 (*)• 
and C16HGEO5OH/0.1M NaCI (a ).
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Figure B5. Nonionic surfactants in hexadecane/aqueous systems at 25.0°C. 
Surfactant/aqueous phase: C8P/H20  (♦), C8 P/0.1M NaCI (O), and C10P/0.1M 
NaCI (g).
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Figure B6 . C ^ B M G  in hydrocarbon/^O systems at 25.0°C. Hydrocarbon phase:
hexadecane ($), dodecane ($), heptane (o), and cyclohexane (a).
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Figure B7. C 1 2 BMG in hydrocarbon/H2 0  systems at 25.0°C. Hydrocarbon phase:
isooctane (■ ), heptamethylnonane (S), and toluene (# ).
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Figure B8. C12BMG in hydrocarbon/H2 0  systems at 35.0°C. Hydrocarbon phase: 
hexadecane (B), dodecane (+), heptane (o), and cyclohexane (♦).
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Figure B9. C ^ B M G  in hydrocarbon/H2 0  systems at 35.0°C. Hydrocarbon phase:
isooctane (4-), heptamethylnonane (a ), and toluene (■ ).
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Figure B10. C ^B M G  in hydrocarbon/h^O systems at 45.0°C. Hydrocarbon 
phase: hexadecane (a), dodecane (+). heptane (o), and cyclohexane ($).
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Figure B11. C 12BMG in hydrocarbon/^O  systems at 45.0°C. Hydrocarbon 
phase: isooctane (0 ), heptamethylnonane («#■), and toluene (0 ).
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Figure B12. Anionic surfactants in hexadecane/0.1M NaCI aqueous solution 
systems at 25.0°C. Surfactant: C16HGE05S (B), C16EGE05S (+), and C12S (o).
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Figure B13. C-12S in hydrocarbon/H2 0  systems at 25.0°C. Hydrocarbon phase: 
hexadecane (0 ). dodecane (+), heptane (0 ), and cyclohexane ($).
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Figure B14. C 1 2 B M G  in  h y d r o c a r b o n / H 2 0  s y s t e m s  a t  25 .0 ° C .  H y d r o c a r b o n  

p h a s e :  is o o c ta n e  (0 ), h e p t a m e th y ln o n a n e  f f ) ,  a n d  t o lu e n e  ( 0 ) .
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Figure B15. C i 2 E 07» C 1 2 S. and their mixtures in heptane/i^O  systems at
2 5 .0 °C . a C i 2 E 0 7 : (♦ ). 0; (+ ), 3.75  x 10-3; (f l) , 0.24g ; (0 ), 1 .



-L
og

 
C

12
>

t

225

4.2-

3.6

3.0

2.4-

1.8
0 4 8 12 16 20

Y j (mN n r 1)

Figure B16. C 1 2 BMG, C 1 2 S, and their mixtures in heptane/H2 0  systems at

2 5 .0 °C . cxC l 2 B M G : (X ). 0; (+ ), 0.0277 ; (■ ), 0.0513 ; (4 ), 0.94; (Q ),1 .
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Figure B17. C -^ B M G , C 1 2 S, and their mixtures in dodecane/I^O  systems at

2 5 .0 °C . oc.0 1 2 B M G ' (X). ’(+ ), 0.0277 ; (a ) ,  0.0516 ; ( * ) ,  0 .9 4 ; (Q ),1 .



227

4.2

3.6-

O

o»
o
-J

2.4-

1.8
0 4 8 1612 20

Yj (mN m'1)

Figure B18. C-|2BMG, C-|2S, and their mixtures in hexadecane/H20  systems at 
25.0°C. a C l2 B M G : (X), 0; (+), 0.0277 ; (B), 0.0516 ; ($), 0.94; (0 ),1.
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Figure B19. C -^ B M G , C 1 2 S, and their mixtures in isooctane/H2 0  systems at

