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Abstract

In many commercial applications involving surfactants, the desired properties are con-
trolled by both the equilibrium and the dynamic interfacial behavior. In particular,
surfactant adsorption at air-water interfaces causes the surface tension to decrease,
which, for example, can control the spreading properties of a liquid, and hence, is
important in practical applications involving the use of paints and pesticides, as well
as in the manufacturing of photographic films. Similarly, surfactant adsorption at
oil-water interfaces causes the interfacial tension to decrease, which, for example, can
enhance the ability of surfactant solutions to remove oily soil from dirty surfaces
(fabric, hair, skin, etc.) during cleaning applications.

A predictive, molecular-thermodynamic theory capable of modeling the behavior
of surfactants at solution interfaces would help minimize the need for costly and time-
consuming experimentation associated with the development of surfactant products
based on a trial-and-error approach. Furthermore, this theory should encompass mix-
tures of surfactants, since their use in industrial applications is widespread, whether
intentionally, to take advantage of synergism between the surfactant components in
a mixture, or simply because it is too costly to mass produce a single, pure surfac-
tant. With this as motivation, a molecularly-based theoretical framework to model
both the equilibrium and the dynamic adsorption of surfactant mixtures at both the
air-water interface and the oil-water interface has been developed.

The equilibrium air-water surface equation of state is based on a two-dimensional,
nonideal gas-like monolayer model of the adsorbed surfactant molecules. For non-
ionic surfactants, two types of interactions were accounted for: (i) repulsive, steric
interactions, which were modeled using a hard-disk treatment, and (ii) attractive,
van der Waals interactions, which were modeled using a virial expansion, truncated
to second order in surfactant surface concentration. Since both the hard-disk size and
the second-order virial coefficients characterizing these interactions can be deduced
from the known molecular structures of the surfactants, this surface equation of state



contains no experimentally determined parameters. This nonionic surface equation
of state was subsequently modified to incorporate electrostatic effects associated with
charged surfactants. For mixtures that contain only a single ionic surfactant species,
the electrostatic contribution to the surface equation of state was computed using a
Gouy-Chapman based approach, which also included a Stern layer of counterion ex-
clusion. This electrostatic description assumes that all of the electrostatic charge on
the adsorbed surfactant molecules is located on a single two-dimensional charge layer.
The Gouy-Chapman model was then extended to mixtures that contain multiple ionic
surfactants, or surfactants that contain multiple charged groups (such as zwitterionic
surfactants) by treating the case of multiple, two-dimensional charge layers at the
interface. This extended theoretical framework is capable of treating any number of
surfactant components containing any number of charged groups, without requiring
any experimentally determined parameters for the mixture.

To relate the surfactant surface concentration and the surface tension to the bulk
surfactant concentration and composition, an adsorption isotherm was utilized that
contains one experimentally determined parameter for each surfactant component in
the mixture, which can be determined from one surface tension measurement on a
single surfactant solution of each surfactant component. The resulting theory does not
contain any mixture dependent experimentally determined parameters, and hence,
no experiments are required on the mixed surfactant solutions. Good agreement
was found between the theoretical predictions and the experimental surface tension,
surface concentration, and surface composition values obtained from the literature
for mixtures containing nonionic, ionic, and zwitterionic surfactants.

The equilibrium air-water surface equation of state was then generalized to treat
the case of surfactants adsorbed at the oil-water interface. This was done by elim-
inating the van der Waals attractive interactions between the hydrophobic tails of
the adsorbed surfactant molecules, reflecting the compatibility of the hydrocarbon oil
phase and the hydrocarbon surfactant tails. Note that the other surfactant molecular
parameters, such as the hard-disk size, are the same for the air-water surface case
and the oil-water interface case. To test the validity and range of applicability of this
theory, the decane-water interfacial tension of surfactant solutions selected specifi-
cally for this purpose was measured using a ring tensiometer, and good agreement
was found between the theoretical predictions and the experimental values, including
those obtained from the literature.

The equilibrium air-water surface equation of state was subsequently utilized as
the basis for a theoretical framework of dynamic surfactant adsorption capable of
predicting the surface tension, surface concentration, and surface composition, all as
a function of time. In addition to the complete prediction of these dynamic profiles, a
simplified timescale analysis was utilized to quickly predict the timescale for adsorp-
tion of each surfactant component present in the mixture. This timescale analysis
is also valuable in that it provides a relationship between the chemical structure of
a surfactant molecule and its dynamic properties. To test the validity and range
of applicability of the dynamic interfacial theory, the dynamic surface tension of a
surfactant mixture chosen specifically for this purpose was measured using a pendant
bubble tensiometer, and good agreement was found between the theoretical predic-
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tions and the experimental results.

Finally, in order to facilitate the use of the theories developed as part of this thesis
by industrial researchers, and to create a better link between this academic work and
commercial applications, the various theoretical frameworks developed in this thesis
were incorporated in two user-friendly computer programs, Program SURF and Pro-
gram DYNAMIC, for industrial use. It is hoped that the theoretical developments
presented in this thesis, including the two computer programs, will facilitate the de-
sign and optimization of surfactant solutions of practical relevance having the desired
interfacial properties by reducing the need for relatively costly and time-consuming
experimentation.

Thesis Supervisor: Daniel Blankschtein
Title: Professor
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Chapter 1

Introduction

1.1 Background and Motivation

Surfactants are molecules having a unique molecular architecture consisting of a hy-
drophilic (water-loving) group, referred to as the “head”, and a hydrophobic (water-
fearing) group, referred to as the “tail”. The tail commonly consists of a hydrocarbon
chain, while the head can be of the nonionic, ionic, or zwitterionic variety. The cova-
lent bond between the head and the tail constrains these dissimilar chemical groups to
remain together, leading to the interesting and unique behavior exhibited by surfac-
tants in aqueous solutions. Two very important characteristics of surfactants, driven
by their simultaneous hydrophilic and hydrophobic character, are: (i) their tendency
to accumulate at interfaces (for example, air-water or oil-water), with their hydropho-
bic tails pointing out of the aqueous solution into the less polar air or oil phases, and
(ii) their tendency to form aggregates (known as micelles) in the bulk of the aqueous
solution, in which the hydrophobic tails cluster together in the micellar core, which
can be viewed as a “micro-phase of o0il”. Micellization generally occurs at surfactant
concentrations which exceed a critical surfactant concentration, referred to as the
Critical Micelle Concentration (CMC).

There are many important industrial and commercial applications that exploit
these unique surfactant characteristics. Surfactant accumulation at interfaces lowers

the interfacial tension which is important in detergency, coating and wetting pro-
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cesses, enhanced oil recovery, and emulsification. Surfactant accumulation at inter-
faces also provides a mass transport barrier in corrosion protection and evaporative-
loss reduction, and also affects the stability of foams.'™'° In these and other practi-
cal applications, surfactant mixtures are commonly utilized, because: (i) they often
exhibit properties that are superior to those attained utilizing the individual, single
surfactants, (ii) environmental and health concerns often dictate the mixing of known
and approved surfactants rather than the use of a totally new surfactant, and (iii)
it is often too costly to mass produce and purify a single, pure surfactant.!! Fur-
thermore, different types of surfactants (which include nonionic, ionic, or zwitterionic
surfactants), or mixtures of different types of surfactants, are commonly employed.
As stressed below in Section 1.2, a central goal of this thesis is the prediction of
interfacial properties, namely, the prediction of the surface tension and the amount
of each type of surfactant adsorbed at the interface, for various surfactant solutions.
As further motivation for the work presented in this thesis, a number of important
processes where the interfacial properties are important are described below. It should
be noted that for processes that occur over a relatively short time period (relative
to the rate of adsorption of the surfactant), it is the dynamic interfacial properties
that are important. On the other hand, for processes that occur over a relatively
long time period, only the equilibrium interfacial properties are important. Both
the equilibrium and the dynamic interfacial properties of surfactant solutions will be

addressed in this thesis.

1.1.1 Examples of Practical Applications of Surfactants where
Interfacial Properties are Important
1.1.1.1 Detergency

The most common commercial use of surfactants is in soaps and detergents for clean-
ing purposes, with current US annual sales in the $10 billion range.? Although this
is an old industry, price pressures, environmental concerns, new cleaning techniques,

and the competitive drive for new products makes this an active area of research.?
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In general, the removal of oily soil from surfaces (e.g., fabric, hair, skin, etc.) is
a complex process involving both equilibrium and kinetic processes. There are three
major known mechanisms involved in the removal of oily soil from solid surfaces by
a surfactant solution: “roll-up”, “necking” or emulsification, and solubilization.?*
In the “roll-up” process, the contact angle of an oil droplet (in this case the “soil”
that needs to be removed from the solid surface) is increased until no contact exists
between the oil and the solid surface (see Figure 1-1). The equilibrium contact angle,

6, is given by the Young equation:

cos(f) = Iws — 905 (1.1)
gow

where owg, 0os, and gow are the water/solid, oil/solid, and oil-water interfacial
tensions, respectively. Complete, spontaneous removal of the oily soil can theoretically
occur only if the contact angle is 180°; however, in practice, this process occurs at
smaller contact angles due to hydraulic and buoyancy forces.? Accordingly, one can
control the “roll-up” process by controlling the interfacial tensions in Eq. (1.1) with
the use of surfactants.

Necking is a kinetic process in which part of the oily soil is removed when the
oil-water interfacial tension is lowered sufficiently such that hydraulic currents in the
bath or buoyancy forces can raise and remove a portion of the oil droplet, forming an
emulsion (see Figure 1-2). Since additional oil-water surface area is being created, one
of the keys to this process is the reduction of the oil-water interfacial tension (that
is, the amount of free energy per unit area required to create this additional surface
area). The last mechanism, solubilization, is one where the oil molecules dissolve
into the water bath, diffuse to a micelle, and become solubilized in the hydrophobic
micellar core. Although surfactants that are directly adsorbed onto the oily soil on
the solid surface play less of a role in the solubilization mechanism, part of the free
energy required to form the suspension of microscopic oil droplets with surfactants
adsorbed at their oil-water interfaces, often referred to as a microemulsion, is given by

the oil-water interfacial tension. Accordingly, any attempt to model the solubilization
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Water

Figure 1-1: Schematic representation of the roll-up process for the removal of an
oily soil. As surfactant molecules adsorb at the oil-water interface, the contact angle
increases (due to a reduction in the oil-water interfacial tension) until a cutoff value
of 180° is reached. At that point, the oily drop is essentially no longer in contact with

the fabric, and can be removed by hydraulic or buoyancy forces.
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mechanism will require an estimation of this interfacial tension.

1.1.1.2 Wetting and Coating

In many commercial applications, such as painting, photographic film manufacturing,
pesticide delivery, and detergency (where the solid surface (fabric) needs to be fully
wetted by the solution in order for the processes described in Section 1.1.1.1 to occur),
it is desired that a liquid solution spread on a solid substrate. For this to occur
spontaneously, the spreading coefficient, S, must be greater than zero. S is defined
as the difference between the work of adhesion and the work of cohesion and is given
by:

S=0'5—0'L—0'L5 (12)

where o is the solid/air surface tension, oy, is the liquid/air surface tension, and o
is the liquid/solid interfacial tension.> Once again, the prediction and manipulation
of surface or interfacial tensions is required in order to understand the wetting and

coating process.

1.1.1.3 Crude Oil Recovery

When trying to remove crude oil from underground reservoirs, much of the oil (on
the order of 50% to 70%)® remains trapped by capillary forces in the pores of the
rock formation. With the use of surfactant solutions, part of this oil can be recovered
by the reduction of the oil-water interfacial tension and the resulting decrease of the
capillary forces.®8 Here, oil is being removed from rocks instead of from fabrics, where
it can later be recovered from the solution and used. As in detergency, the oil-water

interfacial tension is a central input for the modeling of the crude oil recovery process.

1.1.1.4 Foam Stability

In many commercial applications, one desires to generate solutions exhibiting high
foaming ability. High-foam applications include household cleaning agents, dust pre-

vention, and fire-fighting.® Alternatively, in other applications, the prevention of foam-
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Water

Figure 1-2: Schematic representation of the necking process for the removal of an oily
soil. As surfactant molecules adsorb at the oil-water interface, the interfacial tension
decreases. This lowers the free energy required for hydraulic or buoyancy forces to

remove part of the oil as an emulsion droplet.
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ing is desired. Low-foam applications include automatic dishwashers and laundry ma-
chines. Surfactants are involved in the foam stabilization process in two ways. First,
their adsorption at the air-water interface lowers the surface tension, thus reducing
the free energy per unit area required to create the additional surface area of the
foam lamella. In addition, the surfactant molecules adsorbed on the two layers of the
thin film that makes up the foam lamella can repel each other, either through elec-
trostatic or steric interactions, thus keeping the film from draining to a point where
it becomes so thin that it ruptures (see Figure 1-3).11% Clearly, one could destabilize
a foam by adding a more surface active surfactant that did not display such repulsive
interactions (for example, a nonionic surfactant with a relatively small head). This
surfactant could then displace any foam stabilizing surfactants at the lamella surface,
causing a collapse of the foam system. Once again, a method to control and pre-
dict surface tension and surfactant adsorption at the air-water surface is required to

understand and control foam stability.

1.2 Thesis Objectives

The central objective of this thesis is to develop molecularly-based theoretical frame-
works to describe and predict both the equilibrium and the dynamic adsorption of
surfactants at interfaces (air-water and oil-water), including the resulting lowering of
surface and interfacial tensions. As discussed in Section 1.1, the interfacial proper-
ties of solutions containing surfactants, and in particular those containing mixtures
of surfactants, have important practical implications. Therefore, the development of
a quantitative, molecularly-based thermodynamic theory capable of predicting the
interfacial properties of aqueous solutions containing mixtures of surfactants would
be extremely valuable for the design and optimization of new surfactant formulations
having the desired interfacial properties. The availability of such a theory would also
reduce the need for tedious and time consuming trial-and-error type experimentation.

A detailed review of previous work, as it relates to each chapter, is presented

in the Introductions to each of the following chapters. It should be stressed from

29



Figure 1-3: Schematic representation of a thin-film lamella stabilized by anionic sur-

factants adsorbed at the film surfaces.
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the outset that the most commonly utilized models to describe the equilibrium ad-
sorption of surfactants, the Langmuir and the Frumkin models, are semi-empirical
in nature. That is, the various parameters in these models must be determined by
fitting to experimental measurements. The most commonly utilized theory to model
the adsorption of mixed surfactant systems is the Regular Solution Theory (RST).
This theory contains an additional fitted parameter for each binary surfactant mix-
ture of interest. The inclusion of a mixture dependent experimentally determined
parameter is extremely significant. For example, if one is considering two surfactants
and wants to predict the interfacial behavior of the binary mixture, one would have
to conduct only one experiment on that pair of surfactants. On the other hand, if
one is considering ten surfactants and wants to predict the interfacial behavior of all
the (10 x 9) /2 = 45 possible binary mixtures, one would have to conduct 45 sets of
experiments on the 45 possible pairs of surfactants, which is clearly a very daunting
task. However, if one utilizes a theoretical framework that contains no mixture depen-
dent experimentally determined parameters, one could create a library of surfactants
for which any possible mixture could be considered without the need to perform any
additional experiments. This is, in fact, the approach taken in this thesis.

In contrast to the majority of previously developed theories describing the adsorp-
tion of surfactants at interfaces, the theoretical framework developed in this thesis
utilizes the molecular structures of the surfactant, rather than experimentally deter-
mined parameters, as inputs. Specifically, this thesis builds upon the theory developed
earlier by Nikas, et al.,'? which modeled the equilibrium adsorption of nonionic sur-
factants at the air-water interface by treating the adsorbed surfactant molecules as
a two-dimensional, nonideal gas interacting through repulsive, steric interactions and
attractive, van der Waals interactions. Since both of these interactions were mod-
eled using the molecular structures of the surfactants as inputs, the resulting sur-
face equation of state does not contain any experimentally determined parameters,
while the adsorption isotherm contains just one experimentally determined parame-
ter (the standard-state chemical potential difference between a surfactant molecule

adsorbed at the interface and one in the bulk aqueous phase) for each single surfac-
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tant component comprising the mixture. Note that there are no mixture dependent,
experimentally determined parameters in this theory.

This thesis adds to the previously developed hard-disk model the effect of elec-
trostatic interactions in the case of ionic or zwitterionic (dipolar) surfactants. In
Chapter 2, a Gouy-Chapman based description is utilized to model the electrostatic
effects in the case of a single ionic surfactant where all of the charge at the interface is
located in a single, two-dimensional charge layer. In Chapter 3, the Gouy-Chapman
description is extended to model the case of multiple charged layers at the interface
(corresponding, for example, to a single zwitterionic surfactant or to a mixture of a
zwitterionic and an ionic surfactant). In Appendix A, the effect of relaxing two of
the assumptions of the Gouy-Chapman model (that the ions have zero physical size
in the aqueous region, and that the dielectric constant is uniform throughout this
region) is investigated. In Appendix B, the sensitivity of the predictions made using
the theoretical framework developed in Chapters 2 and 3 to the surfactant molecular
parameters is discussed. In Appendix C, the prediction of interfacial phase transitions
made utilizing the theoretical framework developed in Chapters 2 and 3 is discussed
in detail.

In Chapter 4, the theoretical framework is extended further to model the adsorp-
tion of surfactants at the oil-water interface. In all cases, the theoretical predictions
were validated through a comparison with experimental measurements. In the case
of the equilibrium adsorption of the various surfactants considered in Chapters 2 and
3, there is sufficient experimental data in the literature to carry out these compar-
isons. However, the availability of experimental interfacial tension data for surfactant
mixtures adsorbed at the oil-water interface is extremely limited. Consequently, as
discussed in Chapter 4, oil-water interfacial tensions were measured using the pen-
dant bubble method for a pair of surfactants chosen specifically to test the validity
and range of applicability of the theoretical framework presented in Chapter 4.

In Chapter 5, the equilibrium description developed in Chapters 2 and 3 is utilized
as the basis for the development of a theoretical framework to predict the dynamic

adsorption of surfactants for solutions below the CMC. In Appendix D, this theoret-
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ical framework is extended further to predict the dynamic adsorption of surfactants
from a micellar solution (that is, above the CMC). In Chapter 6, the theory devel-
oped in Chapter 5 is tested experimentally. As in the case of mixtures of surfactants
adsorbed at the oil-water interface discussed in Chapter 4, the availability of exper-
imental dynamic surface tension data for surfactant mixtures is extremely limited.
Consequently, as discussed in Chapter 6, dynamic surface tensions were measured
for a pair of surfactants, again chosen specifically to test the validity and range of
applicability of the theoretical framework presented in Chapter 5.

In Chapter 7, the previous theoretical developments are implemented in two user-
friendly computer programs, SURF and DYNAMIC, which can be used by industrial
researchers to facilitate the selection and optimization of surfactants for various prac-
tical applications requiring desired interfacial properties. Finally, a summary of the
thesis as well as a discussion of possible future research directions are presented in

Chapter 8.
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Chapter 2

Prediction of Equilibrium Surface
Tension and Surface Adsorption of
Aqueous Surfactant Mixtures

Containing Ionic Surfactants

2.1 Introduction

As discussed in Chapter 1, the interfacial properties (specifically, the interfacial ad-
sorption and the interfacial tension) of aqueous solutions containing surfactants de-
termine and control performance in many practical applications, and in particular,
surfactant miztures are almost always utilized.!! Therefore, the development of a
quantitative, molecularly-based thermodynamic theory capable of predicting the in-
terfacial properties of aqueous solutions containing mixtures of surfactants would be
extremely valuable for the design of new surfactant formulations having the desired
interfacial properties. The availability of such a theory would also reduce the need for
tedious and time consuming trial-and-error type experimentation. One should also
keep in mind that, as will be shown in Chapter 5, even for systems which do not

attain thermodynamic equilibrium at the interface, a fundamental understanding of
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the equilibrium interfacial behavior is needed in order to properly model and predict
the dynamic interfacial behavior.!?

The adsorption of a single, nonionic surfactant species at the water/air interface
has been studied theoretically in the past by numerous investigators (for comprehen-
sive reviews of this topic, see Refs. 1, 14, 15, 16, 17). More recently, the interfacial
behavior of nonionic surfactant miztures has been investigated theoretically by several
researchers (for a recent comprehensive review, see Ref. 11). In particular, the Lang-
muir adsorption isotherm has been utilized extensively to model the adsorption of a
single surfactant species at an interface,'® and requires two experimentally-fitted pa-
rameters, the maximum surfactant adsorption and an adsorption constant related to
the free energy of adsorption. However, the empirical generalization of the Langmuir
adsorption isotherm to mixtures of surfactants has been shown to be thermodynam-
ically inconsistent.!®!® A thermodynamically consistent extension of the Langmuir
adsorption isotherm to mixed surfactant solutions has been developed based on the as-
sumption of ideal mixing in the mixed surfactant monolayer,?® and therefore, does not
account for the nonideal synergistic or antagonistic behaviors of the mixed surfactant
monolayer which are often observed experimentally. Nonideal theoretical treatments
of the mixed surfactant monolayer based on regular solution theory, first suggested by
Ingram,?! and subsequently developed by Rosen and coworkers®?2?* and by Holland
and coworkers,’1?* and further developed by Nguyen and Scamehorn,?® all make use
of an additional, experimentally-fitted empirical parameter for each surfactant pair
(the so called surface interaction parameter), and thus require experimental inputs
(specifically, surface tension measurements) of the surfactant mixtures to determine
these parameters. Other empirical theories, such as those which utilize surface activ-
ity coefficients,?® or the more general nonideal adsorbed solution theory,?” which allows
for the variation of the surface beta interaction parameter with surface pressure, also
require surface tension measurements of the surfactant mixtures to determine the
experimentally-fitted parameters for each surfactant mixture considered.

Previous theoretical studies of ionic surfactants at interfaces are all based on

some empirical surface equation of state (EOS) for uncharged surfactants which is
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subsequently generalized to incorporate the ionic surfactant character by modeling
the free energy required to charge the monolayer in the presence of the various ionic
species in the diffuse region of the double layer. For example, Davies?® utilized the
non-electrostatic Langmuir surface EOS in conjunction with the Gouy-Chapman?®:3
electrostatic description of the ionic diffuse region of the double layer. Subsequently,
Borwanker and Wasan?®!' improved the Davis model by replacing the Langmuir sur-
face EOS with the Frumkin surface EOS, which adds a third fitted parameter de-
scribing possible lateral interactions among the surfactant species in the monolayer,
to model the non-electrostatic contribution to the surface equation of state. Others
have concentrated on improving the electrostatic Gouy-Chapman model describing
the distribution of ionic species in the diffuse region of the double layer. For example,
Stern®? incorporated a distance of closest approach of the ionic species present in the
diffuse region of the double layer, the so-called “Stern layer”. More recently, Kalinin
and Radke!® allowed for a fraction of the counterions to bind to the adsorbed ionic
surfactant species. In a similar spirit, Warszynski et al.33 allowed for the counterions
themselves to adsorb in the monolayer along with the ionic surfactant species. Note
that in all these previous studies of the adsorption of ionic surfactants at interfaces,
the non-electrostatic contribution to the surface equation of state was modeled in an
empirical manner, and as such, relied on at least two or three experimentally-fitted
parameters. In addition, all of the theoretical work described above has dealt ex-
clusively with the adsorption behavior of single ionic surfactants at interfaces. The
extension of these theories to mixtures of surfactants would require the introduction
of new empirical parameters to model the non-electrostatic contribution to the mul-
ticomponent surface EOS, which in turn, would demand additional experiments on
the mixed surfactant solutions in order to fit these additional parameters.

In contrast to the previous theories which are all based on empirical non-electro-
static surface equations of state, in this chapter, I present a theoretical description
of ionic/nonionic surfactant adsorption at the aqueous solution/air interface which
relies on a molecularly-based, non-electrostatic surface equation of state developed by

Nikas et al.'? Specifically, this surface EOS is utilized to obtain a non-electrostatic
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adsorption isotherm which requires only one experimentally-determined parameter
for each individual surfactant species comprising the mixture. More importantly,
because of its molecular nature, this surface EOS and associated adsorption isotherm
can be extended to surfactant mixtures containing any number of components without
introducing any additional parameters, thus requiring no ezperimental inputs on the
mized surfactant solutions. In the spirit of previous theoretical descriptions, the
electrostatic contribution to the surface EOS is modeled using the Gouy-Chapman
description of the diffuse region of the double layer, modified by the inclusion of a
Stern layer with no surfactant counterion binding or counterion adsorption in the
monolayer. The treatment of surfactant mixtures consisting of surfactants containing
multiple charge groups, for example, zwitterionic surfactants, will be presented in
Chapter 3. The results of these calculations indicate that this simplified theoretical
description of the ionic aqueous solution provides an adequate model for the relatively
dilute surfactant solutions considered here.

In general, the theoretical modeling of the adsorption of surfactants at inter-
faces can be divided into two main approaches: the two-dimensional solution model,
where the solvent is considered explicitly, and the two-dimensional gas model, where
the adsorbed surfactant molecules are assumed to be present in a monolayer at the
interface with the solvent modeled as a continuum background.?* For the theoreti-
cal framework presented in this chapter, a two-dimensional, nonideal gas model is
utilized.!? Two important advantages of this approach include: (i) the model param-
eters can be related explicitly to the molecular structures of the surfactants present
in the solution, and (ii) the model can be readily extended to multicomponent sur-
factant mixtures without adding any additional parameters. The interfacial model
is then combined with a recently-developed molecular-thermodynamic theory of the
bulk surfactant mixture solution behavior capable of predicting micelle and surfac-
tant monomer concentrations as a function of the total bulk surfactant concentration
and solution composition.?3-37 Using this combined theoretical approach, surface ten-
sions and surfactant monolayer concentrations and compositions can be predicted as

a function of the total bulk surfactant concentration and solution composition, both
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below and above the critical micelle concentration (CMC) of the surfactant mixture.

As will be shown in Section 2.2, the theoretical approach presented here requires
the specification of four molecular characteristics (only two for nonionic surfactants)
for each surfactant species comprising the surfactant mixture. These include: (i)
the number of carbons in the surfactant hydrocarbon tail, (ii) the molecular cross-
sectional area of the surfactant hydrophilic head, (iii) the valence (for ionic surfac-
tants), and (iv) the distance of closest approach between the centers of charge of the
adsorbed surfactant and its counterion (for ionic surfactants). Characteristics (i),
(ii), and (iii) can be determined from the known molecular structure of the surfactant
hydrophobic tail and hydrophilic head, while the determination of characteristic (iv)
also requires knowing the chemical structure of the counterion, including hydration.
In addition, the standard-state chemical potential difference corresponding to a sur-
factant molecule in the monolayer and in the bulk solution is also needed for each
surfactant species comprising the surfactant mixture. In principle, this quantity can
also be estimated theoretically from a detailed description of the interactions of the
surfactant molecules with the surrounding aqueous medium in the monolayer and in
the bulk solution.?®*® However, due to the uncertainties associated with this estima-
tion, this quantity will be determined here by fitting one experimentally measured
surface tension value to the predicted one for each surfactant species comprising the
surfactant mixture (for details, see Section 2.3.2).

It is important to stress that in extending this theory from single surfactants to
surfactant mixtures containing any number of components, no additional empirical
parameters are introduced and no assumption of ideal mixing is made. Using the
theoretical approach presented in this chapter, one could create a library of single
surfactants from which the mixture interfacial properties could then be predicted for
any possible permutation of surfactant mixtures. Eliminating the need for experi-
ments on all the possible realizable surfactant mixtures can considerably facilitate
the design and optimization of surfactant mixtures exhibiting the desired interfacial
behavior.

The remainder of the chapter is organized as follows. The theory of adsorption
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at the aqueous solution-air interface for nonionic and ionic surfactants both below
and above the critical micelle concentration of the surfactant mixture is presented
in Section 2.2. This theory is utilized in Section 2.3 to predict surface tensions and
surface adsorptions for several single as well as mixed surfactant systems, including
a comparison of these predictions with available experimental measurements from
the literature. The surfactant systems examined include single surfactant aqueous
solutions of sodium dodecyl sulfate (SDS), dodecyl maltoside (Ci2Maltoside), and
dodecyl hexa(ethylene oxide) (C12Eg), as well as binary surfactant aqueous solutions
of SDS/Ci,E¢ and SDS/Cy2Maltoside. Finally, in Section 2.4, concluding remarks

are presented.

2.2 Theory

2.2.1 Surface Equation of State and Adsorption Isotherm for

Mixtures of Nonionic Surfactants

A molecularly-based surface equation of state for aqueous solutions containing mix-
tures of nonionic surfactants was developed by Nikas et al.!? using a kinetic (gas-like)
treatment of the surfactant molecules which are adsorbed at the solution-air interface.
A brief overview of this theory, including some new insights, is presented here as an
introduction to the treatment of ionic surfactants described in Section 2.2.2, and also,
because any nonionic surfactants present in the mixture will be modeled using this
theory. The theory by Nikas et al. assumes that the interactions operating between
the surfactant molecules at the interface are not sufficiently strong so as to induce
long-range ordering or segregation among the adsorbed species. An examination of
possible phase transitions in the monolayer driven by attractive interactions between
the adsorbed surfactant molecules will be presented in Appendix C. Two types of
interactions between the nonionic surfactant molecules which are adsorbed at the in-
terface are accounted for in this theory: (i)repulsive, steric interactions between the

surfactant heads and/or tails (depending on their relative size), and (ii) attractive,
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van der Waals interactions between the surfactant tails.

The Gibbs interfacial model forms the basis for this thermodynamic treatment.
Specifically, a two-dimensional planar Gibbs dividing interface is chosen within the
actual three-dimensional interfacial region at a position where the Gibbs surface excess
number of solvent (water) molecules, N7, vanishes. Recall that the Gibbs surface

excess number of molecules of type i, N7, is defined as follows:!*

o0

NY =T, = /0 [n; (x) — nY]dz + / [n; (z) — n’]dz (2.1)

0

where A is the area of the planar Gibbs dividing interface, I'; is the surface excess
number density of molecules of type i (referred to hereafter as the surface concen-
tration of molecules of type i), z is the distance perpendicular to the interface, such
that the aqueous phase lies on the side of positive z, n;(z) is the number density of
molecules of type ¢ located at position z, n} is the bulk aqueous number density of
molecules of type ¢ (limiting value of n;(z) as £ — o), and n? is the bulk vapor
number density of molecules of type ¢ (limiting value of n;(z) as £ — co). Note that
the integrands in Eq. (2.1) are non-zero solely within the interfacial region, that is,
in the region where n;(z) is different than the bulk number density of molecules of
type 7 in the corresponding phase, n}’ or nY. Therefore, the integrations in Eq. (2.1)
may be carried out only over the interfacial region without affecting the values of N/
or I';.

In the monolayer model for nonionic surfactants adsorbed at an interface, all the
Gibbs surface excess number of surfactant molecules are assumed to be present in
a two-dimensional monolayer located at the interface. In the vapor phase (z < 0),
the number density of surfactant molecules vanishes since it is assumed that the
surfactants are completely non-volatile. In the liquid phase (x > 0), the number
density of surfactant molecules is constant at the bulk value, n}’. At the interface
itself (z = 0), the number density of surfactant molecules behaves like a delta function
since the treatment is that of a two-dimensional monolayer. Mathematically, the local

number density distribution of a non-volatile nonionic surfactant of type ¢ can be
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written as follows:

0, for <0
ni (z) = (2.2)
[%] 6 (z) +ny, for >0
where 6(z) is the delta function, and 7; is the number of surfactant molecules of type

i in the monolayer. Substituting Eq. (2.2) in Eq. (2.1) and integrating yields:

In other words, in this description, the Gibbs surface excess number of surfactant
molecules of type i, N7, is equal to the number of surfactant molecules of type i
present in the monolayer, 7;.

In Eq. (2.2), the monolayer is assumed to be positioned at the Gibbs dividing sur-
face (z=0). This assumption is physically reasonable since one expects the monolayer
to be located within the relatively thin interfacial region, such that the hydrophilic
surfactant heads are in the polar, aqueous environment while the hydrophobic sur-
factant tails are in the non-polar, vapor environment. Note that an extremely precise
choice of the position of the Gibbs dividing surface is not essential, since small changes
in this position have a negligible effect on the value of the surface concentration of
surfactant molecules of type i, I';. For example, for Ci3E¢ at a bulk aqueous con-
centration of 1078 mol/cm3 (which corresponds to a surface tension of approximately
45 dyn/cm), changing the position of the Gibbs dividing surface by 10A changes the
value of the C15E¢ surface concentration, I'c ,g,, by (1078mol/cm?®) x (10x10~3cm)
= 10~'®mol/cm?. This difference is much smaller than the actual C,2Eg surface excess
of 2x1071% mol/cm? determined experimentally using the Gibbs method through sur-
face tension data as a function of bulk aqueous C;3Eg concentration.!* Accordingly,
the predictions generated using this theoretical framework are quite insensitive to the
assumption that the surfactant monolayer is located at the Gibbs dividing surface.
In addition, note that it is assumed that the air in the vapor phase is inert as well as

not surface active.
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In the context of the monolayer model, one can develop a surface equation of state
by accounting for the various types of interactions between the surfactant molecules
present in the monolayer. Steric interactions are accounted for by treating each
surfactant molecule as a hard-disk having an area equal to the larger of the cross-
sectional areas of the surfactant head or tail. For surfactants having a compact,
well-defined head, such as SDS, the head cross-sectional area can be estimated from
the surfactant head molecular structure using known bond lengths and angles. For
surfactants having a polymeric-like head, such as those of the poly (ethylene oxide)
variety, an average head cross-sectional area can be estimated using a Monte-Carlo
simulation approach, as described in detail previously.!? The estimation of the head
area size is discussed further in Section 2.3.

Attractive, van der Waals surfactant tail-tail interactions are treated as a pertur-
bation to the hard-disk repulsions using an expansion in surfactant surface concen-
tration truncated at second order. As described in Ref. 12, the second-order virial
coefficient, B;;, characterizing the attractive van der Waals interaction between a

surfactant molecule of type i and another of type j, can be calculated theoretically

BUZijl—wp<:%§Q)}ﬁ (2.4)

ij

as:

where u;; is the two-particle inter-molecular potential, for which an estimate is given
by Salem.’ A similar calculation of the second-order virial coefficients will be imple-
mented here.

Accounting for the steric and attractive interactions as described above, the sur-
face EOS of aqueous solutions of surfactant mixtures that include only nonionic

species can be written as follows:!?

n n 2
Nia- m N;’TZ n o o
_ & (Eer) NeN,
Il = kgT L + . 2+§B“A2 (2.5)
A—> Nfa; (A - foai) ij=1
=1 =1 '

where II is the surface pressure, defined as the difference between the surface tension
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of the pure solvent, oy, and that of the solution, o, that is, [I= oy - o, kp is the
Boltzmann constant, T is the absolute temperature, A is the area of the interface, n
is the number of surfactant species, and a; and r; are the hard-disk area and radius
of surfactant molecules of type k, respectively. In Eq. (2.5), Zn: denotes summation
over all possible pairs of surfactant species, while avoiding dgljl;le-counting. For the
aqueous surfactant solutions examined in this chapter, o¢ is the surface tension of
pure water, taken to be 72dyn/cm at 25°C.4!

As expected, the surface pressure is an intensive property, and consequently,

Eq. (2.5) can be rewritten solely in terms of intensive variables. Specifically,'?

2
1 (Z‘” r‘) " 29g7
s+ By

_|._

n
(v2 R s
a— ), z]a, (a - Z a:;’ai> =1
i=1

=1

II =kgT

where a is the area per adsorbed surfactant molecule, defined as a = A/ Z 7,
and z7 is the surface mole fraction of surfactant molecules of type i, deﬁned as
NU/ Z N(T

The surface equation of state, Eq. (2.6), expresses the surface pressure, II, (and
hence the surface tension, o = gy — II) as a function of the surface concentration and
composition, 1/a and z7, respectively. However, it is the bulk solution concentration
and composition that is typically known or controlled experimentally. To relate the
surface concentration and composition to the bulk concentration and composition,
one can invoke the thermodynamic diffusional equilibrium between the surfactant
molecules adsorbed at the interface and those present in the bulk aqueous solution
using the theoretical framework described below.

The excess surface free energy, F'?, can be calculated by integrating the surface
pressure, II, with respect to surface area, A, utilizing the fact that, in general, the

free energy must approach ideal behavior at infinite dilution. Specifically,'?

A
= Foid _ / (I - I*)d (2.7)
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. n .
where [1* = kT 3" N /A is the ideal surface pressure, and F?*¢ is the corresponding
k=1
ideal excess surface free energy, given by:!?

n .
Foid =Y "N¢ (ﬂ;’"’ +kTIn (?I—d> +kgT'In xg) (2.8)
k=1 0

where zj is the surface mole fraction of surfactant molecules of type k, and ﬁZ’O is
the standard-state chemical potential of surfactant molecules of type k at a reference
pressure, II,. Note that the reference pressure is arbitrarily chosen to be 1 dyn/cm,
since cgs units are used throughout this thesis. Note also that the choice of the refer-
ence pressure will affect the numerical value of the standard-state chemical potential,

but will not affect the final predicted surface tensions or surface adsorptions.
Finally, the surface chemical potential of surfactant molecules of type i, 17, can
be calculated by differentiating the excess surface free energy, F?, in Eq. (2.8) with
respect to the excess number of surfactant molecules of type ¢ adsorbed at the inter-
face, N7, at constant interfacial area, A, temperature, T, pressure, P, and number

of surfactant molecules of type j#i adsorbed at the interface, .- Specifically, for

nonionic surfactants, p¢ is given by:!%34

oF°
w = (57) 2.9
aN AT,P,N?
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Using the surface equation of state, Eq. (2.5), in Eq. (2.9) and integrating yields:!?

n
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where p° = i7° + kgT {1 + In (kgT'/TIy)} has been introduced for convenience.

-+

At thermodynamic diffusional equilibrium, the surface chemical potential of a
surfactant molecule of type 4, uf in Eq. (2.10), can then be set equal to an appropriate
expression for the bulk aqueous chemical potential of a surfactant molecule of type
i (either as a monomer or in a micelle), ¥, for each surfactant type 4, to determine

the excess amount of surfactant adsorbed on the surface, that is,

pi = py (2.11)

For a reasonably dilute surfactant solution, that is, below and slightly above the
CMC, where the bulk intermicellar and micelle-monomer interactions are negligible,
the bulk aqueous chemical potential of surfactant monomers of type ¢ can be modeled

using ideal solution theory. * Specifically,'%35

pt = u?® +kgTln (2}) ~ p"° + ksT'In (Z—L) (2.12)

where u:"’o is the bulk aqueous standard-state chemical potential of surfactant mono-
mers of type ¢ in the infinite dilution limit, and 2V} is the bulk aqueous mole fraction of

n
surfactant monomers of type 4 and is defined as z¥;, = n};/ (nv‘; + > nf | = nf/ny,
=1

where n};, n}, and ny are the bulk aqueous concentration (as a number density) of
surfactant monomers of type ¢, the total bulk aqueous concentration of surfactant
molecules of type j in either monomeric or micellar form, and the bulk aqueous con-
centration of water molecules, respectively. Note that the bulk aqueous concentration

of water, n¥ is approximately a constant and equal to that of pure water since the

*The ideal solution chemical potential model provides a very good approximation to the more
complex, non-ideal expression for the bulk surfactant monomer chemical potential that was used in
Refs. 35 and 36.
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surfactant solutions are dilute. Note also that although micelles do no adsorb at
the interface, they nevertheless effect the solution surface properties indirectly by
affecting the surfactant monomer concentration.

For any given total bulk aqueous surfactant concentration, nyy = i ny, and

k=1
bulk aqueous solution composition, a**™™, temperature, T, and pressure, P, a recently

35-37 is utilized to

developed molecular-thermodynamic theory of bulk micellization
calculate n¥,(n, a®™, T, P) for each surfactant type i. A detailed description of
the calculational procedures can be found in Refs. 35-37. The calculated n}; values
can then be used in Eq. (2.12) to compute p;(nior, 0™, T, P).

Using Egs. (2.10) and (2.12) in Eq. (2.11) finally yields:

n

a; +2mr; Y, xgry

w 0 4
T B a— Y xla a— Y zfak
k=1 k=1

n 2
Ta; (E 331‘;7‘1:) n

k=1 2
+ 5 + Z‘L— ; Bikx,‘g

n
a— Tiag
k=1

where Apd = u7® — p¥%s the standard-state chemical potential difference of surfac-

tant molecules of type 7 at the surface and in the bulk aqueous solution. Note that
Eq. (2.13) represents a system of n equations, one for each surfactant type present in
the mixture. The quantities Ayu? are the only parameters in the theory that are not
calculated by direct molecular modeling. Instead, Aud can be found by performing
a single experimental surface tension measurement at a known total bulk aqueous
surfactant concentration for each individual surfactant type present in the mixture,
and then fitting the solution of Eqgs. (2.6) and (2.13) to the measured surface tension
value. Specifically, one can first determine the surface pressure, II, from the surface
tension measurement using [I= oy - ¢. This value of the surface pressure can then

be used in Eq. (2.6) for a particular single surfactant ¢ to determine a, the interfacial
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area per molecule, with knowledge of the temperature, 7, the pressure, P, the head
area size, a;, and the second-order virial coefficient, B;;. Note that, in this case, the
surface mole fraction of surfactant molecules of type ¢, z7, is unity, while the surface
mole fractions of all the other surfactant types, z7_;, vanish since only a single surfac-
tant type, i, is present in the system. This value of a can then be used in Eq. (2.13)
to determine Ayl (see Section 2.3 for a discussion of the recommended total bulk
surfactant concentration to be used for this surface tension measurement). Note that
once Ayl is determined in this manner for each surfactant type present in the mix-
ture, no additional experimental measurements involving the surfactant mizture are
necessary.

For mixtures containing only nonionic surfactants, since Eq. (2.13) represents a
system of n equations, and there are n 4+ 1 unknown quantities (¢ and {z9J,...,z2}),
this system of equations can be solved uniquely along with the additional constraint
that i z7 = 1. The values of a and {z7,...,z2} found by solving Eq. (2.13) can then
be uszgcli in Eq. (2.6) to predict the equilibrium surface pressure, II, and hence the
equilibrium surface tension, o = oy — II, as a function of ny, @*®", T, and P. The
extension of this theory to mixtures containing ionic surfactants is discussed next in

Section 2.2.2.

2.2.2 Surface Equation of State and Adsorption Isotherm For

Mixtures Containing Ionic Surfactants

The spatial distribution of all the ionic species (ionic surfactants and their counteri-
ons) is modeled here as consisting of an adsorbed charged monolayer at the interface
and a diffuse ionic cloud in which, at equilibrium, thermal diffusion is balanced by
electrostatic interactions between the ionic species and the charged monolayer,'4128
as modeled by Gouy and Chapman.?®3? It is assumed hereafter that the ionic sur-
factants are fully dissociated. In other words, although the ionic surfactants and

their inorganic counterions interact through attractive Coulombic forces, they do not

remain bound together as a single entity. This is expected to be valid for organic
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salts, such as SDS considered here, but may not be valid for organic fatty acids
at low pH where a certain fraction of the fatty acids may remain undissociated.!4
In addition, this description treats all the ions in the bulk aqueous solution as point
charges having no physical excluded volume, except for a minimum distance of closest
approach (the so-called Stern-layer described below). Furthermore, the diffuse layer
and the surface are treated as having uniform, “smeared” three- and two-dimensional
local charge densities, respectively, and it is assumed that the ions interact through a
structureless solvent having a uniform dielectric constant. For a review of this type of
electrostatic theoretical description, see Ref. 14 and references therein. The effects of
ion size and dielectric constant saturation on the diffuse region of the Gouy-Chapman
model will be examined in Appendix A.

As in the nonionic surfactant case, the Gibbs model forms the basis for this ther-
modynamic treatment (see Section 2.2.1). However, in the ionic surfactant case, the
interfacial region (the region where the actual local number density of ions is signifi-
cantly different than that in the bulk aqueous solution) is wide compared to the size
of the various ionic solutes. This is a result of the diffuse layer forming the so-called
electrical double layer (see Figure 2-1 for an illustration).!* In the context of this
diffuse layer model, two different quantities related to the surface excess number of
ions can be defined: 7;, the number of molecules of type ¢ actually adsorbed in the
monolayer, and \;, the excess number of molecules of type 7 in the diffuse layer, as
described in detail by Hachisu*? (see Eq. (2.14) below for a mathematical description).
As in the nonionic surfactant case, it is assumed that the position of the surfactant
monolayer is the same as that of the Gibbs dividing surface (z = 0). As explained
in Section 2.2.1, this is physically reasonable, and variations of this position that are
of the order of the size of the surfactant molecules will have a negligible effect on the
predictions of this model.

Similar to the nonionic surfactant case, in the vapor phase (z < 0), the local sur-
factant number density vanishes, and at the monolayer (z = 0), the local surfactant
number density exhibits the behavior of a delta function. However, in the Stern layer

(extending from the monolayer at x = 0 to the Stern surface at = = d), the local sur-
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Vapor

Figure 2-1: Schematic illustration of the air-water interfacial region of an ionic surfac-
tant solution (left) and the corresponding local number densities of both the surfac-
tant molecules (solid line) and counterions (dashed lines) as a function of the distance
from the interface (right). In the plot on the left, the dark shaded region corresponds
to the (negative) surface excess concentration of surfactant molecules in the diffuse
region, the light shaded region corresponds to the (positive) surface excess concen-
tration of the counterions, and the arrow at z = 0 indicates a delta function which
corresponds to the surface excess concentration of surfactant molecules in the two-

dimensional monolayer. Note that, for simplicity, the Stern region is not shown in

this illustration.
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factant number density vanishes due to steric repulsions with the surfactant molecules
adsorbed in the monolayer. In the aqueous environment near the monolayer (z > d),
the local surfactant number density, ngyr factant(Z), is lower than that of the bulk aque-
ous surfactant number density, ng,, f,.tant> due to the electrostatic repulsions with the
similarly charged surfactant molecules present in the monolayer. As the distance from
the monolayer, z, increases, these electrostatic repulsions decrease in magnitude, and
therefore, the local surfactant number density increases, approaching an asymptote at
the bulk aqueous surfactant number density far away from the monolayer (z — o0).
Similar to the surfactant, the counterions are assumed to be non-volatile requiring
Necounterion () t0 vanishes in the vapor phase (z < 0). However, as stated earlier, the
counterions are assumed not to be present at all in the monolayer. Accordingly, there
is no delta function at the monolayer (z = 0) for the counterions. Moreover, as in
the surfactant case, the steric repulsions between the counterions and the surfactant
molecules adsorbed in the monolayer require that the local counterion number den-
sity vanishes in the Stern layer (0 < z < d). Since the counterions have a charge
that is opposite to that of the surfactant molecules adsorbed in the monolayer, they
are attracted electrostatically to the monolayer, leading to an increase in the local
counterion number density, ncounterion(2), near the monolayer (z > d). Far away from
the monolayer (z — 00), this attractive interaction vanishes, and the local counterion
number density approaches the bulk aqueous counterion number density, ny,.ierion-

In this treatment of the Stern-layer, it is assumed that neither the surfactant
molecules nor the counterions are present in a region of thickness d near the mono-
layer (at z = 0), and that the value of d corresponds to the size of the counterion.
Physically, one could argue that a different value of d should be used for the surfactant
molecules since, in general, they have a different size. Or, possibly, one may want to
allow for the presence of surfactant in the Stern-layer, since surfactant molecules will
at some point need to traverse the Stern layer in order to adsorb at the monolayer.
However, one should keep in mind that the concentration of surfactant in the aqueous
region near the monolayer is inherently quite low due to the electrostatic repulsions

with the similarly charged monolayer. Accordingly, changing the distance of closest
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approach of the surfactant molecules should have a negligible effect on the final pre-
dictions of this model. Using the same value of d for both the surfactants and the
counterions allows us to obtain a closed-form mathematical expression for the surface
pressure (see Section 2.2.2.1) while introducing very little error.

Mathematically, the two quantities, 7; and A;, can be expressed as follows:

+e +e
M _ 1. ) oW o )
1= ll_I)I% (n; (z) — n})dz = 11_1)1(1] n; (z) dz (2.14)
and .
Ay (ni (z) — n¥)d 2.15
7 =lim [ (ni (= ny )dx (2.15)

Combining 7; and \; [Eqgs. (2.14) and (2.15)] yields the conventional Gibbs surface ex-
cess number of molecules of type i, N7, for the case where no surfactant or counterion

molecules are present in the vapor phase, that is,
o0
n; + /\1 = A/ (’I’Lz (.’I?) — n;”)dx = Nia (216)
0

It is important to recognize that 7; is the number of molecules of type ¢ held
at the surface by the hydrophobic effect, while ); is the contribution to the Gibbs
surface excess number of molecules of type i, N7, due to the competition between the
electrostatic interactions, associated with the ions actually adsorbed in the monolayer
and those dispersed in the bulk aqueous solution, and the thermal energy of the
ions. Note again that since the integrands in Egs. (2.15) and (2.16) vanish outside
the interfacial region, the integrations need not extend to infinity, but instead, can
terminate at any distance, z, outside of the interfacial region.

As discussed above, it is assumed that the adsorption process is driven primarily
by the hydrophobic effect, and therefore, that only the organic, surface-active ions are
physically adsorbed in the monolayer, while their inorganic counterions are present
only in the diffuse region of the double layer. In other words, if 7 is an inorganic

counterion, then n; =~ 0 and A; &= N/. The organic surface-active ions are present
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in both the monolayer and the diffuse layer.*> However, to a good approximation,
A; << n;, and therefore,
m =~ N? (217)

1

for all the organic surface-active ions. The approximation in Eq. (2.17) is not neces-
sary; however, it greatly simplifies the mathematical calculations which follow, and
was found to have a negligible effect on the final predictions. Accordingly, Eq. (2.17)
will be used hereafter to model the organic, surface-active ions.

As will be discussed in Section 2.2.2.2, determining the adsorption isotherm for
ionic surfactants is more complex than for nonionic surfactants due to the requirement
of electroneutrality. Indeed, instead of simply considering an isolated ionic surfactant
and requiring that it be at thermodynamic, diffusive equilibrium in both the bulk
aqueous phase and in the surface phase, one must consider the diffusive equilibrium
of an electroneutral combination of the surfactant ion and its counterion. In other
words, at equilibrium, the sum of the chemical potentials of the two ions comprising
that electroneutral combination must be the same in both the bulk aqueous phase
and the surface phase. This is analogous to the treatment of phase equilibrium of

ionic species in two coexisting bulk, three-dimensional phases.*?

2.2.2.1 Surface Equation of State for Solutions Containing Ionic Surfac-

tants Below the CMC

The effect of electrostatic interactions on the surface pressure, II, is accounted for

here by incorporating it as an additive contribution.!*1:2 Specifically,
1 = Iyt + Maee (2.18)

where Iy is the contribution to the surface pressure resulting from all non-electro-
static interactions, and Il is the contribution to the surface pressure arising from
the electrostatic interactions. This implicitly assumes that electrostatic interactions
can be decoupled from all other interactions, an assumption which may break down for

very highly-charged interfaces or in the presence of polyelectrolytes at the interface,
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since long-range ordering may exist under these conditions. In other words, the
nonionic contribution, Ily;, can be calculated by treating the surfactant molecules
as if they were not charged, as described above in Section 2.2.1, and then adding to
that the excess surface free energy per unit area associated with charging the ionic
surfactants and their counterions, captured in ITgec.'

As described in Section 2.2.1, for the nonionic surfactants, the non-electrostatic
contribution to the surface pressure, Ily;, which includes repulsive hard-disk and

attractive van der Waals interactions is given by [see Eq. (2.5)]:

n n 2

Z T U (Z ﬂirz’) n i
Tt = kgT = = 24—}213725 (2.19)
A— Z}l ni0; (A -y mw) ij=1

i=1

now written in terms of the variables 7;, rather than N7, since 7; represents the actual
number of surfactant molecules of type ¢ in the monolayer itself [see Eq. (2.14)].
The first step in calculating the electrostatic contribution to the surface pressure,
ITeec, is to model the equilibrium spatial distribution of ions in the diffuse region of
the double layer, and then to calculate the resulting electrostatic potential. First,
the aqueous region is divided into two parts, a Stern layer and a diffuse layer, as
described earlier in Section 2.2.2. In the Stern layer, the charge density vanishes due

to the steric exclusion of any ions, and therefore, the Poisson equation reduces to:

d*v _ —4T Petec
dz? s

=0 ,or 0<z<d (2.20)

where U is the electrostatic potential, pee. is the local charge density, and ¢, is the
dielectric constant in the Stern layer, which was estimated to have an effective value
of 42 (see Section 2.3.1).