2 5 .0 °C . a C 1 2 B M G ; (+).<>; (♦ ) . 0.0277 ; (0 ), 0.0516 ; (♦ ) ,  0.94; (0 ),1 .
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Figure B20. C -^BM G , C12S, and their mixtures in heptamethylnonane/h^O 
systems at 25.0°C. a C l2 BM G : W . 0; (4). 0.0277 ; (B), 0.0516 ; (4 ), 0.94;
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Figure B21. C ^B M G , C ^ S , and their mixtures in cyclohexane/^O  systems at 
25.0°C. a c i2 B M G : (+). 0; (♦), 0.0277 ; (0 ), 0.0516 ; ($), 0.94;
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Figure B22. C 12BMG, C12S, and their mixtures in toluene/H20  systems at 
25.0 C. ccC 12BM G : (+ ), o; (4), 0.0277 ; (fl) , 0.0516 ; (4), 0.94; (Q),1.
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Figure B23. C12S, CgP and their mixtures in hexadecane/0.1M NaCI aqueous 
solution systems at 25.0°C. a C i 2S : (D). 0; (0), 0.275 ; (^), 0.77-j; (♦ ),!.
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Figure B24. C12S, C iq p and their mixtures in hexadecane/0.1M NaCI aqueous 
solution systems at 25.0°C. a G12s : (D). 0; (■), 0.416 ; (♦), 0.748 ; (♦ ),!.
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F igure B25. C ig H G E O s S , C1 0 H G E O 5 S, and a mixture of theirs in 
hexadecane/0.1M NaCI aqueous solution systems at 25.0°C. a  C16HGE05S: (a)-0:
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Figure B26. C ig E G E O s S , C ie ^ G E O s S , and a mixture of theirs in 
hexadecane/0.1M NaCI aqueous solution systems at 25.0°C. a  C16EGE05S: (°)> 
( * ) ,  0.0129 ; (♦ ) ,! .
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Figure B27. C -^E O qi C12EO4 , and a mixture of theirs in hexadecane/I^O 
systems at 25.0°C. a  C 12E 08 : (♦). 0; (♦), 0.255 ; (0 ),1.
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Figure B28. C ^ E O s , C12E0 3 , and a mixture of theirs in hexadecane/H2 0  
systems at 25.0°C. a  C 1 2 E 0 8 : (♦)- 0: (B), 0.0799 ;
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Figure B29. C-^EOs, C12EO2, and their mixtures in hexadecane/h^O systems 
at 25.0°C. a  C 1 2 E 0 8 : (❖)-0; (♦), 8.92 x 10‘ 3 ; (B), 0.387 ; (Q),1.
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Figure B30. C-^EOg, C12EO2, and a mixture of theirs in h e p ta n e ^O  systems 
at 25.0°C. a  C 12E 08 : ( ♦ ) - 0 ‘- (O), 0.0469 ; (D),1.
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Figure B31. C-jgEOs, ^ 1 2 ^ 2 ’ and a mixture of theirs in hexadecane/I^O 
systems at 25.0°C. a  C16E08'- (D). 0: (fl), 6.5g x 10'3 ; (♦ ),!.
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Figure B32. C12OH, and their mixtures in hexadecane/I^O systems at
25.0°C . a  C 12 E 0 8 : (♦). 0; (B), 2.02 x 10 '3 ; (4), 0.0353 ; (0),1.
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Figure B33. C ^ E O q, CgP, and their mixtures in hexadecane/i^O  systems at

2 5 .0 °C . a  C 1 2 E 0 8 : (# ). 0; (B), 0.0428 ; ( * ) ,  0.523 ; (Q),1.
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Figure B34. C ^E O s , C l2 p - and a mixture of theirs in hexadecane/h^O systems 
at 25.0°C. a  C12E08-' (♦)■ 0: (A), 0.0136 ;
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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;

cxi value at the minimum or maximum in the C-|2,t vs 

cxi curve;

cxi value at the minimum or maximum in the CMC-j2,t vs 

a-| curve;

a-| value at the minimum or maximum in the YCMC,12,t 

vs a -j 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 mixed surfactant system, at a given 

and interfacial tension;

the molar concentrations of individual surfactants 1, and

2, respectively, at the same interfacial tension as the 

m ixture;
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C0,CMC1 t> C0,CMC2 t

C i2 ,t,m in

cmcw

cm q

C M Ci2,t

C M C °1it, CMC°2(t 

C M C ^.t.m in  

C M C *i 2 (t 

AG°ads» ^ ° m b

AH°ads> A H ° m jc

AS°ads> AS0̂

molar concentrations of individual surfactants 1 and 2, 

respectively, required to yield an interfacial tension equal 

to YCMC,12,t of any mixture;

C12,t value at the minimum or maximum in the C i2 ,t vs 

cxi 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 cmcj value for surfactants 1 and 2 combined, in the 

mixed surfactant system, at a particular a-| value; 

c m c t values of individual surfactants 1 and 2, 

respectively;

CMC 12,t value at the minimum or maximum in the 

C M C i2, t vs a  1 curve;

CM C-|2,t value corresponding to the a-j value at the 

minimum or maximum in the YCMC,12,t vs a i  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 m icellization, 

respectively, for a given surfactant;
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<P

cp°i, cp°2 

r  max

Y min

Y°CMC,1 ,t> Y

Y CMC,12,t

Y*CMC,12,t 

K °1 . K-|

K °2 , K2

n max

PC30,W

S l.S 2

ratio of the volume of the oil phase to the water phase in 

the mixed surfactant system;

cp 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;

CMC,2,t interfacial tension values at their cmct’s of individual 

surfactants 1 and 2, respectively; 

interfacial tension of mixed surfactants 1 and 2, at a given

a  1, at the cmc;

YCMC,12,t va,u® at the minimum or maximum in the 

Y CMC,12,t vs a 1 curve;

partition coe ffic ien t (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 a-j value, respectively;

partition coe ffic ien t (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 a-| value, respectively;

maximum interfacial pressure attainable for a given 

surfactant;

- Log C3o,w> where C3ofw  is Me molar concentration of 

a given surfactant necessary to produce n = 30 mN n r1; 

slopes of the y  vs In plots of individual surfactants 

1 and 2, respectively;
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X-|, XM-| mole fraction of surfactant 1 in the total surfactant at the

liquid-liquid interface, and in the micelle, respectively;

X*-j 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 ys cxi curve<
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