The spatial distribution of ionic species in the diffuse layer is assumed to be
described by the Boltzmann distribution, given by:

n; (z) = n¥ exp (—ii#) (2.21)
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where z; is the valence of ions of type ¢, n}¥ is the bulk aqueous number density of ions
of type 4, and e is the charge of a proton. The distribution in Eq. (2.21) arises from
the balance between the entropic-driven tendency for a uniform ion number density
and the electrostatic-driven tendency for the ions to order themselves with respect to
the charged monolayer. An important approximation regarding Eq. (2.21) is that the
ions in the bulk aqueous solution are point charges, having no excluded volume. This
approximation is expected to be valid for electrolyte solutions that are reasonably
dilute and will be discussed further in Appendix A. Combining Eq. (2.21) with the
Poisson equation (in cgs units) yields the governing equation of the diffuse layer, that

is, the familiar Poisson-Boltzmann equation:'428:44

d?v — AT Petec  —4TE
1z . ;zmi(x) (2.22)

— n —z;el
= e sz}” exp (L(m)) , for z>d
£ ‘= kT

where ¢ is the dielectric constant in the diffuse region, assumed to be that of pure
water. Two important approximations leading to Eq. (2.22) include: (i) treating
the ions in the bulk aqueous solution with a uniform, smeared, charge density, pelec,
and (ii) assuming that the dielectric constant, ¢, is uniform throughout the diffuse
region. This latter assumption will be examined in detail in Appendix A. Equations
(2.20) and (2.22) are two second-order ordinary differential equations for ¥, thus
requiring four boundary conditions for their solution (two for each equation). The
first boundary condition can be obtained by relating the electric field, -d¥/dz, to the

surface charge density, 6, leading to:

dv —Aro
il = 2.23
dz |,_, Es (2:23)

The second boundary condition can be obtained by arbitrarily choosing a distance

infinitely far from the interface as the reference point of the electrostatic potential.
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Specifically, the electrostatic potential is chosen to vanish at infinity, that is,
U(z—00)=0 (2.24)

The third boundary condition can be obtained by requiring that the electrostatic

potential, ¥, be continuous across the Stern boundary at z=d, namely, that
V(e=d)=0(z=d") (2.25)

where ¥(z=d~) denotes the electrostatic potential at r=d in the Stern layer, and
¥(z=d") denotes the electrostatic potential at z=d in the diffuse layer. The final
boundary condition can be found by relating the electric field at the boundary between

the Stern and the diffuse layers (z=d) as follows:

_, v
T dz

d¥
€y —

— (2.26)

z=d~ z=d+

Note that in utilizing Eq. (2.26) it has been assumed that the counterions do not
bind or adsorb onto the Stern layer. Integrating Eq. (2.20) twice, and using Eqgs. (2.23)
and (2.25) as boundary conditions, yields the solution for the electrostatic potential

in the Stern layer. Specifically,

dv Y
¥ _ 4719 i 0<z<d (2.27)
dz s
and
Ao
U =",y + ;m(d—x),for 0<z<d (2.28)
8

where Wy = U(z = d) is the value of the electrostatic potential at the boundary
between the Stern layer and the diffuse layer.

The solution to the electrostatic potential in the diffuse layer can be found by
integrating Eq. (2.22) once to solve for d¥/dz, and using the fact that the electric

field vanishes at infinity (as a result of the entire system being electroneutral). This
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yields:

dw\*> 8rkpT - 2,6V
(E) = SB > ny (exp ( T ) - 1) (2.29)

i=1
If only monovalent ions are present, that is, if |z; = 1|, which corresponds to the

ionic surfactant SDS considered in this chapter, Eq. (2.29) reduces to:!*

d¥\*  8rkpTn"™ osian €Y 2
dz N € 2kpgT

dv 2kgTk . eV
~ - . sinh <2kBT> (2.30)
where n¥ = Y nf = Y nf, and k7! = /28I is the familiar Debye-Hiickel

cations anions

screening length. Note that the negative square root was used above in Eq. (2.30)
since, in the case of a positively-charged monolayer, ¥ will be positive, leading to
a positive value of sinh(e¥/2kgT), resulting in a negative value of (d¥/dz). This
is expected physically, since the potential, ¥, is positive near the interface, and
should decrease to zero with increasing distance from the monolayer. Similarly, for
a negatively-charged monolayer, ¥ will be negative, resulting in a positive value of
(d¥/dz). In addition, note that if multivalent ions are present, the analysis which
follows must be done numerically, as described in Section 2.2.2.4.

By combining Eqgs. (2.26) and (2.27), the surface charge density, &, can be ex-

pressed as follows:
—e d¥

rz=dt+

Combining Egs. (2.30) and (2.31) yields:

. (kN [2ksT\ . eWyq
G = (4—ﬂ) ( . )smh (2kBT) (2.32)

Finally, solving Eq. (2.32) for ¥4, and combining with Eq. (2.28), one obtains the
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following expression for the potential at =0, ¥y:

k 2meo 5\ 2 4rdé
\I/0=2BT111 Teo +\/1+<27re0) N mdo (2.33)

(& 8I§kBT €l€kBT Es

Note that the first term in the right-hand-side of Eq. (2.33) results from the distri-
bution of the ions in the diffuse layer, and the second term results from the Stern
layer.

The electrostatic contribution to the surface pressure, Ilgec, is the free energy
per unit area required to build up the charge in the monolayer, in the presence
of the counterions, from zero surface charge density, to a surface charge density of

& =" ezn;/A, given by the following integral:'446
=1

n
2 ezni/A

1=1

- / Ty (5) dé (2.34)

0

Hgee = ¥l »
elec 0| 3 ezimi/A
=1

Inserting the expression for Wy, given in Eq. (2.33), into Eq. (2.34) yields the

following expression for the electrostatic contribution to the surface pressure:

9kgT\ 2 T ond [ 2 &%
Mejee= (g_n> ( B ) [cosh ( el ) - 1] + md Z_lA (2.35)

47 e 2kgT s

The first term in the right-hand-side of Eq. (2.35) is the electrostatic term in the famil-
iar Davies equation of state.?%* The second term in the right-hand-side of Eq. (2.35)
is the new contribution from the Stern layer. Note that if the Stern layer is removed
by setting d = 0, the original Davis term is recovered.

Using Eq. (2.32) to calculate cosh(eW,/2kT'), and then utilizing this result in
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Eq. (2.35) yields:

_(ek\ (kT 2 ome \2
Meee = (‘7}“) (T) 1+ <EI€/€BT) A -1 (2.36)

s A

Equation (2.36) provides an expression for the electrostatic contribution to the sur-
face pressure written explicitly in terms of the various numbers of surfactant molecules
present in the monolayer, 7;. Note that although the various excess number of ions in
the diffuse layer, );, do not appear explicitly in Eq. (2.36), their existence is accounted
for through the integral in Eq. (2.34), and therefore, they do contribute to the elec-
trostatic surface pressure, Il e.. Electroneutrality dictates that the excess number of
counterions is not independent of the excess number of surface active species present
in the monolayer (see Ref. 42 for a more detailed discussion of this topic).

The total surface pressure, II, can now be obtained by combining Egs. (2.19) and

(2.36). Specifically,

n 2
™ Zérz n
1 (i:l ’ ) &&;
I = kT + 2+§ Bi; a;

n

L (2.37)
o= &a (a -3 f,»ai) w=1
=1

i=1

2 2
ek [ keT\? ome \? [ ez, 21d [~ ez,
(<) (T) 1+<s/¢kBT) (ZT R R PP

=1

n n

where « = A/ Y. and § = n;/ ). n; are intensive variables, and represent the
i=1 j=1

area per surfactant molecule actually adsorbed in the monolayer and the fraction of
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molecules of type ¢ actually adsorbed in the monolayer, respectively. Note that if all
the surfactant species are nonionic, then z;=0, and 7,=NY (since there is no diffuse
layer, that is, A\;=0) for each 7. In that case, Eq. (2.37) reduces to the original equation
of state for nonionic surfactants, Eq. (2.19), or equivalently, Eq. (2.5). Consequently,
Eq. (2.37) serves as a general equation of state for both single ionic and nonionic

surfactants, as well as for their mixtures.

2.2.2.2 Surface Chemical Potential for Ionic Surfactant Solutions Below

the CMC

As an illustration of the application of the theoretical framework developed so far,
an aqueous solution containing only one monovalent ionic surfactant species (denoted
by subscript s) and its oppositely-charged counterion (denoted by subscript ¢), along
with an arbitrary number of nonionic surfactants is considered. In particular, this
would apply to an aqueous solution of a single ionic surfactant, such as SDS, or
to an aqueous solution containing a binary mixture of a single ionic surfactant and
a single nonionic surfactant, such as the binary mixtures of SDS-C,2E¢ and SDS-
Ci2Maltoside considered in this chapter. Attention is also restricted to systems that
do not contain any added salt.

The use of electroneutral combinations of ions constitutes a common approach to
theoretically model phase equilibrium of electrolytes in bulk solutions.*® As stated in
Section 2.2.2, one can treat phase equilibrium of charged species by requiring that the
sum of the chemical potentials of each ion in an electroneutral combination be equal
in all the phases that are in thermodynamic diffusional equilibrium. For example,
consider two phases, a and . One can use the following equation to describe the
diffusional equilibrium of an electroneutral combination of the surfactant, s, and its

counterion, ¢, between these two phases:
e+l =l 4l (2.38)
Defining the sum of the chemical potentials of ions s and ¢ by p., that is, pse=ps+pc,
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Eq. (2.38) can be rewritten as follows:
ue = 1, (2.39)

Physically, us. represents the incremental rate of change of the free energy when
equal amounts of species s and species ¢ are added to the corresponding phase.

Mathematically, this can be expressed as follows for the surface phase:*

OF° oF°
Hge = ( a) = ( a) (2.40)
aNs T,P,A,N?. 8Nc T,P,A,N;’;és’c

J#s,c

since dNJ |1 p 4 Ne, T AN? |7 p 4, N;,#’cin order to maintain electroneutrality (that is,
any change in s must be accompanied by an equal change in c¢ if the amount of all
other species are held constant). In Eq. (2.40), the term Nf,, . denotes the number
of molecules in the surface phase of all types other than s and c.

Utilizing Eq. (2.40), the surface chemical potential of surfactant ion s and coun-

terion ¢ , pZ,, can be written as follows:

5= (558 ) s = (o), (o07) 241
> ONY ) v pane ons T,P, A s ON? )1 pane

k#s,c k#s,c

Using the approximation given in Eq. (2.17) that n, &~ N7, it follows that:

0
(ii,) =1 (2.42)
ON? ) 1pang e
Using Eq. (2.42) in Eq. (2.41) then yields:
OF° F°
Moo = ( 0) ~ (6 ) (2.43)
ON; TPANT, s T,P, A Mksts

*The excess surface free energy used here is defined as F*=F-FV-FL4+PVVY +PVL, where F is the
total Helmholtz free energy of the system, FV and FL are the Helmholtz free energies of the vapor
and liquid phases, respectively, and V¥V and V% are the volumes of the vapor and liquid phases,
respectively. Accordingly, the pressure, P, is held constant in the differentiation of Eq. (2.40) (see
Ref. 34 for a detailed discussion).
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Note that 7. = 0 in this model (see Section 2.2), and therefore, does not need
to be held constant in the second partial derivative in Eq. (2.43). In analogy to
the derivation for nonionic surfactants presented in Section 2.2.1 (see Eq. (2.9)), the
surface chemical potential of an ionic surfactant s with its counterion ¢, p,, can be

expressed as follows:

A
o = 820 Foid _ / (I-IT4) dA (2.44)
° o A,T,P,Ng¢8,c
5 A
— a__ Fa,id_/(H_Hid) dA
n
’ S A,T,P,nk;és

A
I1d 8 (I — 1)
- ;90 _ — P S ——
= Mg +kBT <1+ID(HO> +1n§s> / ( 8175 dA

where u2? is the standard-state surface chemical potential at a reference surface
pressure, Ily, chosen arbitrarily to be 1 dyn/cm, IT'Y = kgT Xn: nk/A is the ideal
surface pressure, and F% is the corresponding ideal surface frelzez(]énergy (for details,
see Section 2.2.1). Using the expression for II given in Eq. (2.37) in Eq. (2.44), one

obtains the following expression for the surface chemical potential, uZ.:

n

¢ as + 27rs Y & Tk
28 + =1 (2.45)
a— 3 &ay a— ) &ay
k=1 k=1

c

/’l‘gc = IU,Z’O —+ kB T ln

— 2 —
k=1
+ 2+&-;Bsk§k +
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In Eq. (2.45), i denotes summation over all the surfactant species, one ionic and the
remaining norfif)ilic. In deriving Eq. (2.45), only the presence of one ionic surfactant
species was considered, and therefore, there are no summations in the last two terms
in Eq. (2.45), since they originate from the electrostatic interactions.

As expected, for a nonionic surfactant (z; = 0), the electrostatic contribution
in Eq. (2.45) vanishes (and since there is no counterion in that case, u? would be
replaced by p7). In addition, note that Eq. (2.45) yields the same results for an
anionic (z; = 1) or cationic (z; = —1) surfactant. This is expected, since physically,

there is no inherent difference between anionic and cationic surfactants in the context

of the theoretical description presented here.

2.2.2.3 Bulk Aqueous Chemical Potential for Ionic Surfactant Solutions

Below the CMC

For solutions containing ionic surfactants at concentrations below the CMC, the sys-
tem is sufficiently dilute (typically, less than, or on the order of, 10 millimolar) that
the ideal solution approximation may be invoked. Note that below the CMC, all
of the added surfactant molecules are present as monomers. As a result, the bulk
aqueous ionic surfactant monomer concentration, n};, is equal to the bulk aqueous
concentration of ionic surfactant, ny. Therefore, the bulk aqueous chemical potential

of a surfactant molecule s and its counterion ¢, uy,, can be expressed as follows:

w w,0 ’I’L;V n"cN

te = pad” + kg7 In — + kgT In e (2.46)
w w

where %0 is the corresponding standard-state bulk aqueous chemical potential, and

n¥ is the bulk aqueous concentration of counterion ¢. Although electrostatic inter-

c

actions are long-ranged in nature, the use of the ideal-solution approximation (which
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assumes negligible interactions between the solute molecules) is justified in this case
since the solutions are sufficiently dilute. Indeed, the inclusion of non-ideality in the
context of a Debye-Hiickel activity coefficient model*® was found to have a negligible
effect on the theoretical predictions of the model presented in this chapter. In the
absence of added salt containing the counterion c, it follows that n} = nY in order

to ensure bulk electroneutrality, in which case Eq. (2.46) can be rewritten as follows:

w

Equating the bulk aqueous chemical potential, p}., from Eq. (2.47), and the surface
chemical potential, uZ,, from Eq. (2.45), yields the required thermodynamic diffusional

equilibrium condition. Specifically,

n
as + 2mrs Y, &k

” Al -
21n (Z—W) - k_ﬂf +1n & + k=1 (2.48)
k=1 k=1

n 2
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As in the nonionic surfactant case, the standard-state chemical potential differ-
ence, Apd, = p20 — p¥0 is an unknown constant parameter that can be determined
by a single surface tension measurement at a known concentration of the single ionic
surfactant, s, as described in Section 2.2.1. For an aqueous solution of one ionic sur-
factant and n — 1 nonionic surfactants, Eq. (2.48) for the ionic surfactant, along with

the system of n — 1 equations given in Eq. (2.13) for the nonionic surfactants, can be
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combined with the additional constraint that i & =1 to yield a total of n+1 equa-
tions. The solution of this set of n + 1 equatizgris then yields the equilibrium values
of the n + 1 unknowns: « and {&i,...,&,}. These values can then be utilized in the
surface equation of state, Eq. (2.37), to predict the equilibrium surface pressure, II,

and therefore, the equilibrium surface tension, o = g9 — II, of the surfactant solution.

2.2.2.4 Ionic Surfactant Solutions Above the CMC

For surfactant solutions above the CMC, the theoretical model for ionic surfactants
presented in Sections 2.2.2.1 — 2.2.2.2 is further complicated by the electrostatic in-
teractions involving the charged micelles. This may include electrostatic interac-
tions between the charged micelles and the charged surfactant monomers, between
the charged micelles and the charged surface, and between the charged micelles and
other micelles. In keeping with the spirit of the Gouy-Chapman model, one would
have to include electrostatic interactions between the micelles and the surface in the
Poisson-Boltzmann equation (see Eq. (2.22)). Similarly, electrostatic intermicellar
and micelle-monomer interactions in the bulk aqueous region should be included in
the bulk aqueous chemical potential model, Eq. (2.46). The modeling of such ionic
interactions in the bulk aqueous solution and in the diffuse region of the double layer
would require a more detailed model than that based on the Gouy-Chapman theory.

In view of the above, the discussion will be restricted to micellar solutions that
are sufficiently dilute such that the various electrostatic interactions involving charged
micelles are unimportant (see below). In that case, the electrostatic surface pressure
model presented in Section 2.2.2.1, as well as the bulk aqueous chemical potential
model presented in Section 2.2.2.2, are still applicable. This is similar to the neglect
of non-electrostatic interactions involving micelles in the nonionic surfactant case
presented in Section 2.2.1 and Ref. 12. In addition, note that the surface properties
often do not vary much above the CMC, and therefore, one is primarily interested in
predicting surface tension and surface adsorption over a relatively dilute surfactant
concentration range below and slightly above the CMC. To determine the surfactant

concentration range where the neglect of micellar interactions constitutes an accept-
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able approximation, the Debye-Hiickel screening length, x~!, provides an estimate
of the length scale for the decay of the electrostatic interactions within the surfac-
tant solution.*3*” In other words, the electrostatic effects associated with a charged
particle or charged surface will be significantly reduced at a distance which is sev-
eral Debye-Hiickel screening lengths away. If the average distance between micelles,
estimated by n,_nzs (where 7. is the micelle number density), is much larger than
the Debye-Hiickel screening length, k™!, then on average, the electrostatic effects of a
micelle on the surface (or on a surfactant monomer, or another micelle) are expected
to be small, since the average distance between a micelle and the surface (or between
a micelle and a surfactant monomer, or between two micelles) will be sufficiently large
in that case. In other words, as long as

n i s g (2.49)
to a good approximation, the various electrostatic interactions involving micelles may
be neglected. The inequality in Eq. (2.49) is satisfied for the aqueous ionic surfactant
solutions considered in this chapter having total bulk aqueous surfactant concentra-
tions as large as approximately 10 times the CMC. Figure 2-2 shows an example of
the variation of the ratio of the Debye-Hiickel screening length, x~1, and the average
intermicellar distance, n;%s, as a function of the total bulk aqueous surfactant con-
centration, ni.;, for an aqueous binary mixture of 10% SDS and 90% C;,Eq at 25°C.
The micelle number density was predicted using the bulk molecular-thermodynamic
theory of micellization described in Refs. 35-37. Figure 2-2 indicates that below the
CMC (indicated by the arrow), the intermicellar distance is infinite, and therefore,
k™ n;;f vanishes. Above the CMC, as the total bulk aqueous surfactant concen-
tration, nye, increases, the intermicellar distance decreases (as more micelles form),
thus increasing the value of k™! /n;ulc/ 3. However, even at concentrations ten times
larger than the CMC, the ratio remains small compared to unity (approximately 0.1).
As illustrated by this example, even if electrostatic interactions involving micelles are

neglected, the theory developed here should still be applicable over the surfactant
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concentration range that is relevant for many of the practical applications involving
ionic surfactants.

Figure 2-3 shows a schematic illustration of the bulk micellar solution when
Eq. (2.49) is satisfied. The area surrounded by box A represents a region in the
bulk aqueous solution were the electrostatic effects associated with the charged mi-
celles are negligible. Accordingly, the chemical potential of a surfactant monomer of
type s inside the region of Box A may be modeled by the ideal solution approximation,
that is,

p¥ = p¥? + kpT'ln (z5) = p° + kgT'In (%%) (2.50)

w

where z; and nY} are the bulk aqueous mole fraction and concentration, respectively,
of surfactant monomers of type s which can be predicted as a function of the total
bulk aqueous surfactant concentration, ni,, and bulk aqueous solution composition,
o', using the bulk molecular-thermodynamic theory discussed in Refs. 35-37. In
the absence of added salt, the number density of the counterions in region A is
equal to the number density of the ionic surfactant monomers in order to maintain
electroneutrality in region A. The chemical potential of the counterions in region A

can therefore be written as follows:

ny = sz,() + kgT'In (1’31) = ,u,zv’o + kg7 In (%v_}) (2.51)

w

where the counterion mole fraction, z., has been replaced by z,, as explained above.
Equations (2.50) and (2.51) yield the same expression for u¥, = p¥ + p¥ = 0 +
2kpTlIn (z15) as that given in Eq. (2.47) for the bulk aqueous chemical potential, with
the exception that, above the CMC, the surfactant monomer concentration differs
from the total surfactant concentration.

In addition, above the CMC, the effect of the charged micelles on the surface
equation of state and on the surface chemical potentials must also be examined. In
the remainder of this section, two different methods for treating the micelle-surface
electrostatic interactions are considered. In the first method, the Poisson-Boltzmann

model is utilized, and the charged micelles are treated as just another ionic species
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Figure 2-2: Variation of the ratio of the Debye-Hiickel screening length, k™!, and the
average intermicellar distance, n,_n%?’, with total bulk aqueous surfactant concentra-
tion, n¥pg + N , g, for an aqueous binary surfactant mixture of 10% SDS and 90%
C12E¢ at 25°C. Note that below the CMC (indicated by the arrow), the intermicellar
distance is infinite, and therefore, the ratio vanishes. Above the CMC, as the to-
tal surfactant concentration increases, the intermicellar distance decreases (as more

micelles form), thus increasing the ratio. However, even at concentrations ten times

larger than the CMC, the ratio remains small compared to unity.
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Figure 2-3: Schematic illustration of a bulk micellar solution consisting of a single

ionic surfactant species and its counterions when the Debye-Hiickel screening length,
-1/3

k7!, is much smaller than the intermicellar distance, n,;." (see text for details).
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present in the diffuse region of the double layer. In the second method, the presence
of the charged micelles is neglected altogether. The first and second methods provide
upper and lower bounds, respectively, for the effect of the micellar electrostatic inter-
actions on the surface properties of the surfactant solution. Moreover, for a micellar
solution not too far above the CMC (where the inequality in Eq. (2.49) is valid), both
methods yield similar results. Consequently, when the micellar concentration is small
and Eq. (2.49) is therefore valid, neglecting the contribution of the charged micelles
to the surface equation of state represents a reasonable approximation.

In the first method for the treatment of micelle-surface electrostatic interactions,
the charged micelles can be included in the Poisson-Boltzmann model by simply
treating them as any other ionic species. Specifically, the Poisson-Boltzmann equation

(see Eq. (2.22)) takes the following form:

A2 —4re Z": — —4re P —zseW 4o —z.el
= i (z) = s e €T
dz? e e P\ kT P\ kT
w —zmice\If
+ ZmicNmic€TP <_kBT_) } (252)

where n¥, is the bulk aqueous monomer number density of the single ionic surfactant,
s, (that is, far away from the charged interface), n} is the bulk aqueous number
density of the counterion, ¢, n) .. is the bulk aqueous number density of micelles, and
Zmic 1S the total valence of the micelle. Note that for simplicity, Eq. (2.52) was written
for a monodisperse micelle population. The extension of Eq. (2.52) to a polydisperse
micelle population is straightforward. The three terms on the right-hand side of
Eq. (2.52) correspond to the three different ionic species present in the solution: the
monomers, the counterions, and the micelles. Note that n};, n).., and zp; can be
predicted using the bulk molecular-thermodynamic theory of micellization discussed
above.?>37 The validity of including the charged micelles in the Poisson-Boltzmann

model in this manner will be discussed below. Note that since the micelles are not
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monovalent, the closed form solution of the Poisson-Boltzmann equation derived in
Section 2.2.2.1 is not applicable. Instead, a numerical solution to Eq. (2.52) is utilized
as follows. Integrating Eq. (2.52) once, and then using the fact that the electric field,
(d¥/dz) vanishes at infinity yields:

@— 2 _ —8nkgT o [ ex —z,eV 1) 40 (ex —z.eW 1
) = T = st \ P\ T e \FP\ T
w —zmice\Il
+ nmic (exp (—‘I{;T—) 1)} (253)

The electrostatic potential at the Stern layer, ¥y, can be found as a function of

the number of surfactant molecules in the monolayer, 7s, by numerically solving the
following equation for ¥, using any one of the many numerical techniques for solving

one equation for one unknown quantity:*®

2
_ ekgT | zseWy
z:d) = 5 {"31 <exp( T ) 1> (2.54)
w z.eWy w Zmice¥Yq
+ n} (exp( knT ) 1) + Nynic (exp( kT ) 1)}

where 6 = ezn;s /A is the surface charge density. Once ¥, is known, the surface elec-

—& d¥
62(6

~\4r dz

trostatic potential, ¥y, can be determined using Eq. (2.28). Finally, the electrostatic
surface pressure, I, can be found by numerically integrating Eq. (2.34), and the
total surface pressure can be found using II = [Ny + Ilgee, where Iy is given by
Eq. (2.19). The surface chemical potential of the ionic surfactant s and counterions
¢, 7., can then be found by integrating Eq. (2.44).

Physically, it is anticipated that this method of including the charged micelles

in the Poisson-Boltzmann model should overestimate the electrostatic effects of the
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micelles on the surface monolayer, since it assumes that all the ions are uniformly
smeared out in the bulk aqueous solution (that is, it does not include the possibility
of “counterion binding” to the micelles, and also does not account for the electrostatic
intermicellar interactions). In reality, one would expect a fraction of the counterions
to be ordered around the micelles, thus lowering the effective charge of each micelle.
Furthermore, the effect of the relatively large size of the micelles, which should fur-
ther reduce the ability of the micelles to screen the surface electrostatic charge, is
not taken into account here. Hence, this first method does not represent a realistic
approximation to the actual system, but rather serves as an upper bound for the ef-
fect of electrostatic interactions between the charged micelles and the charged surface
monolayer.

As an alternative, one can underestimate the electrostatic effects of the charged
micelles on the charged surface monolayer by completely neglecting the effect of the
charged micelles on the surface equation of state, as was done in Sections 2.2.2.1-
2.2.2.2. This should serve as a lower bound for the effect of the electrostatic inter-
actions between the charged micelles and the charged surface monolayer. Figure 2-4
shows a comparison of the two methods, with (—) and without (- — —) micelles in the
Poisson-Boltzmann model for the surface equation of state, for the surface tension, o,
as a function of the total bulk aqueous surfactant concentration, n;, for an aqueous
binary mixture of 10% SDS and 90% C;3E¢ at 25°C. Note that for dilute micellar so-
lutions (nye; is less than approximately 5 x 107%mol/cm3, which is 10 times the CMC
of 5 x 10™"mol/cm?) where the inequality in Eq. (2.49) is satisfied, the two methods
yield identical results (the full and the dashed lines in Figure 2-4 are indistinguish-
able). This supports the previous assertion that electrostatic interactions between
the micelles and the charged surface are negligible for dilute micellar solutions. For
more concentrated micellar solutions, Figure 2-4 shows that the two methods devi-
ate, suggesting that electrostatic interactions between the charged micelles and the
charged surface monolayer become increasingly important as n. increases. In that
case, a more complex theory is required to make accurate predictions at these higher

surfactant concentrations. Note that at higher nyo, values (ny > 5 X 107%mol/cm?),
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Figure 2-4: Illustration of the effect of micelle-surface electrostatic interactions on
the predicted surface tension vs. total bulk aqueous surfactant concentration, ngpg +
N, 5, fOT an aqueous binary surfactant mixture of 10% SDS and 90% CiyEg at
25°C. Predictions were made by including (solid) and neglecting (dashed) micellar

electrostatic interactions with the charged surface in the Poisson-Boltzmann model.
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accounting for the presence of the ionic micelles on the surface equation of state leads
to increased electrostatic screening. This enhanced electrostatic screening allows more
ionic surfactant molecules to adsorb at the surface, leading to an overall increase in
the total number of surfactant molecules at the surface, and therefore, resulting in
an increase in the non-electrostatic contribution to the surface pressure, IIy;. This,
in turn, results in higher total surface pressure, I, or equivalently, a lower surface
tension, 0 = o — II, when charged micelles are accounted for in the surface equation

of state (see Figure 2-4).

2.3 Results and Discussion

2.3.1 Calculation of Molecular Parameters

The surface tension, surface concentration, and surface composition were predicted
for aqueous solutions containing either SDS, C;5Eg, and Ci;Maltoside, as well as for
aqueous solutions containing binary mixtures of SDS-C;5E¢ and SDS-Cy,Maltoside.
The corresponding hard-disk head area sizes, a;, hard-disk radii, r;, Stern-layer thick-
ness, d, second-order virial coefficients, B;; and B,;, and standard-state chemical
potential differences, Ap?, are listed in Tables 2.1 and 2.2. An analysis of the sen-
sitivity of the theoretical predictions to the values of these parameters is presented
in Appendix B. The estimation of a; for C;E; nonionic surfactants was discussed in
detail previously,2* and was used here to determine the value of 42A2 for C1,Eq. The
hard-disk head area of the C;;Maltoside nonionic surfactant was obtained through
small angle neutron and X-ray scattering experiments performed by Dupuy et al.*®
Their experiments determined that the effective head-area size depends on the curva-
ture of the micelle surface. The head-area size used here for the surface equation of
state, 32A2, corresponds to the experimentally determined value at a point of minimal
surface curvature since the solution-air interface is flat. The head-area size used in

the bulk, micellization model, 58A2 corresponds to that in a spherical micelle. The

hard-disk head area of the SDS surfactant calculated by the bond angles and lengths
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of the sulfate group has been previously determined3®® to be 25A2. The Stern-layer
thickness, d, for SDS was also calculated using the geometry of the sulfate group as
well as the size of the sodium counterion. For the dielectric constant in the Stern layer,
£, the value of 42 suggested by Bockris and Reddy*” which is in reasonable agreement
with experimental measurements®! has been utilized. Note that a 10% change in the
value of €, results in a change of less than 1% in the final predicted surface tension.
Accordingly, the results are not extremely sensitive to the precise value of £; with
the approximate value utilized here providing sufficient accuracy. The second-order
virial coefficients were computed using the determined head-area sizes as described
in Ref. 12. As described in Section 2.2.1, the standard-state chemical potential dif-
ferences, Ap?, were calculated by fitting one measured surface tension value for each
single surfactant solution considered. The bulk aqueous surfactant concentrations,
Niot, chosen for this fit are 5.4 x 107%mol/cm? for SDS, 1.7 x 10~#mol /cm?® for Cy5Es,
and 6.1 x 1078mol/cm? for C;;Maltoside. Since the theoretically predicted surface
tensions were found to be in good agreement with the experimentally measured sur-
face tensions (see below), the precise choice of nyo for the fit is quite arbitrary and
does not greatly affect the theoretical predictions. However, in general, it is recom-
mended to choose a surfactant concentration, niy, below the CMC. In that case,
any inaccuracy in the prediction of the CMC and surfactant monomer concentration
by the bulk molecular-thermodynamic theory of micellization will not have a strong
influence on the value of the bulk aqueous chemical potential, since below the CMC,
all the surfactant is present in monomeric form. Moreover, one should also avoid ex-
tremely low surfactant concentrations, where the percent uncertainty in the surface

pressure measurement is large due to the low value of the surface pressure.

2.3.2 Comparison with Experimental Surface Tension and

Adsorption Measurements

Experimentally measured surface tensions and surface concentrations and composi-

tions (measured directly using neutron scattering) were reported®? for single surfac-
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Table 2.1: Values of the hard-disk areas, a;, second-order virial coeflicients, B;;, Stern

layer thickness, d, and standard-state chemical potential differences, Ap?, correspond-

ing to the three surfactants C;;Maltoside, Ci2Eg, and SDS.

Surfactant i | a; (A?) | By (A%) | d (A) | Ap? (kgT)

Ci2Maltoside 32 -157 - -48.6
Cq2Es 42 =77 - -53.0
SDS 25 -367 4.05 -59.0

Table 2.2: Values of the second-order virial coefficients, B;;, for the two binary com-

binations corresponding to the three surfactants CioMaltoside, C;9Eq, and SDS.

Surfactant Pair | B;; (A?)

Clealtoside—SDS -225
C12E6-SDS -135
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tant aqueous solutions of SDS, Ci,Maltoside, as well as for binary surfactant aqueous
solutions of SDS-CyyMaltoside. Experimentally measured surface tensions were re-
ported36° for single surfactant aqueous solutions of SDS and Ci,Es, as well as for
binary surfactant aqueous solutions of SDS—Cy3Eg. All of the reported measurements
were conducted at 25°C.

The surface tension predictions were made by first predicting the monolayer con-
centrations of both surfactants through a simultaneous solution of Eq. (2.13), for
either the nonionic surfactant C;3Eg, or the nonionic surfactant C;;Maltoside, and
Eq. (2.48) for the ionic surfactant SDS. For these two binary surfactant systems,
Egs. (2.13) and (2.48) reduce to:

In <%) _ Apd +1n ( €p ) 4 2B +2nrp (414 + Epr)
Ny kgT a—& aa —Epap a—&an —Egap

2
nap (474 +E5TB) + z (Bpa&, + Bpptp) (2.55)

(@ — Eqaa — Egag)” @

and
2In (f‘fﬂ) - AMA Ly, ( S ) 4 3act2mra (Eata +E4ra)
nw kgT a—§sas —Epap a—E§sas —Epap

2
n maa (§a1a + fBI‘B)2 + % (Baa&, + Bapp) (2.56)

(@ —&qa4 — Egag)

2me? 2me? 2| 4and(z4e)% €
27,41 1+ | —— — 4
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where the subscript A refers to SDS and the subscript B refers to CioEg or CioMalto-

side. First, the values of ny, and n}y are predicted for a given total bulk aqueous

soln

surfactant concentration, n., and bulk aqueous solution composition, a**", using the

77



bulk molecular-thermodynamic theory of micellization discussed earlier in Section
2.2 and Refs. 35-37. Subsequently, Egs. (2.55) and (2.56) can be solved for the
two unknown quantities, @ and €4 (note that £p can be eliminated using £4 +&p
=1) using a two-dimensional Newton-Raphson technique.*® For the single nonionic
surfactant cases (Cq2Eg or C;oMaltoside), « is determined by solving Eq (2.55) alone,
with the constraint that £4=0 and {g=1. For the single ionic surfactant case (SDS),
o is determined by solving Eq (2.56) alone with the constraint that £4=1 and £5=0.
The surface pressure, II, and the corresponding surface tension, o= ¢°-II, are finally

calculated using Eq. (2.37), which for this binary system reduces to:

_ 1 7 (£aTa + Ep1B)”
I = kT {a Tt —tyan (@t Eoap) (2.57)
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In Figure 2-5, the predicted surface tensions as a function of total bulk aqueous
surfactant concentration, m.., are compared to the experimentally measured sur-
face tensions of aqueous solutions of the single surfactants SDS (A), CoE¢ (W), and
Ci2Maltoside (®). In Figure 2-6, the predicted surface tensions as a function of to-
tal bulk aqueous surfactant concentration, n, are compared to the experimentally
measured surface tensions of aqueous binary surfactant mixtures of SDS and C,yEg
at solution compositions, a*" = n¥ps/ (n¥ps + ng,g), of 0.05 (W), 0.4 (@), and
0.9 (A). In Figure 2-7, the predicted surface tensions as a function of total bulk
aqueous surfactant concentration, nt., are compared to the experimentally measured
surface tensions of aqueous binary surfactant mixtures of SDS and Ci;Maltoside at

solution compositions, a*™ = n¥ps/ (N¥ps + N, Maltosice) Of 0-2 (M), 0.5 (@), and
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Figure 2-5: Predicted (various lines) and measured (various symbols) surface tensions,
o, as a function of the total bulk aqueous surfactant concentration, n}, of single

surfactant aqueous solutions of SDS (A), Ci12Es (B), and Cj2Maltoside (@) at 25°C.

The reported experimental uncertainty is within 0.1 dyn/cm.
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Figure 2-6: Predicted (various lines) and measured (various symbols) surface tensions,
o, as a function of the total bulk aqueous surfactant concentration, ngpg + ng,, g,»
of aqueous solutions containing binary mixtures of SDS and C3Eg at 25°C, at bulk
aqueous solution compositions, a*" = n¥,e/(npg + g g,), of 0.05 (W), 0.4 (@),

and 0.9 (A). The reported experimental uncertainty is within 0.1 dyn/cm.
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Figure 2-7: Predicted (various lines) and measured (various symbols) surface
tensions, o, as a function of the total bulk aqueous surfactant concentration,
N&ps + Mgy, Maltoside» Of @queous solutions containing binary mixtures of SDS and
CioMaltoside at 25°C, at bulk aqueous solution compositions, a*™ = n¥,¢/(n¥ps +
N, Matosize)» Of 0.2 (M), 0.5 (@), and 0.8 (A). The reported experimental uncertainty

is within 0.1 dyn/cm.
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0.8 (A). Note that the reported experimental uncertainty in the surface tension mea-
surements is better than, or on the order of, 0.1 dyn/cm, which is smaller than the
size of the symbols used in Figures 2-5 through 2-7. Figures 2-5 through 2-7 show that
the predicted surface tensions are in good agreement with the experimentally mea-
sured values, both for the single surfactants (which contain the one fitted parameter,
Ap?), as well as for the binary surfactant mixtures (which contain no additional fitted
parameters). One area of only marginal agreement between the predicted and the
experimental surface tension values is for the ionic surfactant SDS above the CMC
(see A’s in Figure 2-5). For the SDS system, the predicted surface tensions above the
CMC are larger than the experimentally measured values. This can be explained by
the fact that the bulk molecular-thermodynamic theory of micellization utilized here
under-predicts the CMC for this ionic surfactant. This, in turn, leads to a predicted
SDS monomer concentration that is too low, resulting in too low of a bulk aqueous
chemical potential of the SDS monomers, which leads to an under-prediction of the
SDS surface concentration, and hence, to an under-prediction of the surface pressure
(which corresponds to the observed over-prediction of the surface tension in Figure
2-5). Since the slope of the surface tension vs. logig(ntot) curve for SDS is very steep,
the small difference between the predicted and the experimentally measured CMC has
a relatively large effect on the difference between the predicted and the experimentally
measured surface tensions above the CMC. This error could be reduced by improving
the bulk molecular-thermodynamic theory of micellization for ionic surfactants, an
endeavor which is currently in progress.3

Figures 2-8 through 2-10 show a comparison of the predicted and the experimen-
tally measured values (using neutron scattering®?) of the monolayer concentration

of SDS, FSDS (A, —_—— —), and ClgMaltoside, FClealtoside (.,

), as a
function of the surface pressure, II, for solution compositions, a®@", of 0.2 (Fig-
ure 2-8), 0.5 (Figure 2-9), and 0.8 (Figure 2-10). The theoretical predictions, for
T'sps and for I'c,,maiteside; are in reasonable agreement with the experimental val-
ues, typically within 0.3x10°mol/cm?. Note that this difference is within the error

range of the neutron scattering measurements which is reported to be on the order
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Figure 2-8: Predicted (various lines) and measured (various symbols) surface concen-

);

as a function of surface pressure, II, at a bulk aqueous solution composition, a**",

trations of SDS, I'sps (A, — — —), and CjpMaltoside, ¢y, matoside (@,

of 0.2 for aqueous solutions containing binary mixtures of SDS and C;sMaltoside at

25°C. The reported experimental uncertainty is on the order of 0.1x10'°mol/cm?.
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Surface Pressure (dyn/cm)

Figure 2-9: Predicted (various lines) and measured (various symbols) surface concen-

),

as a function of surface pressure, II, at a bulk aqueous solution composition, a*%",

trations of SDS, I'sps (A, — — —), and CyaMaltoside, I'c,,araitosize (@,

of 0.5 for aqueous solutions containing binary mixtures of SDS and C;;Maltoside at

25°C. The reported experimental uncertainty is on the order of 0.1x10°mol/cm?.
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Figure 2-10: Predicted (various lines) and measured (various symbols) surface concen-

),

as a function of surface pressure, II, at a bulk aqueous solution composition, a*",

trations of SDS, I'sps (A, — — —), and CyoMaltoside, T'c,, raitoside (®,

of 0.8 for aqueous solutions containing binary mixtures of SDS and C;;Maltoside at

25°C. The reported experimental uncertainty is on the order of 0.1x10'°mol/cm?.
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Figure 2-11: Predicted surface composition (mole fraction of SDS in the monolayer),
€sps, as a function of total bulk aqueous surfactant concentration, ngpg + ng,, g, of

aqueous solutions containing binary surfactant mixtures of SDS and CioEg at 25°C

), 04 (-—-—- ), and

at bulk aqueous solution compositions, a**™, of 0.05 (
0.9( — — —). The three arrows indicate the predicted mixture CMC’s corresponding

to the three solution compositions considered.
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of 0.1x10'%mol/cm?.52

Figure 2-11 shows the predicted surface composition, £spg, as a function of to-
tal bulk aqueous surfactant concentration at solution compositions, a**", of 0.05
(
mixture of SDS and Ci3Eg at 25°C. The predicted CMC’s of each solution, 8.9 x
10~8mol /cm3 for 5% SDS, 1.3 x 10~"mol/cm? for 40% SDS, and 3.4 x 10~ "mol/cm?

), 0.4 (-—-—- ) and 0.9 ( — — —) for an aqueous binary surfactant

for 90% SDS, are indicated by the three arrows corresponding to the three solu-
tion compositions considered in Figures 2-11. No experimental measurements of the
surface composition or concentration are currently available for this system. Nev-
ertheless, it is interesting to note that at very low total bulk aqueous surfactant
concentrations, n., the composition of the monolayer is mostly Ci2Eq (€sps = 0),
due to the fact that C,oEg is much more surface active than SDS. The higher surface
activity of C3Eg relative to SDS is also reflected by the fact that, for an aqueous
solution of C;3Eg, the total bulk aqueous surfactant concentration, ni, at which
the surface tension begins to decrease significantly from that of pure water is signifi-
cantly lower than that for which an aqueous solution of SDS shows the same surface
tension lowering (see Figure 2-5). However, at the CMC’s of the SDS-C3E¢ mixed
surfactant solutions for the 40% and 90% SDS cases, £sps increases sharply. This can
be explained physically by noting that below the surfactant mixture CMC, the bulk
aqueous surfactant monomer composition, a; = nfsps/ (n{VS ps T 1iey, Ee)’ is equal
to the bulk aqueous solution composition, a**™", since all the surfactant molecules are
present in monomeric form. Above the CMC, the bulk aqueous surfactant monomer
composition, oy, as predicted by the bulk molecular-thermodynamic theory of micel-
lization,537 deviates from the bulk aqueous solution composition, a**™. In this case,
a; increases due to the fact that CyoEg, which has a lower CMC than SDS, parti-
tions preferentially into the Cy2E-SDS mixed micelles, thus leaving a higher fraction
of SDS in monomeric form. As a result, there are relatively fewer Ci5Eg molecules
available to adsorb at the surface, leading to an increase in the relative amount of
SDS at the surface (since the surfactant molecules at the interface are in equilibrium

with those in the bulk). This sharp change in surface composition near the CMC
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was also predicted theoretically'? for mixtures containing only nonionic surfactants
-a trend that was qualitatively verified experimentally for similar C;E; type surfac-
tants.>* Note that in Figure 2-11, the 5% SDS solution contains too little SDS to
exhibit this effect.

2.4 Conclusions

A theoretical framework to model surfactant adsorption at the air-solution inter-
face was presented for aqueous solutions containing mixtures of ionic and nonionic
surfactants. This theory can predict the surface tension and surfactant surface con-
centration and composition of these solutions both below and above the CMC. A
comparison of the theoretical predictions with experimental surface tension and sur-
factant surface concentration measurements for aqueous solutions containing binary
surfactant mixtures of SDS-C;3Eg and SDS-Ci,Maltoside shows good agreement.
The theory presented in this chapter utilizes a molecularly-based surface equation
of state developed in the context of a nonideal two-dimensional adsorbed gas model.
Nonideal interactions that are accounted for include: (i) steric, excluded-area interac-
tions between the adsorbed surfactant molecules treated as hard-disks, (ii) attractive,
van der Waals interactions between the surfactant tails that are incorporated through
a virial expansion truncated at second order in surfactant surface concentration, and
(iii) electrostatic interactions in the case of ionic surfactants. All the parameters ap-
pearing in this surface equation of state for the mixed surfactant monolayer can be
estimated from the known molecular characteristics of the surfactants. These molec-
ular parameters include the valences of the ionic surfactants, the cross-sectional areas
of the surfactant molecules, the distance of closest approach between the absorbed
ionic surfactants and their counterions, and the second-order virial coefficients, which
can be calculated from the known number of carbons in the surfactant hydrocar-
bon tails and their cross-sectional areas. In contrast with other exristing theories for
miztures of surfactants at interfaces, there are no mizture-dependent experimentally-

fitted, empirical parameters in the mizture surface equation of state presented in this
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chapter.

The resulting surface equation of state can be combined with a description of the
bulk aqueous surfactant solution chemical potential, including a single experimentally-
determined parameter, the difference in the standard-state chemical potential of a
surfactant molecule at the surface and in the bulk aqueous solution, for each single
surfactant present in the mixture, to predict the total amount and composition of
adsorbed surfactant. This can then be combined with the surface equation of state to
predict the surface tension. The standard-state chemical potential difference for each
surfactant species can be determined from a single surface tension measurement. No
additional parameters are required for the mixed surfactant solutions. This greatly re-
duces the amount of experimentation that would be required to predict the interfacial
behavior of mixed surfactant solutions.

Surfactant mixtures having multiple charge layers, including mixtures of ionic sur-
factants or zwitterionic surfactants, will be discussed in Chapter 3, and investigations
into modifying the relatively simple Poisson-Boltzmann model utilized in this chapter
to describe the diffuse region will be discussed in Appendix A. Furthermore, as will
be shown in Chapter 4, the theoretical methodology presented in this chapter can also
be extended to the oil-water interface, where the surfactant behavior is expected to
be analogous to that at the air-water interface, but with a reduction in the attractive
van der Waals interactions between the adsorbed surfactant hydrocarbon tails. In
addition, in Chapters 5 and 6, the theoretical framework for the equilibrium adsorp-
tion of surfactants developed in this chapter will be used as a basis for a diffusion
limited dynamic adsorption model capable of predicting the surface concentration
and composition, as well as the surface tension, as a function of time. Finally, the
theory presented in this chapter can be implemented in relatively fast, user-friendly
computer programs (see Chapter 7) that may be utilized to reduce the need for time-
consuming and tedious experimentation when developing surfactant-based products

having the desired interfacial properties.
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Chapter 3

Prediction of Equilibrium Surface
Tension and Surface Adsorption of
Aqueous Surfactant Mixtures
Containing Zwitterionic

Surfactants

3.1 Introduction

As discussed in Chapter 1 and Section 2.1, the development of a quantitative, molecul-
arly-based thermodynamic theory capable of predicting the interfacial properties
of aqueous solutions containing surfactants (and in particular, surfactant mixtures)
would be extremely valuable for the design of new surfactant formulations exhibiting
the desired interfacial behavior, since the availability of such a theory would also alle-
viate the need for tedious and time consuming trial-and-error type experimentation.
In this chapter, the theoretical framework developed in Chapter 2 is extended to treat
mixtures containing zwitterionic surfactants.

Among the various types of surfactants, those of the zwitterionic type are of
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particular practical interest because: (i) they are commonly utilized in commercial
formulations, particularly in personal care products (including soaps, shampoos, and
lotions), where they are typically found to be less irritating to the skin,®® and (ii)
they often exhibit significant synergism (that is, strong, favorable interactions) at
the interface when mixed with ionic surfactants, while comparably little synergism is
observed when mixed with nonionic surfactants.®?°¢ This varying degree of synergism,
in addition to being of practical importance, should also provide a useful test of the
predictive capabilities of any theory developed to describe the interfacial behavior
of aqueous mixtures containing zwitterionic surfactants. Accordingly, a comparison
between the predicted interfacial behavior of a zwitterionic-ionic aqueous surfactant
mixture and that of a zwitterionic-nonionic aqueous surfactant mixture should provide
a stringent test of the theoretical framework presented in this chapter.

In Chapter 2, a theoretical framework was presented to predict the interfacial
properties of aqueous mixtures of nonionic and ionic surfactants at the air-aqueous
solution interface. There, it was assumed that all the charges associated with the
ionic surfactant molecules adsorbed in the monolayer are located at a single, two-
dimensional charge layer. In this chapter, the theoretical framework of Chapter 2
is extended to model interfaces that contain multiple, two-dimensional electrostatic
charge layers, such as those that may result from the adsorption of a single zwitteri-
onic surfactant (two charge layers), or of a binary mixture of zwitterionic and ionic
surfactants (three charge layers). This new theoretical framework will allow for the
quantitative prediction of the extent of interfacial synergism that results from the
adsorption of zwitterionic, ionic, and nonionic surfactants at the air-aqueous solution
interface.

The interfacial behavior of surfactants has been investigated theoretically by nu-
merous researchers (see Section 2.1 for more detailed background, as well as for a com-
parison between the theoretical treatment presented in this thesis and other theoret-
ical treatments). Two important differences between previous theoretical treatments
of surfactant adsorption and the theory presented here are that: (i) our theoretical

description is molecularly based, relying explicitly on the chemical structures of the
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various surfactants species adsorbed at the interface, and as such, the resulting surface
equation of state does not contain any experimentally determined parameters, while
the adsorption isotherm contains only one experimentally determined parameter for
each surfactant species, and (ii) the theory can be applied to mixtures that contain
any number of surfactant components without introducing any additional experimen-
tally determined parameters, and therefore, no additional experiments on the mixed
surfactant solutions are required. This is to be contrasted with other popular models
of single surfactant adsorption, such as the Langmuir or the Frumkin based mod-
els, 285758 which require two or more experimentally determined parameters to model
the adsorption of a single surfactant species. Moreover, when applied to surfactant
mixtures, our theory has a notable advantage over other popular models of mixed
surfactant adsorption at interfaces which are based on the Regular Solution The-
ory (RST) approach.!'?"25 These RST based approaches all contain experimentally
determined parameters which require measurements on the mixed surfactant solu-
tions. Accordingly, the theoretical framework presented here significantly reduces
the amount of experimentation required to predict the interfacial behavior of mized
surfactant solutions.

The surface equation of state developed in Chapter 2 and in this chapter is based
on a two dimensional kinetic gas-like treatment of the adsorbed surfactant mono-
layer.>* The non-electrostatic contribution to this surface equation of state includes
two types of interactions:'? (i) steric repulsions, which are included using a hard-disk
model, and (ii) van der Waals attractions which are modeled using a virial expan-
sion in surface concentration, truncated to second order. Electrostatic effects, which
form an additive contribution to the surface pressure, are treated using the Gouy-
Chapman?®442930 description of the diffuse region of the electrostatic double layer.
The electrostatic description is further refined by including a Stern layer,3? that is, a
region where the counterions in the aqueous, diffuse region cannot penetrate due to
steric repulsive interactions with the adsorbed surfactant heads. Furthermore, it is
assumed that the charges of the adsorbed surfactant molecules that form the mono-

layer are contained in multiple charge layers. For example, in the case of a single
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zwitterionic surfactant species, there are two charge layers corresponding to the posi-
tive and negative charges associated with the dipolar moiety. This is to be contrasted
with the single charge layer used in the original Gouy-Chapman treatment to model
the adsorption of a single ionic surfactant species.5”

The theoretical approach presented in this chapter requires the specification of four
molecular characteristics for each surfactant species present in the solution. These in-
clude: (i) the number of carbons in the surfactant hydrocarbon tail, (ii) the molecular
cross-sectional area of the surfactant hydrophilic head, (iii) the valence and position
of each charged group in the surfactant head, and (iv) the distance of closest approach
between the centers of charge of an adsorbed surfactant molecule and its counterion.
Characteristics (i), (ii), and (iii) can be determined from the known molecular struc-
ture of the surfactant hydrophobic tail and hydrophilic head, while the determination
of characteristic (iv) also requires knowing the chemical structure and size of the
counterion, including hydration. Note that requirement (iv) does not apply in the
case of zwitterionic surfactants, and requirements (iii) and (iv) do not apply in the
case of nonionic surfactants. In addition, the difference in the standard-state chem-
ical potentials of a surfactant molecule in the monolayer and in the bulk solution is
needed for each surfactant species, which can be determined from one surface tension
measurement for each single surfactant species present in the solution.

The remainder of the chapter is organized as follows. The theory of adsorption
at the air-aqueous solution interface for nonionic, ionic, and zwitterionic surfactants
below the critical micelle concentration of the surfactant solution is presented in
Section 3.2. This theory is then utilized in Section 3.3 to predict the surface ten-
sion and surface concentration and composition of several single as well as mixed
surfactant systems, and these predictions are compared with available experimental
measurements from the literature. The surfactant systems examined include: (i) sin-
gle surfactant aqueous solutions of dodecyl maltoside (CioMaltoside), dodecyl betaine
(Ci2Betaine), and sodium dodecyl sulfate (SDS), (ii) binary surfactant aqueous solu-
tions of Ci2Maltoside-C;,Betaine and CqoBetaine-SDS, and (iii) a ternary surfactant

aqueous solution of Ci;Maltoside-Ci9Betaine-SDS. Finally, concluding remarks are
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presented in Section 3.4.

3.2 Theory

3.2.1 The Gibbs Interfacial Model and Theoretical Assump-
tions

The Gibbs interfacial model forms the basis of our molecular-thermodynamic treat-
ment.'* Specifically, a two-dimensional, planar Gibbs dividing surface is chosen within
the actual three-dimensional interfacial region at a position where the Gibbs surface
excess number of solvent (water) molecules, N7, vanishes. Recall that the Gibbs

surface excess number of molecules of type i, N7, is defined as follows:

0 o
]X EFiE/[ni( d:v+/n, (z) — n}|dz (3.1)
—00 0

where A is the area of the planar Gibbs dividing interface, I'; is the surface excess
number density of molecules of type i (referred to hereafter as the surface concen-
tration of molecules of type i), z is the distance perpendicular to the interface, such
that the aqueous phase lies on the side of positive z, n;(z) is the number density of
molecules of type ¢ located at position z, n)is the bulk aqueous number density of
molecules of type ¢ (limiting value of n;(z) as ¢ — o), and n? is the bulk vapor
number density of molecules of type ¢ (limiting value of n;(z) as x — —o0).

As was discussed in more detail in Section 2.2, it is assumed that the adsorbed
surfactant molecules form a monolayer which is positioned at the Gibbs dividing
surface (z = 0). The first integral on the right-hand side of Eq. (3.1) can be neglected
since on the vapor side of the monolayer (z < 0), both the local number density, n;(z),
and the bulk vapor number density, n}, vanish because the surfactant molecules are
assumed to be non-volatile.

When surfactants containing a net charge (ionic surfactants) are present in the

solution, an electrostatic diffuse layer is formed in the aqueous region near the mono-
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layer where thermal diffusion is balanced by the long-range electrostatic interactions
between the ionic species in the solution and the charged monolayer (see Section
2.2.2). In the electrostatic treatment presented here, it is assumed that zwitteri-
onic surfactants, which posses no net charge, do not contribute to the formation of
a diffuse region. In other words, it is assumed that the concentration of zwitteri-
onic surfactants is uniform throughout the aqueous region extending from the Stern
layer to infinity. This is reasonable because the local electric field generated in the
aqueous region by the ionic surfactants adsorbed in the monolayer interacts much
more strongly with other ionic species (ionic surfactants or counterions) than with
the zwitterionic surfactants. In addition, if only surfactants possessing no net charge
are present in the solution (for example, nonionic and zwitterionic surfactants, as
well as their mixtures), then no local electric field, and therefore, no diffuse layer, is
generated in the aqueous region when these surfactants adsorb at the monolayer (see
Section 3.2.3.2 for a more detailed explanation).

In modeling surfactant electrostatic effects, it is assumed hereafter that the charg-
ed surfactant molecules and their counterions are fully dissociated. In other words,
although the charged surfactants and their inorganic counterions interact through
attractive Coulombic forces, it is assumed that they do not remain bound together as
a single entity. This is expected to be valid for organic salts, such as SDS considered
here, but may not be valid for organic fatty acids at low pH where a certain fraction
of the fatty acids may remain undissociated. Furthermore, it is also assumed that
there is no binding of ions (including H* or OH™) to the charged groups of the
zwitterionic surfactants. This last assumption may not be valid at very high or very
low pH’s depending on the surfactant. Our description treats all the ions in the bulk
solution as point charges having no physical excluded volume, except for a minimum
distance of closest approach (the so-called Stern layer described below). In addition,
the diffuse region is treated as having a uniform, “smeared” three-dimensional local
charge density, and the ions are assumed to interact through a structureless solvent
having a uniform dielectric constant. The assumptions that: (i) the ions in the diffuse

region can be treated as point ions, and (ii) the dielectric constant is uniform, are
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discussed further in Appendix A.

Each charge-containing surfactant present in the monolayer is modeled as having
an electrostatic charge (or charges) located at particular position(s) on the surfactant
head. For example, an anionic or cationic surfactant has a single charge, and a
zwitterionic surfactant has two charges. Note that, in principle, the theory presented
here can be applied to model surfactants that contain any number of charge groups. It
is assumed that the discrete charges on the heads of the adsorbed surfactant molecules
can be smeared in the two directions parallel to the interface, forming a set of L two-
dimensional charge layers, where L is equal to the sum of the number of charge
groups on each of the surfactant molecules present in the monolayer (see Figure 3-
1 for an illustration). For example, if only one ionic surfactant species is present,
then there is only one charge layer, which when combined with the diffuse region,
forms the familiar electrostatic double layer.3” If a binary mixture comprising an ionic
and a zwitterionic surfactant is present, then there are three charge layers within
the monolayer (as depicted schematically in Figure 3-1). As discussed in Section
3.1, a Stern layer (that is, a region between the last charge layer (layer L) and the
diffuse region where counterions are excluded by steric repulsive interactions with the
surfactant molecules adsorbed in the monolayer.3?) is also included (see Figure 3-1).
The position of the Stern layer is approximated here by the distance that the longest
surfactant head extends into the aqueous region plus the radius of the counterion
(see Figure 3-1). Note that for the surfactant mixtures considered in this chapter,
the surfactant heads are quite similar in length, and the resulting monolayers are
compact (see Section 3.4). Note also that if one considered a surfactant mixture
containing a small amount of a surfactant having a relatively long head, then one
may need to assume a smaller effective Stern layer thickness. In addition, one could
also treat multiple counterion types having different sizes (leading to multiple Stern
layer thicknesses) by generalizing the equations developed in this chapter, and then
solving them numerically. However, such an analysis is not necessary here, with the
equations presented below leading to a closed-form analytical equation for the surface

pressure (see Section 3.2.3).
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Figure 3-1: Schematic illustration of the adsorption of a zwitterionic and a monova-
lent anionic surfactant from an aqueous solution at the air-solution interface. Note
that, in this case, there are three, two-dimensional charge layers (Layers 1, 2, and
3, corresponding to the positive charge on the zwitterionic head, the negative charge
on the anionic head, and the negative charge on the zwitterionic head, respectively);
two regions between the three charge laygrss (Regions 1 and 2); a Stern Region; and

a Diffuse Region.



In the context of the diffuse layer model presented here, two different quantities
related to the surface excess number of ions of type ¢ can be defined: 7;, the number
of molecules of type ¢ actually adsorbed in the monolayer, and A;, the excess number
of molecules of type i in the diffuse region, as described in detail by Hachisu.?

Specifically, 7; and \; can be expressed as follows:

+e +te
o ) W — 1 .
1 =£1_£% (n; () — n))dz ll_r)%/n, (z)dz (3.2)
and o
A tim [ (ns () — n?)d 3.3
- =lim n; (z) —n})dz (3.3)

By combining Egs. (3.1)-(3.3), one finds that, in general,
Ny =mi+ A (3.4)

However, as stated above, for a surfactant having no net charge (for example, a non-
ionic or a zwitterionic surfactant), there are no net Coulombic interactions between
the charged monolayer and the surfactant molecules in the bulk solution. As a result,
the local surfactant number density everywhere in the aqueous region, n;(x > 0), is
equal to the bulk surfactant number density, n}, which leads to A; = 0 in Eq. (3.3).
In that case, Eq. (3.4) indicates that:

Ny =, (3.5)

3

For an ionic surfactant, A; does not vanish, but as discussed in Section 2.2.2, \; << n;,
and, to a good approximation, one still obtains:
N7 =n; (3.6)

)

In our description, it is further assumed that the counterions do no adsorb directly
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in the monolayer. Accordingly, for the counterions, 7; = 0, leading to:

N? =\ (3.7)

2

3.2.2 Notation Conventions

In the analysis presented below, the following notation conventions will be used. The
various charge layers comprising the monolayer, described above, will be numbered
from 1 to L, such that layer 1 is closest to the air side of the air-solution interface,
with the corresponding positions of each layer denoted as d;, ds,...,d; (see Figure 3-1
for an example when L = 3). The regions between the charge layers will be numbered
from 1 to L — 1 such that region 1 is between charge layer 1 and charge layer 2, etc.
The subscript S will refer to the Stern region, and the subscript D will refer to the
diffuse region. In addition, Greek letter subscripts will be utilized to index the various
charge layers and the corresponding inter-charge layer regions. For example, dy will
denote the position of charge layer ¢, o4 will denote the charge density of charge

L
layer ¢, and ) will denote the summation over charge layers 1 to L. In addition, the

=1
symbol Cf W?ll denote the valence of surfactant molecules of type i located at layer
¢. For example, a zwitterionic surfactant of type ¢ with a positive charge at the first
layer and a negative charge at the third layer will be characterized by ¢} =1, (? =0,
and ¢ = —1. Accordingly, using this notation, it follows that the charge density of

charge layer, ¢, is given by:

op = eCtmi [ A (3.8)
i=1

where e is the proton charge and A is the area of the monolayer. Note also that using

this notation, the valence of surfactant molecules of type i, z;, is given by:

L
Z; = Z Cf (3.9)
¢=1

As expected, Eq. (3.9) indicates that z; = 0 for zwitterionic surfactants. Although

the theoretical analysis presented in this section can be applied to any number of
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surfactant species, each containing any number of charge groups, Section 3.3 will
focus on a few specific cases corresponding to the surfactant systems of interest in
this chapter.

To simplify the presentation that follows, a different notation will be used to
represent the electrostatic potential in the various regions of interest. Specifically,
W, (z) will denote the electrostatic potential in the ¢™ inter-charge layer region (ds <
z < dg41), ¥s(z) will denote the electrostatic potential in the Stern region (dy < z <
ds), and ¥p(z) will denote the electrostatic potential in the diffuse region (z > dg).

Accordingly, the total electrostatic potential function, ¥(z), is given by:

U, (x), for dy <z <dg
U(r)=( Ug(x), for d; <z<dg (3.10)

Up(z), for z>ds

3.2.3 Calculation of the Surface Pressure
3.2.3.1 Calculation of the Non-Electrostatic Surface Pressure

The effect of electrostatic interactions on the surface pressure, Il = o9 — o, where oy
is the surface tension of the pure solvent (water, for which the experimental value
of 72dyn/cm at 25°C is adopted!?), and o is the surface tension in the presence of
the surfactant monolayer, is accounted for here by incorporating it as an additive

contribution.?®1* Specifically,

I = Ty + Iegec (3.11)

where Ily; is the contribution to the surface pressure resulting from all non-electro-
static interactions, and Il is the contribution to the surface pressure arising from the
electrostatic interactions. Equation (3.11) assumes that the electrostatic interactions
can be decoupled from all other interactions, an assumption that may break down
in the case of very highly-charged interfaces for which electrostatically-induced long-
range correlations may develop.

As has been described in Chapter 2,2 the non-electrostatic contribution to the
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surface pressure, Iy, which includes repulsive hard-disk and attractive van der Waals

interactions, can be modeled as follows:

n n 2
Z i 7 <Z niri) n
l_INI = kBT l:1n + zzln 2 + Z Bij
A-— ; 7;0; (A =S mai) ij=1

=1

min;
2

(3.12)

where kp is the Boltzmann constant, 7 is the absolute temperature, r; and a; are
the hard-disk radius and area of surfactant molecules of type 4, respectively, and B;;
is the second-order virial coeflicient corresponding to surfactant molecules of type i

n
and j. In Eq. (3.12), 3 denotes summation over all the surfactant species present

i=1
at the interface, and zn: denotes summation over all possible pairs of surfactant
species, while avoiding”géuble counting. Note that in the development of this non-
electrostatic model, steric interactions are assumed to operate on a single plane. In
other words, the surfactant molecules are treated as two-dimensional disks, rather
than as more complex three-dimensional structures. This approximation is made in

order to develop a simplified working model, and was previously shown to yield good

results.!?

3.2.3.2 Calculation of the Electrostatic Potential

Next, the electrostatic potential, ¥(z), and the electrostatic contribution to the sur-
face pressure, Ilgec, are calculated. As will be shown in detail below, this is accom-
plished by first determining the electrostatic potential corresponding to the various
inter-charge layer regions comprising the monolayer, ¥4(z) where ¢ =1 to L — 1, as
well as the electrostatic potential corresponding to the Stern and the diffuse regions,
Us(z) and ¥p(z), respectively, by solving the governing electrostatic equations, along
with the appropriate two boundary conditions at each charge layer (which are based
on the continuity of the electrostatic potential and the discontinuity of the electric
field across a charged two-dimensional surface).’® Once the electrostatic potential,

U(z), is known everywhere [see Eq. (3.10)], the electrostatic contribution to the sur-
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face pressure, Ilgec, can be calculated using the method of Hachisu.*? Recall that for
an aqueous solution consisting solely of surfactants having no net charge (for ezample,
nonionic or zwitterionic surfactants), there are no diffuse or Stern regions.

Since it has been assumed that no counterions or coions can penetrate into the
monolayer (that is, into the regions between the charge layers created by the adsorbed
charge-containing surfactant molecules), the charge densities in the inter-charge layer
regions all vanish. As a result, the electrostatic potential, ¥,(z) with ¢ =1to L—1,
is governed by the Laplace equation. Specifically,

42y
dxj =0 (3.13)

Furthermore, since it has been assumed that the electrostatic charge on the various
charge layers can be smeared in the direction parallel to the interface, thus forming
a uniform, two-dimensional flat charged surface, the gradient of the electrostatic
potential in inter-charge layer region, ¢, and the gradient of the electrostatic potential
in the adjacent inter-charge layer region, ¢+1, exhibit a discontinuity at their common

boundary located at x = dgy;, given by:>

B 7Y B 798
“dz,,, T ds

=47m0p41 (3.14)
dg+1

where €, (€4+1) is the dielectric constant in inter-charge layer region ¢ (¢ + 1), whose
value will be discussed in detail in Section 3.3, and o441 is the charge density on charge

layer ¢ + 1. In addition, the electrostatic potentials are required to be continuous

across each charge layer, that is,

Wy (dgs1) = Wgr (dga) (3.15)

Note that Egs. (3.14) and (3.15) each represents a set of (L — 2) equations, ranging
from ¢ = 1 through ¢ = L — 2 (with the L charge layer, which forms the boundary
between inter-charge layer region L — 1 and the Stern region, to be discussed below).

In the Stern region, that is, in the region between the last charge layer of the
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monolayer (layer L, located at d;) and the closest approach distance of the center
of charge of the counterions (located at dg), the charge density also vanishes due
to steric repulsions associated with the Stern region. Therefore, the behavior of
the electrostatic potential in the Stern region, Wg, is also governed by the Laplace

equation, that is, by:
d?y,
=0
dx?

(3.16)

Similar to Egs. (3.14) and (3.15), the following two boundary conditions must be
satisfied between the (L-1)%" inter-charge layer region and the Stern region at their

common boundary located at z=dy:

dv;_ dv,
€L-1 ) - s = 4nop, (3.17)
dz dy dz dy
and
\IJL_l (dL) = \I’s (dL) (318)

where ¢, is the dielectric constant in the Stern region, whose value will be discussed
in detail in Section 3.3. Finally, under the assumptions discussed above that: (i) the
diffuse region can be treated by smearing out the charges of all the ions into a uniform
charge density that varies with z, (ii) the ions can be treated as point ions without
any physical size, and (iii) the solvent has a uniform dielectric constant, ep (assumed
to be that of pure water), one obtains the well-known Poisson-Boltzmann equation
which governs the behavior of the electrostatic potential in the diffuse region, ¥p.

Specifically,?81

n

d?Up  —47peec  —4me —4Te o~ —z;e¥p (1)
@ - e T o szz(x)-—- = szi exp ——kBT—> (3.19)

1=1 =1

where peec is the charge density in the diffuse region, n;(z) is the number density of
molecules of type 7, and n¥ is the bulk number density of molecules of type ¢ (limit of
ni(z) as x — oo). Similar to Egs. (3.14) and (3.15), with the difference that there is

no charge on the layer that separates the Stern region from the diffuse region (recall
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that it has been assumed that the counterions do not bind or physically adsorb to
the monolayer), the following two boundary conditions must be satisfied between the

Stern region and the diffuse region at their common boundary located at z = dg:

av,| ¥y
& 4z L €0 37 . (3.20)

and
U (ds) = ¥p (dy) (3.21)

Finally, due to overall electroneutrality of the system, the gradient of the electro-

static potential must vanish far away from the charged monolayer (x — o0). Specifi-

cally,4
d¥p

dz

00

=0 (3.22)

The zero point of the electrostatic potential has been selected to be at infinity, that
is,
Up (z — 00) =0 (3.23)
There are now L+ 1 second-order ordinary differential equations {the set of (L —1)
equations given in Eq. (3.13) [corresponding to the (L —1) inter-charge layer regions],
as well as Eq. (3.16) [corresponding to the Stern region], and Eq. (3.19) [corresponding
to the diffuse region]}. To solve these equations, there are also the necessary 2(L +1)
boundary conditions {the set of (L —2) equations given in Eq. (3.14), the set of (L —2)
equations given in Eq. (3.15), as well as Eqgs. (3.17), (3.18), and (3.20)-(3.23)}.
Integrating Eq. (3.19) once from z = dg to infinity, along with Eq. (3.22) as a

boundary condition, the following expression is obtained:

00 o0
7 4w dv AT Petec 4 &
dp|  d¥p| _ d¥p :/Lﬂl_dx:_t ezi/n,.(xmx
dr |, dz |, dz |, €D €p 4=
ds - ds
A - ez
= 3.24
- 1 (3.24)

1=1
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Note that in deriving Eq. (3.24), Eq. (3.3) was utilized where the lower limit of
integration, ¢ — 0, has been replaced by ds due to the presence of the Stern region,
as well as the fact that iezin? = 0 due to overall electroneutrality in the bulk
solution. =

Equation (3.24) can be rewritten in terms of the monolayer number densities of
adsorbed surfactant species, 7;, by exploiting the electroneutrality of the entire surface

phase®® which requires that >oezlNy /A = doezidi + D ezm; = 0. Specifically, one

obtains:
d¥p

dz

—4r “ €z;n;
ds 8D A

=1

(3.25)

Note that the governing equation for the electrostatic potential in the diffuse
region, Eq. (3.19), and the two boundary conditions, Eqgs. (3.23) and (3.25), are
the same as those obtained when ionic surfactants are adsorbed in a single charge
layer, the case considered in Chapter 2. In particular, the resulting expression for
the electrostatic potential at the boundary between the diffuse and the Stern regions,
located at z = d;, Up(dy), is the same as that corresponding to the single charge layer
case (see Section 2.2.2 for a detailed derivation). In particular, when only monovalent

ions (z; = £1) are considered, one obtains:

2%kpgT 2med ores \2
Up (d,) = —=In mea +\/1+<—7r—ea—) (3.26)

e EDK,kBT EDK,kBT

1=

L
where 6 = > ezin;/A = Y 04 is the total charge density of the monolayer and x~
] ¢=1

VksTep/(8mn¥e?) (where n™ is the bulk number density of the monovalent anions
or cations) is the Debye-Hiickel screening length. Note that multivalent ions were
considered in Chapter 2 and in Refs. 60 and 61, and the corresponding solution of
the electrostatic potential in the diffuse region could be used in place of Eq. (3.26) to
treat solutions containing multivalent ions. However, this is beyond the scope of this
chapter since only solutions containing monovalent ions are considered.

In the Stern region, integrating Eq. (3.16) once yields a constant value of d¥;/dz,
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which when combined with Egs. (3.20) and (3.25) yields:

d¥y 4w - ezin; —471'(3r
dz & “—~ A &

=1

(3.27)

Integrating Eq. (3.27) over the Stern region (d;, < z < dg), in combination with
Egs. (3.21) and (3.26), yields ¥g(dr) {or ¥y_1(dz), since the electrostatic potential
is continuous across the boundary (at z = dp) between the (L — 1) inter-charge layer

region and the Stern region}. Specifically, one obtains:

U, (dp) = ¥poi(dg) (3.28)

~ ~ 2
= (dy —dy) AT, + 2kBTln 2med + \/1 + ( 2meo )

€ e epkkpT epkksT

Equation (3.28) will be utilized below for the evaluation of the various inter-charge
layer electrostatic potentials, Wy(z). Note that if only surfactants with no net charge
are considered (for example, nonionic or zwitterionic), then & = 0 in Egs. (3.26) and
(8.28), which results in Vp(ds)=0 and Vs(d)=V_,(dL)=0, respectively.

Turning next to the calculation of the various inter-charge layer electrostatic po-
tentials, ¥y(z), [with dp < z < dgyq for 1 < ¢ < (L — 1)], Eq. (3.13) is integrated
once (for each ¢ from 1 to L — 1) which results in a constant value of d¥,/dz within
each region. To determine the values of these various constants, one could start with
Eq. (3.17) to determine d¥,/dz for ¢ = L — 1 with (d¥s/dz)|q, given in Eq. (3.27).
Then, by utilizing Eq. (3.14) successively at each charge layer, one can determine the
value of d¥,/dz in decreasing order from ¢ = (L — 2) to ¢ = 1. Alternatively, one
could start with d¥/dz = 0 for z < d; (due to the electroneutrality of the system),

and then utilize Eq. (3.14) successively to determine d¥,/dz in increasing order from
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¢ = 1to ¢ = L—1. With either method, the following general expression is obtained:

¢
d¥s _ AT~ (3.29)
dzx €¢

w=1

The inter-charge layer electrostatic potential at any of the charge layers (zr =
dy) can be related to the Stern layer potential, ¥s(dz), by integrating Eq. (3.29)
successively for each charge layer from ¢ = (L — 1) to ¢ = 1, and applying the
boundary conditions given in Eq. (3.18) for ¢ = (L—1) and Eq. (3.15) for ¢ = (L —-2)
to ¢ = 1. This yields:

L-1

V() = > {(dwﬂ —d,) i—” Zov} + ¥ (d) (3.30)

w=

= i {(dw+1 _dw) ﬁiav} + (ds _dL) ﬁ&

. 2T, | 2mes [ ( 2med 2
n
e epkkpT epkkpT
where Eq. (3.30) uses the definition of the total electrostatic potential, ¥(z), given

in Eq. (3.10).

3.2.3.3 Calculation of the Electrostatic Surface Pressure

To calculate the electrostatic surface pressure, the method introduced by Hachisu*?
is generalized to allow for the presence of multiple charge layers. Using this method,

the electrostatic surface pressure, Ilge., can be written as follows:

I_Ielec = / Pelec (-73) dz + / Posm (:L') dz (331)
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where P, () is the osmotic pressure resulting from the excess of ions in the diffuse
region, and Pge. is the electrostatic pressure given by:

Pae(2) = B () = o (%ff)) (3.32)

where E = —dV/dz is the local electric field. The first integrand in Eq. (3.31)
vanishes for z < d; (recall that E(z) = 0 for < d;). Accordingly, the first integral
in Eq. (3.31) can be evaluated as a sum of integrals over each of the (L — 1) inter-
charge layer regions, the Stern region, and the diffuse region. The second integrand
in Eq. (3.31) vanishes for z < dg, and therefore, the second integral in Eq. (3.31)
extends solely over the diffuse region (from z = dg to co). With this in mind, e

in Eq. (3.31) can be rewritten as follows:

L—-1 d¢+1 ds [ee]

elec - Z / elec x) dz + / Pelec( )dIL' +/ elec :17) dzr + /Posm dx (3 33)

¢=1 g4, d, ds

The last two terms in Eq. (3.33) were already calculated by Hachisu in Ref. 42. To
evaluate the first two terms in Eq. (3.33), Egs. (3.29) and (3.32) are utilized for the
first term of Egs. (3.27) and (3.32) is utilized for the second term. This calculation

yields:
2

2 ds SN
7 Za dz + / s 4—”’;6% dz  (3.34)
¢ 8t les A '
¢

dar

Helec =

© ™~
R

(222) (B I) | s (2 Y 5
T e €DK)kBT A

where the last term in Eq. (3.34) corresponds to the result of Hachisu.*? By carrying

out the integrations in Eq. (3.34), and using Eq. (3.8), the following expression for
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IIgec is obtained:

Ll or (& = i 27 2 02Tl
I_Ielec = Z ‘é; (Z (Z e({”m/A)) (d¢+1 - d¢) + -6—3— z—lA (ds — dL)
=1 w=1 i=1

(25) (E){Z 1+(ﬂ)2 é;zi ~1 (3.35)

™ e €DfikBT

Note that for the single ionic surfactant case where there is only one charge layer
(L = 1), the first term in Eq. (3.35) vanishes, thus yielding the expression for Il
obtained in Section 2.2.2. If, in addition, the Stern layer is neglected (in which case
d; = dg), then the second term in Eq. (3.35) also vanishes, leading to the well-known
Davies expression for Ilege.?® If only surfactants having no net charge (for example,
zwitterionic surfactants) are considered, then z; = 0 for all 7 and the last two terms
in Eq. (3.35) vanish, reflecting the fact that there are no Stern or diffuse regions in
this case. Finally, if only nonionic surfactant species are considered, then z; = 0 and
¢¢ =0 for all ¢ and w, leading to Ilge. = 0 in Eq. (3.35) as expected in this case.

Equation (3.11) can now be utilized, along with Egs. (3.12) and (3.35), to obtain
the following expression for the surface equation of state, that is, for the surface pres-
sure, II, as a function of the temperature, T, the monolayer area, A, and the number
of adsorbed surfactant molecules of each type, 7;, along with the various physical

constants and molecular parameters characterizing the surfactants. Specifically,

n n 2
> M d (Zl Th'l“z) n T
’i:l 1= 7
II = kgT - + - 5 + E B;; A; (3.36)
A—Zlma,- (A—Zmaz) ij=1
= 1=1
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o (<& n 2 o Zn: ezn;
+ 5 (Z (Z eCszz/A)> (d¢+1 - d¢) —+ 5_ % (ds . dL)

w=1l \i=1

©-
!L

(fD_/g) kgT 2 |+ ore \? > ezim; 2_1
™ e SDKZkBT A

Equation (3.36) can also be rewritten in intensive form as follows:

(3.37)

n 2
1 ™ (Z firi) n § )
M = kgT =1 5 +ZBij "

a— ) &a; (a _ Zn: &ai) ij=1
= i=1

1

&
AR

L gy 2 or Zn:ezifi
* o (Z (ZeCf &‘/a)) (dgsr = dg) ¢+ = = (ds — dp)

w=1 \i=1 S

©
Il
R

2

EDK kBT 2 2me 2 z___.z:l eZi&
+ () (== 1+ ~1
T e epkkpT o

L J

n R
where a = A / > n; is the area per surfactant molecule in the monolayer, and & =
i=1

7 zn: 7, is the monolayer mole fraction of surfactant molecules of type i. The
first ktzelrm in Eq. (3.37) is the contribution to the surface pressure, II, from the non-
electrostatic (that is, hard-disk and van der Waals) interactions, the second term is
the contribution to IT associated with the inter-charge layer regions corresponding to
the adsorbed charged surfactant molecules, the third term is the contribution to II

from the Stern region, and the last term is the contribution to Il from the diffuse

region.
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3.2.3.4 Calculation of the Surface Chemical Potential

As an illustration of the application of the theoretical framework developed so far, an
aqueous solution containing only one monovalent ionic surfactant species (denoted by
subscript s) and its oppositely-charged counterion (denoted by subscript ¢), along with
an arbitrary number of surfactant species that have no net charge, including nonionic
or zwitterionic surfactants is considered. The subscript N will be used hereafter to
denote any one of these nonionic or zwitterionic surfactant species. Consideration is
restricted to solutions that do not contain any added electrolyte. These restrictions
simplify the mathematical analysis that follows, and allow for a description of the
experimental surfactant solutions considered in Section 3.3. The analysis is also
restricted to surfactant solutions below the critical micelle concentration (CMC).
Although one could utilize a bulk thermodynamic theory of micellization to make
predictions for surfactant solutions above the CMC, as was done in Chapter 2, the
focus here will instead be on the interfacial properties at surfactant concentrations
below the CMC. Note that this does not pose a serious limitation, since it is below
the CMC that one observes the largest variation in the interfacial properties of the
surfactant solution.

As was shown in detail in Section 2.2.2 and Ref. 12, the surface chemical potential
of surfactant molecules of type N, u%;,, which have a net electrostatic charge of zero,

and are therefore characterized by N4 ,=ny [see Eq. (3.5)], is given by:

A
pG = 0_ | o _ / (II-11'") dA (3.38)

ON%,

AT,PN,

A
I o (I — 1Y)
_  ~0,0 — O —_—
= B%°+ksT (1+ln (Ho) +ln5N> /( . 44

o
ATPNIy
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where F%4 is the ideal surface free energy given by:

Hid
Foid — Z N? (“’ 2 4 kT'In ( = ) +kpT Inzy ) (3.39)

0

and IT is the ideal surface pressure given by:
=ksT» N7/A (3.40)

and m\;" is the standard-state surface chemical potential of surfactant molecules of
type N at a reference pressure, II,. Note that the reference pressure is chosen arbi-
trarily to be 1dyn/cm, since cgs units are used throughout this thesis. Note also that
the choice of the reference pressure will affect the numerical value of the standard-
state surface chemical potential, but will not affect the final predicted surface tensions
or surface concentrations and compositions.

Utilizing Eq. (3.36) for IT (with zy= 0) in Eq. (3.38) leads to the following ex-

pression for the surface chemical potential of an uncharged surfactant species:

n
ay + 2mry > &r;
o _ o,0 §N i=1
py = py +kgT'<{In| ——— | + ~ (3.41)

a— ) &a a— 3 &ay
= =

n 2
Tan (Z firi) 9
= 7+ =Y Bin&

(CY - fiaz) =1
=1

[gienwEE (5]

y=1 \i=1

+

_|_
HME

where p%° = 4%° + kgT {1 +1In(kgT/Ily)} has been introduced for convenience.

Note that for a nonionic surfactant, (:1‘{5, = 0 for all values of ¢, and therefore, the
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last term in Eq. (3.41), which results from the electrostatic charges on the surfactant
molecules, vanishes. On the other hand, for a zwitterionic surfactant, (f, # 0 for
two values of ¢, and consequently, the last term in Eq. (3.41) does not vanish. Note
also that using Eq. (3.30), along with the fact that zy= i ¢% =0 for any uncharged
surfactant species (see Eq. (3.9) with ¢ replaced by Ndijlthe last term in Eq. (3.41),
the electrostatic contribution to the surface chemical potential, can be written in a
more compact form as i eC}{’,\IJ (dy). However, a more detailed expression was used in
Eq. (3.41) to show that(f;rlldeed, Eq. (3.41) yields an expression for the surface chemical
potential in terms of the temperature, T, the monolayer area, A, and the number of
surfactant molecules of each surfactant species adsorbed in the monolayer, {7;}, along
with the various physical constants and molecularly-based surfactant parameters.
For the ionic surfactant (s), one must consider the combined chemical potential

of the electroneutral combination of the surfactant ion and its counterion (c), uZ, (see

Section 2.2.2 for a detailed derivation). Specifically,

A
0 id id

T U=l = oid _ [ (-1 .

B HE = e = B F / ( )dA (3.42)

ATPNZ,,

A
id a H_Hid
= %% +kgT (1+1n H—)-I—lnfs)—/ o (I 1) dA
I1, ons

o
AT,PNT, N

Similar to Eq. (3.41), utilizing Eq. (3.36) for IT in Eq. (3.42) leads to the following

expression for the surface chemical potential of the ionic surfactant and its counterion,
Hse:
n
as + 271'1'5 Z firi

Mgc = :u’géo + kT’ In ———é;ms—— + n = + (343)
- &ay o=y &a
=1 =1
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t “Zkslin epkkpT o + + eprkpTo

Note that the last two terms in Eq. (3.43) represent the contributions from the
Stern and the diffuse regions, respectively. In addition, note that as in Eq. (3.41), the
last three terms in Eq. (3.43) (the electrostatic contribution to the surface chemical
potential) can be written in a more compact form as i eC?V (d,). However, the more
detailed expression given in Eq. (3.43) is preferre(f :hlere to stress that it is indeed
an expression for the surface chemical potential of the charged surfactant and its
counterion in terms of the temperature, T, the monolayer area, A, and the number of

surfactant molecules adsorbed in the monolayer, {n;}, along with the various physical

constants and molecularly-based surfactant parameters.

3.2.3.5 Thermodynamic Equilibrium between the Surface and the Bulk
Phases

In general, the bulk, aqueous chemical potential of any solute (surfactant or coun-
terion) molecule of type 7, i)', can be determined using a bulk equation of state or
free energy model. For surfactant solutions below the CMC, the solute concentra-

tions are typically sufficiently dilute that the ideal solution model provides a good
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approximation. In that case,

pt = p¥? +kgTln (z;) = pi° + kgT'In (%) (3.44)

w

where 4" is the bulk standard-state chemical potential of surfactant molecules of
type ¢, and z; = n;’ / ( 271:1 ny +ny | =n /nY is the bulk aqueous mole fraction of
surfactant molecules of Zype i, nY¥ is the bulk aqueous concentration (as a number
density) of surfactant molecules of type ¢, and ny, is the bulk concentration (as a
number density) of water molecules. Note that, since the surfactant solutions are
dilute, n¥ is approximately constant and equal to the bulk concentration of pure
water. Also note that since only pre-micellar solutions are considered in this chapter,
the surfactant monomer concentration, nf;, which was used in Chapter 2, is equal to
the total surfactant concentration, n}’ used here.

For nonionic or zwitterionic surfactants (which have no net charge), thermody-
namic diffusional equilibrium requires equating the bulk chemical potential, p};, given

in Eq. (3.44), and the surface chemical potential, u%, given in Eq. (3.41). This yields:

n
ay + 2mry Y &iny

w :
kg7 In ("—fvj) = Ap} +ksT{ In ———ff:’— + !
T a— 3 & o= &a
i=1 =1

TaN (Z flrz> 5 &
=L 2o+ 2) B (3.45)

n Q 4
(Ol - §z‘ai> =1
=1

N )

Euw =1

where Apd = p3° — u¥". The quantities Apd [along with Apd, defined below in
Eq. (3.46)] are the only parameters in the theory that are not calculated by direct
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molecular modeling. Instead, Au% can be found by using a single experimental
surface tension measurement at a known total bulk surfactant concentration for each
individual surfactant species comprising the mixture, and then fitting the solution of
Egs. (3.37) and (3.45) (or Eq. (3.46) for Ap2,) to the measured surface tension value.
Specifically, one can first determine the surface pressure, Il, by measuring the surface
tension, o, using II= oy - 0. This value of the surface pressure can then be used in
Eq. (3.37) for a particular single surfactant type N to determine «, the interfacial
area per molecule. Note that, in this case, the monolayer mole fraction of surfactant
molecules of type N, &%, is unity, while the monolayer mole fractions of all the other
surfactant types, £, y, vanish since only a single surfactant type, N, is present in this
case. This value of & can then be used in Eq. (3.45) to determine Au%, (see Section
3.3 for a discussion of the recommended total bulk surfactant concentration to be
used for this surface tension measurement).

Similarly, for the ionic surfactants, equating the combined bulk chemical potential
of the surfactant (s) and its counterion (c), ¥ + p¥ = pY, using Eq. (3.44) with i
= s and ¢, and the combined surface chemical potential of the surfactant and its
counterion, pZ,, given in Eq. (3.43), yields the required thermodynamic diffusional

equilibrium condition (see Section 2.2.2 for a detailed discussion). Specifically,

n
as + 27r, E &ty
ng Ny 0 &s i=1
kgT In (—w) + kgT In (—;) = Ap,.+kgT<In = + —
" Tow a— 3 &a; a— ) &ay
=1 =1

w

2
T
Tag (;&rz) 9 n
3+ ; By&i (3.46)
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where Apl, = po® — ™0 is determined by fitting to a single surface tension value,

measured at a known bulk surfactant concentration, of an aqueous solution containing
only the ionic surfactant and counterion of interest, as described above for A% .
Note that once the values of Ay and Ap?, are determined in this manner for each
surfactant species present in the solution, no additional experimental measurements
involving the surfactant mizture are necessary.

Note that Egs. (3.45) and (3.46) represent a set of n equations, one for each of the
surfactant species present in the solution. Therefore, as will be shown in Section 3.3
for a few specific cases of interest, one can simultaneously solve this set of n equations,
along with the additional constraint that the surface mole fractions sum to unity,
that is, Zn: & = 1, to determine the n + 1 unknown quantities, a and {&,...,£,}. One
can therzlzlllse these determined values of o and {¢1,...,¢,}, along with Eq. (3.37), to

determine the surface pressure, II, and hence, the surface tension, 0 = gy — II.

3.3 Results and Discussion

3.3.1 Calculation of Molecular Parameters

The surface tension, o, surface concentration, I' = 1/, and surface composition,
{&1,-.,€n}, were predicted for: (i) aqueous solutions containing either C;;Maltoside,
CioBetaine, or SDS, (ii) aqueous solutions containing binary mixtures of C,,Malto-

side-CyBetaine and CyyBetaine-SDS, and (iii) an aqueous solution containing a tern-
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ary mixture of CjsMaltoside-CioBetaine-SDS. Note that the aqueous solution of
Ci2Maltoside-SDS was discussed in detail in Chapter 2, and therefore, will not be
discussed here. The corresponding values of the hard-disk radii, r;, hard-disk areas,
a;, second-order virial coefficients, B;; and B;;, and standard-state chemical potential
differences, Ay, are listed in Tables 3.1 and 3.2. An analysis of the sensitivity of the
theoretical predictions to the values of these parameters is presented in Appendix B.
The positions of the various charge layers, d4, corresponding to the various surfac-
tant systems examined, are listed in Table 3.3, and the corresponding charge-layer
valences, (f , are listed in Tables 3.4 and 3.5. The estimation of a; for SDS and
C12Maltoside was discussed in detail previously in Section 2.3.1. The hard-disk area
of the C;oBetaine surfactant was estimated to be 29A? using the bond lengths and
angles of the betaine head group as estimated by the Molecular Modeling Pro software
package by ChemSW.52 The second-order virial coefficients were computed using the
determined head area size as described in Ref. 12. For the dielectric constant values in
the Stern region, €g, and in the inter-charge layer regions, €4, an estimated value of 42,
suggested by Bockris and Reddy,?” which is in reasonable agreement with the exper-
imental values, has been utilized. Note that a 10% change in the values of £ and ¢4
results in a change of less than 1% in the final predicted surface tension. Accordingly,
our results are not extremely sensitive to the precise values of 5 and €4, with the
approximate value utilized here providing sufficient accuracy. For mathematical con-
venience, 4 will be replaced by g in the equations that follow since their values are
assumed to be identical. The positions of the electrostatic charges in the sulfate and
betaine heads, as well as the position of the Stern layer, measured relative to the first
carbon atom in the hydrocarbon tail group, were also calculated using the Molecular
Modeling Pro software by ChemSW.%? Note that the choice of this reference point in
the hydrocarbon tail is arbitrary, and will not effect the final predictions since the
results depend solely on the thickness of each layer, that is, on the relative positions
of the various dy’s. Specifically, for aqueous solutions containing only the zwitteri-
onic surfactant C;,Betaine, or aqueous solutions containing the binary mixture of the

nonionic surfactant Ci;Maltoside and the zwitterionic surfactant C;yBetaine, there
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are two charge layers positioned at d;=1.5Aand d;=3.9Acorresponding to the positive
and negative charges on the dipolar Betaine head, respectively (see Table 3.3). Recall
that there are no Stern or diffuse regions in this case since the surfactant molecules
considered have no net charge. For aqueous solutions containing a binary surfactant
mixture of CyoBetaine and the ionic surfactant SDS, there are three charge layers posi-
tioned at d;=1.5A, d,=2.3A, and d3=3.9AcorreSp0nding to the positive charge on the
betaine head, the negative charge on the sulfate head, and the negative charge on the
betaine head, respectively, as well as a Stern layer positioned at dg=7.8A. For aque-
ous solutions containing a ternary surfactant mixture of CjoMaltoside, C;,Betaine,
and SDS, the positions of the three charge layers and the Stern layer are the same as
in the previous case (see Table 3.3).

As indicated in Section 3.2.3.5, the standard-state chemical potential differences,
Ap?, were calculated by fitting one measured surface tension value for each single
surfactant solution considered. The bulk surfactant concentrations, n}¥, chosen for this
fit are 1.7 x 1078 mol/cm? for Cy;Maltoside, 6.7 x 10~ "mol/cm?® for C,Betaine, and
5.4 x 107%mol/cm? for SDS. Since the theoretically predicted surface tensions were
found to be in good agreement with the experimentally measured surface tensions
(see below), the precise choice of n} for the fit is quite arbitrary and does not greatly
affect the theoretical predictions. However, in general, one should avoid extremely
low surfactant concentrations, where the percent uncertainty in the surface pressure

measurement is large due to the low value of the surface pressure.

3.3.2 Comparison with Experimental Surface Tension and

Adsorption Measurements

Experimentally measured surface tensions and surface concentrations and compo-
sitions (measured directly using neutron scattering) were reported for the aqueous
solutions listed above in Section 3.3.1. All the reported measurements were con-
ducted at 25°C, except for the monolayer composition measurements of the ternary

surfactant solution, which were performed at 40°C.52:56:63
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Table 3.1: Values of the hard-disk areas, a;, second-order virial coefficients, B;;, and
standard-state chemical potential differences, Au?, corresponding to the three surfac-

tants Ci;Maltoside, Ci,Betaine, and SDS.

Surfactant i | a; (A?) | By (A?) | Apd (kgT)

CioMaltoside 32 -157 -48.6

Ci2Betaine 29 -222 -48.1
SDS 25 -367 -59.0

Table 3.2: Values of the second-order virial coeflicients, B;;, for the three binary

combinations corresponding to the three surfactants C,;Maltoside, C;;Betaine, and

SDS.
Surfactant Pair Bi; (A?)
Ci2Maltoside—C,Betaine -185
Ci2Maltoside-SDS -225
Ci2Betaine-SDS -294

Table 3.3: Values of the charge layer positions, dg, and the Stern layer position, dg,

corresponding to the various surfactant systems considered.

Surfactant Pair dy (A) | dy (A) | d3 (A) | ds (A)
CisMaltoside—C;,Betaine 1.5 3.9 - -
C2Maltoside—C;,Betaine-SDS 1.5 2.3 3.9 7.8
C12Betaine-SDS 1.5 2.3 3.9 7.8
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Table 3.4: Values of the charge layer valences, Cf’ , representing the valence of the
charges of surfactant molecules of type ¢ positioned at layer ¢, for an aqueous single
surfactant solution of CjyBetaine (b), or for an aqueous binary surfactant mixture of

Ci2Maltoside (m)-CioBetaine (b).

Layer (¢) | ¢2 | ¢
1 0| +1
1 0 -1

Table 3.5: Values of the charge layer valences, Cf , representing the valence of the
charges of surfactant molecules of type ¢ positioned at layer ¢, for an aqueous binary
surfactant mixture of CioBetaine (b)-SDS (s), or for an aqueous ternary surfactant

mixture of CjoMaltoside (m)-CioBetaine (4)-SDS (s).

Layer (¢) | ¢2 | ¢ | ¢?

1 0 |+1|0
2 00 |-1
3 0]-11]0
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The predicted surface tensions of aqueous solutions containing only SDS or C,-
Maltoside were reported previously in Chapter 2, and are shown here again in Figure
3-2 for comparison purposes. For CisBetaine (b), the monolayer area per molecule,
a, for a given bulk concentration, n}, is found by solving Eq. (3.45) for a. For this
single zwitterionic surfactant, N = b, L = 2, & = 1, and Eq. (3.45) reduces to:

w 1 2
@Tm(@) :‘m£+@T{m( )+ R 2+2&ﬂ
nw a — ap @ — ap (a—ab) «

w

47e?

EsQ

+ (dp—dy) (3.47)

Once « is known, the surface tension, o, can be determined by calculating II using
Eq. (3.37). Recall that the last two terms in Eq. (3.37) vanish since there are no Stern

or diffuse regions in this case. Specifically,

1 a B 2me?
i “}— (dy—dy)  (3.48)

O"—‘UO—HZGO—](BT{ + o2

a — Qy (a — ab)2 ? s

Figure 3-2 shows both the predicted (lines) and experimentally measured (various
symbols) values of the surface tension, o, as a function of bulk surfactant concentra-
tion, nY, where i= m, b, or s, for single surfactant aqueous solutions of C;sMaltoside
(A), C1oBetaine (W), and SDS (®) below the CMC. The quoted experimental error in
these and the other surface tension values reported here is less than 0.1dyn/cm. In all
three cases, the theoretical predictions are in good agreement with the experimental
results.

For aqueous solutions containing the binary surfactant mixture of C;oMaltoside
(m) and Cj,Betaine (b), the monolayer area per molecule, o, and composition, &,
and &, for given total bulk surfactant concentration, n}}, = n,), + n}, can be found
by simultaneously solving the set of two equations given in Eq. (3.45), along with the
constraint that &, + & = 1. For this binary surfactant mixture, : = m and b, L = 2,

N = m [for Eq. (3.49)] and N = b [for Eq. (3.50)], and therefore, Eq. (3.45) reduces
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Figure 3-2: Predicted (various lines) and measured (various symbols) surface tensions,
o, as a function of the bulk surfactant concentration, n}’, of single surfactant aqueous
solutions of Cj2Maltoside (A), C12Betaine (W), and SDS (®) at 25°C. The reported

experimental uncertainty in the surface tension values is within 0.1 dyn/cm.
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to the following two equations:

kgT In <Eﬂ) — Aﬂgz + kgT {ln ( Em ) i am + 271, (51,1‘[, -I-fml‘m)
ny S fbab = Emam a - fbab - fmam

w

2
L Tam (n + fmrm)2 n 2 (£Bomty + Em Bmm)} (3.49)

(a - é.bab - gmam)

and

kg7 In (%) = Aug + kgT {ln ( gb ) n ap + 27ry, ({;‘brb + fml'm)

a— gbab - gmam a— fbab - Emam

w

2
R

471'6251,

+ (d2—dy) —

Once a, &,, and &, are known, the surface tension, o, can be determined by
calculating IT using Eq. (3.37). Note that as in the previous case, there are no Stern

or diffuse regions. Specifically,

1 + ™ (‘Ebrb + €mam)2

a— gbab - §mam (a — Ebab — §mam)2 (351)

c=09-—1I1 = ao—kBT{

g}?Bbb + 2€b£mme + §72anm } . 27“325(?
a?

Figure 3-3 shows both the predicted (lines) and experimentally measured (various
symbols) values of the surface tension, o, as a function of the total bulk surfac-

n
tant concentration, nj,, = > n}', for an aqueous binary surfactant mixture of 50%
1=1
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Figure 3-3: Predicted (various lines) and measured (various symbols) surface tensions,
o, as a function of the total bulk surfactant concentration, n,) +n}’, of aqueous solu-
tions containing a binary surfactant mixture of 50% C;,Maltoside and 50% C;,Betaine
(®) at 25°C. Also shown for comparison are the surface tensions of single surfactant
aqueous solutions of CyyMaltoside (A) and CjoBetaine (W) at 25°C. The reported

experimental uncertainty in the surface tension values is within 0.1 dyn/cm.
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Figure 3-4: Predicted (solid line) and measured (®) monolayer compositions,
&Cyy Betaine, as well as predicted (dashed line) and measured (M) total monolayer con-
centrations, I, as a function of the surface pressure, II, of aqueous solutions containing

a binary surfactant mixture of 50% CisMaltoside and 50% Cj,Betaine at 25°C.
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Ci2Maltoside and 50% Ci2Betaine (®). For comparison purposes, the surface ten-
sion curves of aqueous solutions of the two single surfactants, Ci;;Maltoside (A) and
CioBetaine (B), are also shown in Figure 3-3. Figure 3-4 shows both the predicted
(solid line) and experimentally measured value (®) of the monolayer composition, &,
as well as the predicted (dashed line) and experimentally measured value (B) of the
total monolayer concentration, I' = 1/« as a function of the surface pressure, II, for
an aqueous binary surfactant mixture of 50% C;,Maltoside and 50% Ci,Betaine. The
predicted values of the surface tension and both the monolayer composition and con-
centration are in reasonable agreement with the experimental results. As discussed
in Section 3.1, the mixture of C;osMaltoside and Ci;Betaine shows little synergism,
as is evidenced by the fact that the surface tension curve of the mixed surfactant so-
lution lies between those of the two single surfactant solutions. Note that our theory
successfully predicts this lack of synergism since both the surface tension and mono-
layer concentration and composition predictions are in reasonable agreement with
the experimental results. Note that, for clarity, only one bulk solution composition is
shown, since the agreement between theory and experiment was found to be similar
for other bulk solution compositions.

For aqueous solutions containing the binary surfactant mixture of SDS (s) and
CioBetaine (b), the monolayer area per molecule, o, and composition, & and &, for
given bulk surfactant concentrations, nj and ny, can be found by simultaneously
solving the set of two equations given in Egs. (3.45) and (3.46), along with the con-
straint that & + & = 1. For this binary surfactant mixture, i« = b and s, N = b,

L = 3, and Egs. (3.45) and (3.46) reduce to the following two equations:

ny fb ap + 271y (/;’brb + fsrs)
kgTln (-~ ) = Al +kgT <1
P n<”3vv) Hy T X8 {n(a*fbab—fsa) * o — Gay — &8,

2
T
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47re?

E5Qx

+ {&6(d3 ~—di) — & (ds —da)}

W o — é.ba'b - gsas

ksT'In (f’—;) + ksT'ln (Z—w) = Apl, + kT {ln ( & ) (3.53)

as + 2mrs (&rp + &) Tas (Epry + £3r3)2 2
+ + — sBss + Bs
a—&ay—&as (o —&ay —&a,) o (€ &Be)
47e?
+ {&s (ds — d2) — & (d3 — da)}
Es0
—2me?¢, —2me2&, \ 2
_ et Ss 1 4t Ss
2kpT'ln epkkgTa + \/ + (stckBTa)

Once a, &, and &, are known, the surface tension, o, can be determined from the

surface pressure, I, using Eq. (3.37) as follows:

1 + 7 (&pry + fsl‘s)2

0 0B {a—&,ab—fsas (a-fbab—ﬁsas)z

(3.54)

[?Bbb + 2§b§sts + 5?388 }
052

2me?

{€2(ds — d2) + & (d3 — dy) — 26,&, (ds — do) } +

gs0?
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Figure 3-5 shows both the predicted (lines) and experimentally measured (various
symbols) values of the surface tension, o, as a function of the total bulk surfactant
concentration for an aqueous binary surfactant mixture of 50% Ci,Betaine and 50%
SDS (A). For comparison purposes, the surface tension curves of the two single
surfactant aqueous solutions, C;2Betaine (H) and SDS (®), are also shown in Figure
3-5. Figure 3-6 shows both the predicted (solid line) and experimentally measured
values (®) of the monolayer composition, &;, as well as the predicted (dashed line) and
experimentally measured values () of the total monolayer concentration, I = 1/q,
as a function of the surface pressure, I, for an aqueous binary surfactant mixture of
50% CipBetaine and 50% SDS. The predicted values of the surface tension as well
as of the monolayer composition and concentration are in reasonable agreement with
the experimental results. As discussed in Section 3.1, the mixture of C;yBetaine
and SDS shows significant synergism,% as is clearly reflected in Figure 3-5 by the
fact that the surface tension curve of the mixed surfactant solution lies to the left
of the surface tension curve of the two single surfactant solutions. Note that our
theory successfully quantitatively predicts this strong synergism since both the surface
tension and monolayer concentration and composition predictions are in reasonable
agreement with the experimental results.

For aqueous solutions containing a ternary surfactant mixture of C;oMaltoside
(m), CiyBetaine (b), and SDS (s), the monolayer area per molecule, c, and compo-
sition, &, &, and &, for given total bulk surfactant concentrations, n), ny’, and n?,
can be found by simultaneously solving the set of three equations given in Egs. (3.45)
and (3.46), along with the constraint that &, +&,+&; = 1. For this ternary surfactant
mixture, ¢ = m, b, and s, L = 3, N = m [for Eq. (3.55)] and N = b [for Eq. (3.56)],
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Figure 3-5: Predicted (various lines) and measured (various symbols) surface tensions,
o, as a function of the total bulk surfactant concentration, n}’ + n}, of aqueous
solutions containing a binary surfactant mixture of 50% C;sBetaine and 50% SDS
(A) at 25°C. Also shown for comparison are the surface tensions of single surfactant
aqueous solutions of Ci,Betaine (H) and SDS (®) at 25°C. The reported experimental

uncertainty in the surface tension values is within 0.1 dyn/cm.
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Figure 3-6: Predicted (solid line) and measured (®) monolayer compositions, £sps,
as well as predicted (dashed line) and measured (M) total monolayer concentrations,
I', as a function of the surface pressure, II, of aqueous solutions containing a binary

surfactant mixture of 50% C;,Betaine and 50% SDS at 25°C.
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and Egs. (3.45) and (3.46) reduce to the following three equations:

kgT In (%) = Apd +kpT {ln < m ) (3.55)

ng a— Enam — Eap — &sas

am + 27Ty, (fmrm + fbrb + fsrs) Tam (gmrm + €brb + §srs)2
o — gmam - gbab - gsas (CY - §mam - fbab - §sas)2

+ % (&nBmm + & Bem + fsBsm)}

kg7 In (Z—Q) = App) +kgT {m ( & ) (3.56)

W o — fmam - fbab - €sas

ap + 271y (Emlm + &Iy + E,T) L (Emtm + &1 + &,1,)°

+ a — fmam - gba'b - fsas (Ol - §ma*m - €bab - 5533)2

47e?

€5

+ % (gmme + €bBbb + fsBsb) } + {{b (d3 - dl) - és (d3 - d2)}

and

w

ny n £
kgTIn | = kgTln [ < ) = AL T s
. tn (n$> - BT ! (nvvg) A:U'sc " kB {ln (CM - £mam - €bab - §sas>

as + 27'('1'3 (§mrm + fbrb + fsrs) + Tag (§mrm + é_brb + 55r3)2
@ — Emam — &pap — Esag (@ = &nam — Gap — 5333)2
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+ 6_21- (gmBms + §bBbs + fsBss)} + {gs (ds - d2) - §b (d3 - d2)}

—2me?¢, —2me2€, \ 2
— 2kgTIn ETWB—T—G’ + \/1 + (m) (3.57)

Once «, &, &, and &, are known, the surface tension, o, can be determined from

the surface pressure, II, using Eq. (3.37) as follows:

1 + 7!' (fmrm + &Iy + §3r3)2

—ga—11 = — kgT
o =0y oo B {a —Emam — 6@ — &8s (0 = Epam — Eap — £a5)°

+ éganm + f(?Bbb + §§Bss + 2§m§meb + 2§m§sBms + 2§b€sts }
a,2
2me? | )
- {8 (- ) + & (ds — i) — 266 (ds — )}

_ (fi_“) (kieT.)z [\/1-}— (EDZ—ZEZ%)? -1 (3.58)

Figure 3-7 shows both the predicted (line) and experimentally measured (®) val-
ues of the surface tension, o, as a function of the total bulk surfactant concentration
for an aqueous ternary surfactant mixture of 50% Cy;Betaine, 25% C,;Maltoside, and
25% SDS. Figure 3-8 shows both the predicted (solid columns) and experimentally
measured (striped columns) values of the monolayer composition, &, &, and &;, at
the solution CMC (n}, = 2 x 10~"mol/cm?) for an aqueous ternary surfactant mix-
ture of 50% Ci,Betaine, 25% CisMaltoside, and 25% SDS. The predicted values of

the surface tension and of the monolayer composition are in reasonable agreement
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Figure 3-7: Predicted (line) and measured (®) surface tensions, o, as a function of the
total bulk surfactant concentration, n,, 4+ ny 4+ ny, of an aqueous solution containing
a ternary surfactant mixture of 25% CoMaltoside, 50% Cq,Betaine, and 25% SDS at
25°C. The reported experimental uncertainty in the surface tension values is within

0.1 dyn/cm.
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Figure 3-8: Predicted (solid) and measured (striped) monolayer composition,
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with the experimental results. Note that, as discussed in Section 3.1, for all the
binary and ternary surfactant mixtures examined, no additional experimentally de-
termined parameters are required in order to make predictions of the surface tension
and surface concentration and composition, apart from the standard-state chemical
potential differences of each single surfactant, Ay, which were determined from a

single surface tension measurement of each single surfactant solution.

3.4 Conclusions

A theoretical framework has been presented to predict the surface tension and mono-
layer concentration and composition at the air-solution interface for aqueous solutions
containing mixtures of nonionic, ionic, and zwitterionic surfactants, with the central
theme of this chapter being the rigorous treatment of electrostatic effects associated
with the adsorption of zwitterionic surfactants at the interface. Good agreement was
found between the theoretical predictions and the experimentally measured surface
tensions and monolayer compositions for aqueous solutions containing binary sur-
factant mixtures of CjoMaltoside-CyoBetaine, which exhibit a relatively small extent
of synergism, and Ci,Betaine-SDS, which exhibit a relatively large extent of syner-
gism. Good agreement was also found between the theoretical predictions and the
experimentally measured surface tensions and monolayer compositions for aqueous
solutions containing the ternary surfactant mixture of C;sMaltoside-C;sBetaine-SDS,
thus demonstrating that a notable advantage of the theoretical formulation presented
in this chapter is that it can be readily extended to multi-component mixtures, with-
out requiring any additional experimentally-determined parameters.

The theory presented in this chapter utilizes a molecularly-based surface equation
of state developed in the context of a nonideal, two-dimensional adsorbed gas model.
Nonideal interactions that are accounted for include: (i) steric, excluded-area interac-
tions between the adsorbed surfactant molecules treated as hard-disks, (ii) attractive,
van der Waals interactions between the surfactant tails that are incorporated through

a virial expansion truncated at second order in surfactant surface concentration, and
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(iii) electrostatic interactions in the case of ionic or zwitterionic surfactants, which
are treated using a Gouy-Chapman based model. However, instead of the traditional
electrostatic double layer consisting of a single two-dimensional charge layer at the
interface and a diffuse region in the aqueous phase near the interface, the theory
presented here allows for the presence of multiple two-dimensional charge layers at
the interface, as well as for a Stern region where steric repulsions exclude the ions
present in the diffuse region. By allowing for multiple two-dimensional charge layers,
the theory was extended to treat electrostatic effects in solutions that contain zwit-
terionic surfactants, either as a single species, or when mixed with ionic or nonionic
surfactants.

All the parameters appearing in the surface equation of state for the mixed sur-
factant monolayer can be estimated from the known molecular characteristics of the
surfactants. These molecular characteristics include the cross-sectional areas of the
surfactant molecules, the valence and position of each of the charged groups in the
surfactant head, the distance of closest approach between an adsorbed ionic surfactant
and its counterion, and the second-order virial coefficients, which can be calculated
from the number of carbons in the surfactant hydrocarbon tails and the surfactant
cross-sectional areas. The resulting surface equation of state can be combined with
a description of the bulk surfactant solution chemical potential, including a single
experimentally-determined parameter, the difference in the standard-state chemical
potential of a surfactant molecule at the surface and in the bulk solution, for each
single surfactant species present in the mixture, to predict the surface tension and
monolayer concentration and composition. In contrast with other ezisting theories for
miztures of surfactants at interfaces, there are no mizture-dependent experimentally-
fitted, empirical parameters in the mizture surface equation of state presented in this
chapter. This can significantly reduce the amount of experimentation that would be
necessary to predict the interfacial behavior of mixed surfactant solutions.

In the next chapter, the theory developed in Chapter 2 is extended to model the

adsorption of mixtures of surfactants at the oil-water interface.
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Chapter 4

Theoretical and Experimental
Investigation of the Equilibrium
Oil-Water Interfacial Tensions of
Solutions Containing Surfactant

Mixtures

4.1 Introduction

As discussed in Chapter 1, surfactant adsorption at the oil-water interface, along with
the resulting lowering of the interfacial tension, plays a central role in controlling the
desired interfacial properties in many practical applications involving surfactants.
As a result, a molecular-based theory capable of predicting the oil-water interfacial
behavior of solutions containing surfactant mixtures would be valuable for the design
and optimization of surfactant systems exhibiting desirable interfacial properties, and
would also help alleviate the need for costly and time consuming trial-and-error type
experimentation.

There have been a number of recent theoretical and experimental investigations
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of the equilibrium adsorption of surfactants at an oil-water interface. The Langmuir
adsorption model is most commonly utilized to describe the equilibrium adsorption of
nonionic surfactant molecules at the oil-water interface in the case of single surfactant
solutions,’"! with the addition of a Gouy-Chapman based treatment of electrostatic
effects in the case of ionic surfactants.?®3%16.72 Recent modifications to the Langmuir
adsorption model include the treatment of molecular reorientation at the interface as

64,7375 and accounting for possible clustering

the interfacial concentration increases,
of the adsorbed surfactant molecules.”® Furthermore, the Langmuir adsorption model
has been extended to treat binary surfactant mixtures, either by assuming no inter-

77-79

actions between the different adsorbed surfactant molecules, or through the use

of a Regular Solution Theory (RST) based approach to treat these interactions.%9-80:81
Note that, for a single surfactant solution, the Langmuir adsorption model requires
two experimentally determined parameters, while the modified forms of this model
all require three or more such parameters. In addition, the use of RST in the case
of multicomponent surfactant mixtures requires introducing an additional parameter,
for each surfactant pair considered, which is determined from experiments performed
on that binary surfactant mixture.

In addition to the adsorption of surfactants at the oil-water interface, which can
be described by an adsorption model of the type discussed above, one must also
consider the equilibrium partitioning of surfactant molecules between the bulk oil
phase and the bulk aqueous phase.%® For dilute surfactant solutions below the critical
micelle concentration (CMC), the bulk oil and bulk aqueous phases are commonly
modeled as ideal solutions, leading to a constant ratio of the surfactant concentrations
in the oil and aqueous phases (referred to as the surfactant partition coefficient, see
Section 4.2.2.2 for more a more detailed description).66:67,69-71,82-84 Ngte that CMC
refers here to the surfactant concentration beyond which the surfactant molecules
begin to aggregate (as micelles, swollen micelles, reverse micelles, or swollen reverse
micelles) in either the aqueous or the oil phase. Since the surfactant concentrations
in both bulk phases are typically very low, it is often difficult (although not impos-

sible) to directly measure these concentrations to determine the surfactant partition
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coefficient.%® In addition to directly measuring the surfactant partition coefficient by
measuring the surfactant concentrations in each bulk phase,®® Ref. 66 shows that the
surfactant partition coefficient can be determined by combining air-water surface ten-
sion measurements with oil-water interfacial tension measurements. Moreover, Ref.
70 describes a method to determine the surfactant partition coeflicient by utilizing
dynamic interfacial tension measurements, along with a detailed model describing the
dynamic surfactant adsorption. In addition, Refs. 83 and 86 show that the surfac-
tant partition coefficient can be deduced by determining the CMC through the use
of oil-water interfacial tension measurements, along with an alternative method for
determining the CMC (for example, through the measurement of air-water surface
tensions), under the assumption that the presence of the oil phase has a negligible
effect on the CMC. It should also be noted that in some cases (including those dis-
cussed in this chapter), where the surfactant molecules exhibit extreme partitioning
into one of the two bulk phases, the actual determination of the surfactant partition
coefficient becomes unnecessary.%®

The theory presented in this chapter and in Ref. 87 to predict the interfacial
behavior of surfactant mixtures adsorbed at the oil-water interface is based on the
molecular-thermodynamic framework that was presented in Chapters 2 and 3 to pre-
dict the interfacial behavior of surfactant mixtures adsorbed at the air-water inter-
face.'?888% This theoretical framework models the adsorbed surfactant molecules as
a two-dimensional, nonideal gas-like monolayer of hard disks, interacting through
both attractive van der Waals interactions originating from the surfactant alkyl tails,
as well as through electrostatic interactions, originating from charges present in the
surfactant polar heads. More specifically, electrostatic effects are incorporated as
an additive contribution to the surface pressure, which is calculated using a Gouy-
Chapman based description of the diffuse layer, including a Stern layer of counterion
steric exclusion.®? The main difference between the air-water interface case consid-
ered in Chapters 2 and 3 and the oil-water interface case considered in this chapter,
is in the magnitude of the attractive van der Waals interactions operating between

the surfactant alkyl tails of the adsorbed surfactant molecules in each case. Specifi-
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cally, in the case of surfactants consisting of linear alkyl tails interacting through an
intervening linear alkane oil phase considered here, the attractive van der Waals inter-
actions between the surfactant alkyl tails are negligible.’®°! On the other hand, when
the intervening medium is air, the van der Waals attractions between the surfactant
alkyl tails are not negligible, and were modeled using a virial expansion in surfactant
surface concentration truncated at quadratic order, with the resulting second-order
virial coeflicients computed molecularly.'?® However, the values of the other sur-
factant molecular parameters, which include the molecular cross-sectional area and
the valence and location of any electrostatic charges present in the surfactant polar
head, are the same as those used in the air-water interface case. As a result, one can
utilize the same theoretical framework to predict both the air-water and the oil-water
interfacial tensions.

In addition to the surfactant molecular parameters discussed above (see Section
4.2 for more details), the theory presented in this chapter also requires, for each
surfactant component considered, knowledge of the standard-state chemical poten-
tial difference corresponding to a surfactant molecule adsorbed at the interface and
present in either the bulk aqueous phase or the bulk oil phase, along with the oil-water
surfactant partition coefficient. This standard-state chemical potential difference can
be determined from a single interfacial tension measurement, at a known bulk sur-
factant concentration, for each single surfactant solution. As discussed in detail in
Section 4.2, the surfactant partition coefficient is not needed when the surfactant
molecules exhibit extreme partitioning into one of the two bulk phases. Furthermore,
in those cases when the surfactant partition coefficient is needed, a new method is
proposed to determine its value by conducting two interfacial tension measurements
on the single surfactant solutions at two different oil-water volume ratios.

Once the required surfactant parameters have been determined, the theoretical
framework presented here can be utilized to predict the interfacial tension and the
interfacial concentration and composition as a function of the total bulk surfactant
concentration and composition as well as of the oil-water volume ratio (that is, the

total amount of each surfactant component in the mixture, and the volumes of the

142



aqueous phase and the oil phase) for a solution containing any number of surfactant
components below the CMC, without the need to conduct any additional measurements
on the mized surfactant solutions.

Although many experimental measurements of oil-water interfacial tensions of sin-
gle surfactant solutions have been reported, the number of reported interfacial tension
measurements for mixed surfactant solutions is quite limited.6%79-8192 Therefore, in
this chapter, the results of oil-water interfacial tension measurements of single as well
as of mixed surfactant solutions are presented. Specifically, solutions of: (i) the non-
ionic surfactant dodecyl hexa(ethylene oxide) (Ci2Es), (ii) the ionic surfactant sodium
dodecyl sulfate (SDS), and (iii) binary mixtures of C2E¢ and SDS are considered.
The two surfactants, CioEg and SDS, were selected to test the theory developed in
this chapter for the oil-water interface case because these same surfactants were used
to test the theory for the air-water interface case. Specifically, in Chapter 2, it was
shown that the theory can successfully predict the surface tensions of these surfac-
tants and their mixtures. Accordingly, if using the same molecular parameter values
for C12Eg and SDS as those utilized in Chapter 2, the theory can successfully predict
the oil-water interfacial tensions of these two surfactants and their binary mixtures,
this will provide additional support for the range of validity and applicability of the
theory. To further test the theory presented here, the interfacial tension predictions
are compared with the reported experimental hexadecane-water interfacial tensions
of binary mixtures of the nonionic surfactants dodecyl di(ethylene oxide) (C;2E;) and
dodecyl octa(ethylene oxide) (CioEg).6

The remainder of the chapter is organized as follows. The theory of surfactant
adsorption at the oil-water interface, including a description of the equilibrium distri-
bution of the surfactant molecules among the interface, the oil phase, and the aqueous
phase, as well as the determination of surfactant partition coefficients, is presented
in Section 4.2. A description of the experimental technique used to carry out the
interfacial tension measurements is presented in Section 4.3. In Section 4.4, the re-
sults of the experimental interfacial tension measurements, along with the results of

interfacial tension measurements reported in the literature, are compared with the
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interfacial tensions predictions of the theory described in Section 4.2. Finally, con-

cluding remarks are presented in Section 4.5.

4.2 Theory

4.2.1 Surface Equation of State

An expression for the surface equation of state can be obtained by assuming that the
electrostatic interactions associated with any charged surfactant molecules present at
the interface form an additive contribution to the surface pressure. Specifically, the
total surface pressure, Il = o¢ — o (where o is the interfacial tension of the surfactant
solution, and oy is the interfacial tension between pure oil and water), can be written

as follows:90:88

II = IInt + l—Ielec (41)

where IlIy; is the contribution to the surface pressure resulting from all non-electro-
static interactions, and Ilge. is the contribution to the surface pressure arising from
the electrostatic interactions (see Chapter 2). For the non-electrostatic contribution
to the surface pressure, it is assumed that the adsorbed surfactant molecules form
a two-dimensional, nonideal gas-like monolayer of hard disks. The radius, r;, and
the cross-sectional area, a; = 712, of each surfactant component z in the mixture can
be determined from the known chemical structure of that surfactant (see Chapter
2).12:8889 Furthermore, as discussed in Section 4.1, it is assumed that any attractive
van der Waals interactions between the surfactant alkyl tails adsorbed at the oil-water
interface are negligible. This approximation is reasonable when the oil phase has a
chemical composition similar to that of the surfactant tails (this is, indeed, the case
for the surfactant tails and oils considered in this chapter, which consist of linear
alkane chains), but may not be appropriate in cases where the surfactant tails and
the oils considered have dissimilar chemical compositions (for example, when the oil
phase consists of a highly unsaturated hydrocarbon and the surfactant tails consist of

a saturated hydrocarbon). In the latter case, the van der Waals attractions between
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the surfactant tails through the intervening oil phase need to be accounted for (for
example, by generalizing the approach presented in Ref. 12 for the air case). The

nonionic contribution to the surface pressure can then be written as follows:!2

) ( ) )2
Pi ™ F,;I'i
_ =1 1;
g = kT - +

n 2
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= i=1

1=1

(4.2)

where kg is the Boltzmann constant, T' is the absolute temperature, r;, and a; are
the radius and the cross-sectional area of the adsorbed surfactant molecules of type i,
respectively, I'; is the interfacial concentration of surfactant molecules of type ¢, and
n is the number of surfactant components comprising the mixture.

The electrostatic contribution to the surface pressure, Ilcec, can be estimated by
making the following assumptions. First, the charge at the interface can be smeared
into a single, uniform, two-dimensional charge layer in the case of a single ionic
surfactant (see Chapter 2),% or into multiple, parallel, two-dimensional charge layers
in the case of mixtures containing ionic and zwitterionic surfactants (see Chapter
3).89 Secondly, it is assumed that the surfactant ions and the counterions are present
exclusively within the aqueous phase (that is, that they are completely insoluble in
the nonpolar oil phase). This assumption will be discussed further in Section 4.2.2.4,
and will be substantiated in Section 4.4. Third, it is also assumed that the charges
associated with the surfactant ions and the counterions which are dispersed in the
bulk aqueous phase can similarly be smeared into a uniform, three-dimensional charge
density which varies with the distance from the two-dimensional, planar interface
(forming the so called “diffuse region”). Fourthly, it is assumed that the ions are
completely dissociated, and interact within the diffuse region in a medium having
uniform dielectric constant. Finally, a Stern layer is also included in the electrostatic
description, that is, a distance of closest approach of the counterions, between the
adsorbed surfactant molecules and the diffuse region, and assume a different, uniform
dielectric constant within the Stern layer (see Chapters 2 and 3 for a more detailed

discussion of these assumptions). Implementing these assumptions, the electrostatic
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contribution to the surface pressure is given by:®
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where ¢ is the dielectric constant in the diffuse region (for which the value corre-
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(4.3)

! is the Debye-Hiickel screening length, e

sponding to pure water, 78, was used), Kk~
is the charge of a proton, z; is the valence of the surfactant molecules of type 7, d
is the Stern-layer thickness (which can be determined from the chemical structures
of the surfactant and the counterion),® and ¢, is the dielectric constant in the Stern
layer (for which a value of 42 was used, see Chapter 2). Note that Eq. (4.3) is written
for the case of a single charge layer (that is, all the charge at the interface resides
in the same two-dimensional plane), which corresponds to the adsorption of a single
ionic surfactant component and any number of nonionic surfactant components, since
this is the relevant case for the surfactants considered in this chapter. In the case
of mixtures containing ionic and zwitterionic surfactants, the full expression for ITge.
given by Eq. (3.35) in Chapter 3 should be utilized instead of Eq. (4.3).

Finally, using Eqgs. (4.2) and (4.3) in Eq. (4.1), along with the definition of the

surface pressure, the following expression for the surface equation of state is obtained:
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4.2.2 Adsorption Equilibrium

4.2.2.1 Equilibrium Among the Interface and the Two Bulk Phases for

Nonionic Surfactants

Equation (4.4) relates the interfacial tension, o, to the surface concentration, I,
of each surfactant component ¢ present in the mixture. In order to compute the
dependence of the interfacial tension on the total bulk surfactant concentration and
composition of the surfactant mixture, at a given temperature and pressure, it is
necessary to first relate the surface concentration, I';, to the total bulk surfactant
concentration and composition of the surfactant mixture (the actual experimentally-
controlled variables). For this purpose, one must consider the diffusional equilibrium
of each surfactant component ¢ among three coexisting phases: the aqueous phase,
the oil phase, and the interfacial phase. In this section, only nonionic surfactants
are considered, and ¢onic surfactants are discussed in Section 4.2.2.4. The diffusional
equilibrium condition can be satisfied by equating the chemical potentials of each
surfactant component ¢ in each of the three coexisting phases, following the approach
of Chapters 2 and 3. Specifically, the interfacial chemical potential of surfactant

molecules of type i, u?, is given by:!2
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where u;”o is the standard-state chemical potential of surfactant molecules of type ¢

adsorbed at the interface.
Since the bulk surfactant concentrations are dilute in the pre-micellar solutions

considered here, the chemical potentials of the surfactant molecules in the bulk aque-
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ous and oil phases can be modeled quite accurately using the ideal-solution approx-
imation. Specifically, the chemical potential of surfactant molecules of type 7 in the

aqueous phase, uY¥, can be written as follows:

w¥ =1 + kTln (Z—w) (4.6)

w

where £ is the standard-state chemical potential of surfactant molecules of type
i in the aqueous phase, n)’ is the concentration (as a number density) of surfactant
molecules of type 7 in the aqueous phase, and n) is the concentration (as a number
density) of water (and therefore, nY¥ /nY is approximately equal to the mole fraction of
surfactant molecules of type ¢ in the aqueous phase). Note that, since the surfactant
concentration is dilute, ny, is approximately constant and equal to the molar density
of pure water given by n¥ = p, /MW, (where p, and MW,, are the density and
molecular weight of water, respectively).

Similarly, the chemical potential of surfactant molecules of type 7 in the oil phase,

(9, can be written as follows:

o_ ,00 n?
W, = K + kBT In - (47)
n

(o]

where u;”o is the standard-state chemical potential of surfactant molecules of type 7 in
the oil phase, ng is the concentration (as a number density) of surfactant molecules of
type ¢ in the oil phase, and n? is the concentration (as a number density) of oil (and
therefore, n?/n? is approximately equal to the mole fraction of surfactant molecules
of type 7 in the oil phase). Note again that, since the surfactant concentration in the
oil phase is dilute, nJ is approximately constant and equal to the molar density of
pure oil given by n® = p,/ MW, (where p, and MW, are the density and molecular
weight of the oil, respectively).

Note, however, that the surfactant concentrations in the bulk aqueous and oil
phases, n}' and n?, respectively, are not known a priori. Instead, the total number of

surfactant molecules of type ¢ in the system, N;, along with the volumes of the aqueous
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phase, V'V and of the oil phase, V°, are known. Since the surfactant molecules of
type ¢ are in diffusional equilibrium between the aqueous phase and the oil phase, it
follows that:

wo= (4.8)

which, through the use of Egs. (4.6) and (4.7), yields:

n? _ (e w = _
i (n“’) exp ( T = K,, (4.9)

where K, is the oil-water partition coeflicient of surfactant molecules of type ¢, a
quantity that will be discussed in more detail in Section 4.2.2.2. As discussed in
Section 4.1, when the surfactant molecules partition extremely into either the aqueous
phase or the oil phase (a condition which is satisfied by the surfactants considered
in this chapter, see Section 4.4), the values of n} (or n?) are approximately equal to
N;/V¥ (or N;/V°), and therefore, knowledge of K, is not required in those cases.
On the other hand, when K, needs to be determined in order to calculate n} (or
n?), a new procedure for determining K, involving the measurement of interfacial
tensions, will be presented in Section 4.2.2.2.

Using Eq. (4.9), along with the requirement that the total number of surfactant
molecules of type ¢ in the two-phase system, NV;, satisfies V; = n¥V™V 4+ n?V°, the

concentration of surfactant molecules of type 7 in the aqueous phase, n}’, can be

N, o -
= (1 (D)) 10

Note that in deriving Eq. (4.10), it was assumed that the number of surfactant

written as follows:

molecules adsorbed at the interface is negligible compared to the total number of
surfactant molecules (that is, that I;A << n¥V"¥ 4+ nV°). Equation (4.10) can be
combined with Eq. (4.6) to obtain the following expression for the chemical potential

of surfactant molecules of type ¢ in the bulk aqueous phase:

N; o -
I /1;”’0 + kgT'In (anw (l + (W) Kp;) ) (4.11)
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Diffusional equilibrium of surfactant molecules of type ¢ between the aqueous phase
and the interfacial phase can be satisfied by equating the chemical potentials of sur-
factant molecules of type ¢ in each phase, that is, by demanding that p' = p¢. This
requirement, along with Eqgs. (4.5) and (4.11), yields:

~O0 /W ) 3 F 2 1 3 F
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where
~O0 /W VO
AHZ/ ,0 — p’f,[) _ N:V,O + kBTln (1 + (W) Kpi) (413)

is the modified standard-state chemical potential difference associated with the ad-
sorption of surfactant molecules of type ¢ from the aqueous phase to the interfacial
phase, reflected in u;”o — uf’o, as well as with their partitioning between the aqueous
phase and the oil phase, reflected in the term containing K,,. The quantity Aﬁ: fwb
is the only parameter in the adsorption isotherm, Eq. (4.12), that is not predicted
molecularly. As such, Aﬁ:/w’o needs to be determined experimentally (see Section
4.2.2.2 for a detailed description).

In the case of the surfactant molecules of type ¢ present in the oil phase, their

concentration, n?, can be determined using Eq. (4.9), along with the mass balance
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requirement that V; = n'V" + n?V°. This yields:

N; v !
n = (1 + (‘—/—) K;}) (4.14)

Using Eq. (4.14) in Eq. (4.7) for 4, and then demanding that p) = u? to satisfy the
condition of diffusional equilibrium of surfactant molecules of type ¢ between the oil

phase and the interfacial phase, one obtains:

n
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A/,Li/ =W 0 H; 0 + kgT'In (1 + (W) Kpil) (416)

is the modified standard-state chemical potential difference associated with the ad-
sorption of surfactant molecules of type ¢ from the oil phase to the interfacial phase,
reflected in uf’o — ,u;”o, as well as with their partitioning between the aqueous phase
and the oil phase, reflected in the term containing K,,. As in the case of Aﬁ?/ e
in Eq. (4.12), the quantity Aﬁf/ *? is the only parameter in the adsorption isotherm,
Eq. (4.15), that is not predicted molecularly. As such, Aﬁf/“o needs to be determined
experimentally (see Section 4.2.2.2 for a detailed description).

Note that the two adsorption isotherms, Eqgs. (4.12) and (4.15), are equivalent.
Indeed, by combining Eqs. (4.12) and (4.15), one simply recovers Eq. (4.9). In other
words, Eqgs. (4.9), (4.12), and (4.15) reflect the simultaneous equilibrium that exists

among surfactant molecules of type ¢ at the interface, in the aqueous phase, and in

the oil phase. Accordingly, although either Eq. (4.12) or Eq. (4.15) may be utilized
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to describe the condition of diffusional equilibrium of surfactant molecules of type
i among the interface and the two bulk phases, for consistency, Eq. (4.12) will be

arbitrarily utilize throughout the remainder of the chapter.

4.2.2.2 Experimental Determination of the Modified Standard-State Chem-

ical Potential Difference

’

As discussed in Section 4.2.2.1, the quantity Aﬁ?/ "% in Eq. (4.12) is the only param-
eter in the adsorption isotherm, Eq. (4.12), that is not predicted molecularly. Below,
a description of a procedure for determining Aﬁ;’/ i experimentally using interfacial
tension measurements is presented. Specifically, for each surfactant component 4, the
measured value of the oil-water interfacial tension is used in Eq. (4.4), along with the
known values of the molecular parameters, r; and a;, which is then solved to calculate
the interfacial concentration, I';. The resulting value of I'; can then be utilized in
Eq. (4.12), along with the known value of N;/V™, to determine the quantity Aﬁ?/ ™0,
Once the values of Aﬁf w0 for every surfactant component 7 have been determined
in this manner, one can predict all the interfacial concentrations, {I';}, as well as the
interfacial tension of the surfactant mixture for any given total bulk amount of surfac-
tant and any bulk surfactant composition for this particular oil-water volume ratio.
Specifically, for a given set of n values of {N;/V"} (one for each of the n surfactant
components comprising the mixture), one can solve the set of n equations given by
Eq. (4.12) to calculate the set of n unknown interfacial concentrations, {I';}. These
values of {I';} can then be utilized in Eq. (4.4) to predict the interfacial tension of
the surfactant mixture.

Since the value of Aﬁ?/ *? depends on the oil-water volume ratio (see Eq. (4.13)),

>

if a new oil-water volume ratio is utilized, then a new value of Aﬁ;’/ " will need to
be determined using the procedure described above. This, in turn, would require
measuring the oil-water interfacial tension of a solution of surfactant component i
for each oil-water volume ratio considered. However, an examination of Eq. (4.13)
indicates that, in fact, only two interfacial tension measurements are required for

~0/w,0

each surfactant component i. Indeed, Eq. (4.13) shows that Ay, depends on
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pd® — 1 which is independent of the oil-water volume ratio, and on K,,, which
is also independent of the oil-water volume ratio. Accordingly, if one determines
the values of Aﬁ:/w’o at two different oil-water volume ratios using the procedure
described above, one can deduce (uf’o — u}”’o) and K, and then use these values
in Eq. (4.13) for any desired oil-water volume ratio. Specifically, for each surfactant
component ¢, an interfacial tension measurement, for a known amount of surfactant 7,

is carried out at two different oil-water volume ratios, denoted as [ ], and [{=]

respectively. Denoting the corresponding deduced values of Aﬁ:/w’o as [Aﬁ:/ w,0:|
A
and [Aﬁ: / W’o] , respectively, one can then simultaneously solve Eq. (4.13) at the
B

two volume ratios to obtain the two unknown quantities, K, and (uo® — p"°). This

yields:
Y -1
Ko = 17 : (4.17)
R Y [
where [ / 0] [ / 0]
A =A™
= A B
Y =exp — (4.18)
and
A o/w0 _ 00 w,0 ~w,0 Ve
B =M Tl = [A,Ui ]A —kgT'In (1 + [W] Km) (4.19)
A

Note that for a more accurate estimation of K, and AuJ/", one can measure inter-
facial tensions at more than two volume ratios, and then utilize a least-squares fit to
determine the best values of K,, and ApZ/™?.

The ability to determine oil-water partition coefficients of surfactants using only
interfacial tension measurements should be of general interest. To demonstrate that
interfacial tension measurements are indeed sensitive enough to enable the determi-
nation of the surfactant oil-water partition coefficient using the procedure described
above, Figure 4-1 shows the predicted interfacial tension as a function of N;/V¥

for a hypothetical nonionic surfactant at three different oil-water volume ratios: 0.5

), and 2 ( — — —). The surfactant molecular parameters
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Figure 4-1: Predicted oil-water interfacial tensions as a function of N;/V" at three

),and 2 ( — — —), for

different oil-water volume ratios, 0.5 (- —- —- ), 1(

single surfactant solutions of a hypothetical nonionic surfactant having an oil-water

partition coefficient of 1 at T=25°C (see text for details).
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used in the predictions are: a; = 42A? (which is the value corresponding to Ci2Eg
used in Section 4.4), Aul/™® = —50kT, K,, = 1, T = 25°C, and oo = 50.4dyn/cm.
Note that as the volume of the oil phase increases (which corresponds to an increase in
the oil-water volume ratio), the surfactant is effectively diluted in the aqueous phase,
since some of the surfactant molecules will diffuse from the aqueous phase to the oil
phase in order to maintain a concentration ratio of K,, = 1. The dilution of the
surfactant in the aqueous phase leads to a decrease in the interfacial concentration,
with an associated increase in the interfacial tension. This can be seen in Figure 4-1
where, for a given value of N;/V¥, the interfacial tension values increase as the oil-
water volume ratio increases. Note that even for the relatively moderate variations
in the oil-water volume ratios examined (0.5 — 2), the predicted interfacial tension
variations shown in Figure 4-1 (approximately 3 to 4 dyn/cm) are experimentally
measurable. This, in turn, demonstrates the use of the method proposed above to

determine oil-water partition coefficients of surfactants.

Once K,, and ApZ/™° have been determined as discussed above, the value of

Aﬁ?/w’o

i for any oil-water volume ratio can be computed using Eq (4.13). In this

manner, the interfacial concentrations, {I';}, along with the interfacial tension of the
surfactant mixture, can be predicted as a function of the total bulk amount and
composition of surfactant for any oil-water volume ratio by utilizing Egs. (4.12) and

(4.4), as described earlier in this section.

4.2.2.3 Limiting Cases

Two important limiting cases corresponding to the expressions derived in Section

4.2.2.2 can be considered:

Case I

(%) K, <<1 (4.20)

For systems where the oil-water volume ratio is of order unity (such as in the exper-

iments carried out using the ring method described in Section 4.3.2), the inequality
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in Eq. (4.20) is satisfied when K,, << 1. This corresponds to the case of a sur-
factant that partitions extremely into the aqueous phase, or equivalently, is almost
completely insoluble in the oil phase. In addition, the inequality in Eq. (4.20) is
satisfied in the case of a very small oil-water volume ratio. This is the case typically
encountered when interfacial tensions are measured using experimental techniques
that utilize a small drop of oil in a large aqueous phase, including the spinning-drop,
the drop-weight, and the pendant-drop methods.”® Physically, the case V°/V" << 1
corresponds to most of the surfactant molecules being in the aqueous phase simply
because of the much larger volume of that phase, irrespective of the value of K. In
either case, when Eq. (4.20) is satisfied, Eq. (4.12) indicates that Aﬁf/ "= Apl™o,

and consequently that:

aiZFk+27rriZFkrk

n
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(4.21)

Note that the oil-water volume ratio, V°/V¥, does not appear in Eq. (4.21). In-
deed, for a solution containing only surfactant molecules of type ¢ that partition
extremely into the aqueous phase, the interfacial concentration, I';, does not depend
on the volume of the oil phase, or equivalently, on the oil-water volume ratio. This
is physically intuitive, since there are essentially no surfactant molecules of type 7 in
the oil phase, and therefore, its volume cannot affect their adsorption. In addition,
the resulting interfacial tension is also independent of the volume of the oil phase,
since, according to Eq. (4.4), the interfacial tension depends solely on the interfacial
concentration, I';, of surfactant molecules of type 1.

Similar to the method described in Section 4.2.2.2, the value of Ap?/™? in Eq. (4.21)

2
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can be determined from a single interfacial tension measurement carried out on a
surfactant solution of surfactant component ¢. Specifically, the measured interfacial
tension value can be used in Eq. (4.4), along with the known surfactant molecular
parameters, r; and a;, to determine the value of I';. The resulting value of I'; can then
be used in Eq. (4.21), along with the known value of N;/V¥, to determine A,ug/ w0
Once the values of Au;’/ "0 for every surfactant component satisfying Eq. (4.20) have
been determined in this manner, one can predict the interfacial concentrations, {I';},
as well as the interfacial tension of the surfactant mixture for any given total bulk
amount and composition of surfactant for any oil-water volume ratio. Specifically,
for a given set of n values of {IV;/V"} (one for each of the n surfactant components
comprising the surfactant mixture), one can solve the set of n equations given by
Eq. (4.21), along with the known surfactant molecular parameters, r; and a;, to cal-
culate the set of n unknown interfacial concentrations, {I';}. The resulting {I';} values

can then be utilized in Eq. (4.4) to predict the interfacial tension of the surfactant

mixture.

Case I1

(%) K,, >> 1 (4.22)

For systems where the oil-water volume ratio is of order unity (such as in the experi-
ments carried out using the ring method described in Section 4.3.2), the inequality in
Eq. (4.22) is satisfied when K,, >> 1, and corresponds to the extreme partitioning
of surfactant molecules of type ¢ into the oil phase, or equivalently, to their almost
complete insolubility in the aqueous phase. In addition, the inequality in Eq. (4.22)
is satisfied in the case of an extremely large oil-water volume ratio. This is the
case typically encountered when interfacial tensions are measured using experimental
techniques that utilize a small drop of water in a large oil phase (including the drop-

weight or pendant-drop methods for a drop of water). In either case, when Eq. (4.22)
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is satisfied, Eq. (4.16) indicates that Az, /o0 _ A,ug/ 0 and Eq. (4.12) reduces to:
;Y T+ 27r; YT
N, Ap;’/o’o T, asz::l r+ 7rr,kz=:1 kT
Mge) T et TN e |t z
Mo B 1-— Z Fkak 1-— Z Fkak
k=1 k=1
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1
A

(4.23)
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Note that the oil-water volume ratio does not appear in Eq. (4.28). Indeed, for a
solution containing only surfactant molecules of type ¢ that partition extremely into
the oil phase, the interfacial concentration, I';, does not depend on the volume of
the aqueous phase, or equivalently, on the oil-water volume ratio. This is physically
intuitive, since there are essentially no surfactant molecules of type i in the aqueous
phase, and therefore, its volume cannot affect their adsorption. In addition, the
resulting interfacial tension is also independent of the volume of the aqueous phase
since, according to Eq. (4.4), the interfacial tension depends solely on the interfacial
concentration, I';, of surfactant molecules of type i.

Similar to the method described above for Case I, the value of A,u;’/ % in Eq. (4.23)
can be determined from a single interfacial tension measurement carried out on a so-
lution of surfactant component i. Specifically, the measured interfacial tension can
be used in Eq. (4.4), along with the known values of the surfactant molecular param-
eters, r; and a;, which can then be used to calculate the value of I';. The resulting
values of T'; can then be used in Eq. (4.23), along with the known value of N;/V°,
to determine the quantity Au?/®°. Once the values of Aul/®® for every surfactant
component i satisfying Eq. (4.22) have been determined in this manner, one can
predict the interfacial concentrations, {I';}, as well as the interfacial tension of the
surfactant mixture for any given bulk total amount and composition of surfactant for

any oil-water volume ratio. Specifically, for a given set of n values of {N;/V°} (one
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for each of the n surfactant components comprising the mixture), one can solve the
set of n equations given by Eq. (4.23), along with the known values of the surfactant
molecular parameters, r; and a;, to calculate the set of n unknown interfacial concen-
trations, {I';}. The resulting values of {I';} can then be used in Eq. (4.4) to compute
the interfacial tension of the surfactant mixture.

One should note that when either Case I or Case II are satisfied, one cannot utilize
the method described in Section 4.2.2.2 to determine the oil-water partition coeffi-
cients of surfactants. Indeed, as stressed above, in both cases, the interfacial tension
does not depend on the oil-water volume ratio. As shown above, one can neverthe-
less predict interfacial tensions in these two limiting cases by utilizing Eq. (4.21) or
Eq. (4.23) as the equilibrium adsorption isotherms.

If one nevertheless needs to determine the partition coeflicient of surfactant molec-
ules of type ¢, Kp,, for other purposes, one can first adjust the oil-water volume ratio
such that (3 ) Kp, becomes of order unity, and then utilize the method described in
Section 4.2.2.2 to determine the value of K, using interfacial tension measurements.
Alternatively, one can carry out a single interfacial tension measurement at an ez-
tremely small oil-water volume ratio such that Eq. (4.20) is satisfied (Case I), and
then use this measured value to determine the value of Ap?/™® as described above.
Subsequently, one can carry out a second interfacial tension measurement at an ez-
tremely large oil-water volume ratio such that Eq. (4.22) is satisfied (Case II), and
then use this measured value to determine the value of Ay, /°% as described above.
For example, these two measurements could be carried out using the drop-weight
method where, in the first case, an oil drop in a large aqueous phase is utilized, and
in the second case, a water drop in a large oil phase is utilized. Once A,uf/ "0 and
A/f-’/ 0 have been determined, the partition coefficient of surfactant molecules of type

)

i, Kp,, can then be determined using Eq. (4.9) as follows:

no A/J/U/O’O _ A/J[O’/W,O
K, =~ ! ! 4.2
Pi (nw ) exp ( kBT ( 4)

w
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4.2.2.4 Equilibrium Among the Interface and the Two Bulk Phases for

TIonic Surfactants

Sections 4.2.2.1-4.2.2.3 dealt with nonionic surfactants where electrostatic effects are
absent, and electroneutrality considerations are therefore not required. The derivation
of the adsorption equilibrium equations for ionic surfactants is quite similar, and
therefore, will only be discussed briefly in this section. The key difference between
the ionic and the nonionic surfactant cases is in the requirement of electroneutrality
in the ionic surfactant case. A convenient way to account for electroneutrality in the
interfacial phase, as well as in the bulk aqueous and oil phases, is to consider the
simultaneous adsorption and partitioning of the surfactant ion and its counterion in
these phases.*3 In addition, the electrostatic contribution to the interfacial chemical
potential of the surfactant needs to be accounted for. Recall that since the aqueous
phase is dilute in surfactant, the ideal solution approximation can be utilized to
model the bulk chemical potentials of the surfactant ions and their counterions. In
the case of a single, monovalent ionic surfactant, denoted below by the subscript
s, and its counterion, denoted below by the subscript ¢, with or without any other
nonionic surfactants, and with no added electrolyte (which corresponds to the cases
considered in Section 4.4, for SDS and for a binary surfactant mixture of SDS and
C12Eg), the interfacial chemical potential of the ionic surfactant and its counterion,

pg + ps = pg,, can be written as follows:3®

n
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where p2? = pg°+ ugP, and i‘ indicates summation over all surfactant types (which
includes the ionic surfactant ksi)lecies and any nonionic surfactant species, if present).

Similar to the nonionic surfactant case considered in Section 4.2.2.1, the simulta-
neous equilibrium of the surfactant molecules among the three phases (the interface,
the bulk aqueous phase, and the bulk oil phase), can be accounted for by first treating
the equilibrium partitioning of the surfactant molecules between the two bulk phases.
Note that although on physical grounds, one may expect that the solubility of any
electrolyte should be extremely low in a nonpolar oil phase, in this section, the more
general case where the ionic surfactant molecules and their counterions are allowed
to partition into the oil phase is treated. Subsequently, in Section 4.4 it is shown
that, as expected, the ionic surfactant considered in this chapter, SDS, does indeed
partition extremely into the aqueous phase.

Electroneutrality of the bulk aqueous and the bulk oil phases requires that the
concentration of the surfactant ions be equal to the concentration of the counterions
in each of these bulk phases (that is, that n¥ = n¥ and n® = n?). Similar to
the nonionic surfactant case, the concentrations in either phase in the pre-micellar
solutions considered here are dilute, and therefore, the ideal solution approximation
can be utilized to model the chemical potentials of the surfactant molecules or the
counterions in either the aqueous phase or the oil phase (see Egs. (4.6) and (4.7),
with ¢ = s or ¢ = ¢). Diffusional equilibrium demands that pY + g = p + ug, which
along with Eqgs. (4.6) and (4.7) and the fact that n}’ = n¥ and n¢ = n?, yields:

o o w0 _ ,,0,0
L = gz% =K,,. = Z—% exp (————M“QkBj’lfsc ) (4.26)
where K, is the oil-water partition coefficient for the ionic surfactant and its coun-
terion, p¥:0 = p¥0 + p™0 and po = p0 + p0. By utilizing an overall mass balance
of the surfactant and its counterion (that is, by demanding that N; = n} V"™ 4+ n2V*°

and N, = n) V¥ + n2V°, where N; is the total number of ionic surfactant molecules
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and N, = Nj is the total number of counterions), the concentrations of the ionic

surfactant and its counterion in the aqueous phase can be written as follows:

N, Vo -1
- (14 (£ 8,) o

N, ye -1
TZZV = W <1 + <W> KPsc) (428)

Finally, diffusional equilibrium of the surfactant ion s and its counterion ¢ between

and

the aqueous phase and the interfacial phase, including electroneutrality, requires that
Y+ p¥ = p? + pg, which along with the use of Egs. (4.25), (4.6), (4.27), and (4.28),
yields the following expression for the adsorption isotherm of an ionic surfactant s

and its counterion c:
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Equation (4.29) can now be used for ionic surfactants in the same way that
Eq. (4.12) was used for nonionic surfactants. Specifically, Aﬁ:c/w’o can be deter-
mined from one experimental interfacial tension measurement, and the values of K,
and Augc/w’o can be determined from two interfacial tension measurements using the
method described in Section 4.2.2.2. Once the values of Kp,, and Au3{™ have been
obtained, Eq. (4.29) can be utilized to determine the surface concentration of the ionic
surfactant, ['s, at any bulk surfactant concentration and composition and oil-water
volume ratio. In the case of a mixture of ionic and nonionic surfactants, Eqs. (4.29)
and (4.12) can be solved simultaneously to determine the interfacial concentrations of
all the surfactant components. Once the interfacial concentrations of all the surfac-
tant components present in the mixture have been determined, the interfacial tension
of the surfactant mixture can be predicted using Eq. (4.4).

Furthermore, the same limiting cases considered in Section 4.2.2.3 can be applied
to Eq. (4.29) to arrive at similar conclusions. Specifically, one can show that if Case
I is satisfied (that is, if the surfactant ions and the counterions partition extremely
into the aqueous phase), then the interfacial tension will not depend on the volume
of the oil phase (that is, the interfacial tension will depend only on N,/V" and not
on the oil-water volume ratio). Therefore, if one measures the interfacial tension at a
constant amount of surfactant, Ny, and a constant aqueous phase volume, V¥, but at
various oil phase volumes, V° (while maintaining an oil-water volume ratio that is of
order unity), and observes that the interfacial tension is constant, one can conclude
that Eq. (4.20) is satisfied, and hence, that K, , << 1. Physically, this corresponds

to approximately all the surfactant ions and their counterions partitioning into the

aqueous phase, which was an assumption made in Section 4.2.1.
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4.3 Materials and Methods

4.3.1 Materials

The nonionic surfactant used in this study, dodecyl hexa(ethylene oxide) (CioEs)
was obtained from Nikko Chemicals, Japan (lot number 4023) and, due to its high
purity (as indicated by the absence of a minimum in the experimental surface tension
versus Cy2Eg concentration curve), was used as received. The ionic surfactant used in
this study, sodium dodecyl sulfate (SDS) was obtained from Sigma chemicals (99%
purity, lot number 57H1242), and was further purified by foam fractionation until
no minimum in the experimental surface tension versus SDS concentration curve was
observed. All water used in the experiments was purified using a Millipore Milli-Q
system and had a specific resistance of 18 MQ2 cm. The decane used as the oil phase
in the experiments was obtained from Aldrich Chemicals (99+% purity, lot number
01618PY), and was used as received. All glassware was carefully cleaned by soaking
in a 1 M NaOH-Ethanol bath for at least 8 hours, followed by soaking in a 1 M
nitric acid bath for at least another 8 hours, rinsing copiously with Milli-Q water,
and finally drying in an oven overnight. The platinum ring used in the interfacial
tension measurements was cleaned by a thorough rinsing in Milli-Q water, followed
by a thorough rinsing in acetone, and finally held in a flame until an orange glow was

observed.

4.3.2 Methods

The equilibrium oil-water interfacial tension was measured using a Kriiss K-10 ten-
siometer with a platinum ring. Figure 4-2 shows a schematic illustration of this
technique. A ring made out of thin platinum wire is immersed in the lower, aqueous
phase. It is then pulled upwards and as it crosses from the aqueous phase to the
oil phase, the meniscus acts to pull down on the ring as shown in Figure 4-2. The
force on the ring is then measured by an electronic scale. The surface tension is

then calculated by the tensiometer by dividing this force by twice the perimeter of
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Oil Phase

Ring

Figure 4-2: Schematic illustration of the ring method for determining the oil-water

interfacial tension.

the ring. The value of the surface tension is then modified slightly, as instructed by
the manufacturer, by the inclusion of a correction factor first tabulated in detail by
Harkins and Jordan.%*

Each surface tension measurement was repeated three times, and the average
result is reported. The experimental uncertainty in the equilibrium interfacial tension
measurements was approximately 0.1dyn/cm. The temperature was held constant at
25.0 + 0.1°C by a thermostatically controlled jacket around the sample. Attainment
of equilibrium was verified by taking multiple measurements at various times until a
constant interfacial tension value was obtained, which typically occurred within one

to two hours. For the nonionic surfactant, C,5Eg, a solution containing the desired
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amount of surfactant was prepared using decane as the solvent. This was then mixed
with a pure water phase, and the resulting interfacial tension was measured. It was
observed that the equilibrium interfacial tension was reached faster if this procedure
was implemented, instead of initially adding C,5Eg to the water phase. Note, however,
that the same value of the equilibrium interfacial tension was obtained regardless of
the phase into which Ci2E¢ was added initially. This behavior is consistent with the
fact that CoEg partitions more readily into the oil phase than into the aqueous phase,
which will be discussed further in Section 4.4. That is, for equilibrium to be reached,
a smaller amount of Ci3Eg needs to diffuse from the oil phase to the water phase,
when Cy2Eg is added initially to the oil phase, than the amount of C;3E¢ that needs
to diffuse from the aqueous phase to the oil phase, when Ci5Eg is added initially to
the aqueous phase. Conversely, the ionic surfactant, SDS, was added initially to the
aqueous phase, since it partitions extremely into this phase. In fact, a solution of
SDS in decane could not be prepared reliably due to its extremely low solubility in

this nonpolar oil phase.

4.4 Results

Figure 4-3 shows the predicted (line) and the measured (symbols) decane-water in-
terfacial tensions as a function of Ngps/V" for single surfactant solutions of SDS
at three different oil-water volume ratios: 10mL/20mL (A), 10mL/10mL (O), and
20mL/10mL () at T = 25°C. Figure 4-3 clearly shows that the interfacial tensions
corresponding to the three oil-water volume ratios examined lie on the same curve,
and therefore, that the interfacial tension is independent of the oil-water volume ra-
tio. As discussed in Sections 4.2.2.3 and 4.2.2.4, this indicates that [%,’—v'}] Kpeps << 1.
Since the oil-water volume ratio is of order unity, one can conclude that K, . << 1,
or physically, that the majority of the SDS molecules reside in the aqueous phase.
This corroborates the assumption made in Section 4.2.1 that all the ionic species are
located in the aqueous phase. Therefore, for SDS, Eq. (4.21) can be utilized as the

equilibrium adsorption isotherm. To determine the value of Apg{)"g’o in Eq. (4.21), the
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Table 4.1: Cross-sectional areas, a;, and standard-state chemical potential differences,

AP and Apd/°, for the surfactants considered in this investigation.

(3 1

Surfactant i | a; (A2) | Apd”"™ (kgT) | Ap*’° (ksT) | d (A)
SDS 25 -67.9 - 4.05
Ci2Eg 42 - -49.3 ~
CioEs 25 -49.2 - ~
CioEg 53 -57.0 - -

measured interfacial tension at Ngps/V"™ = 10~%mol/cm3 was utilized as described in
Section 4.2.2.3. The resulting value of Aug{)‘g’o and of the SDS molecular parameters
are listed in Table 4.1. The value used for the pure decane-water interfacial tension,
00, was the measured value of 50.4 dyn/cm. Note that the values of the SDS molecular
parameters utilized here for the oil-water interface case are the same as those utilized
in Chapter 2 for the air-water interface case. Note also that the predicted interfacial
tension as a function of SDS concentration in Figure 4-3 is in good agreement with
the experimental values. In Chapter 2, good agreement was also found between the
predicted and the measured surface tensions of an aqueous SDS solution as a function
of SDS concentration. One can therefore conclude that the same theoretical frame-
work, utilizing the same SDS molecular parameters, is capable of accurately predicting
both the air-water and the oil-water interfacial tensions in the SDS case.

Figure 4-4 shows the predicted (line) and the measured (symbols) decane-water in-
terfacial tensions as a function of Ng,,g,/V° for single surfactant solutions of C15E¢ at
four different oil-water volume ratios: 10mL/10mL (O), 10mL/20mL ($), 10mL/30mL
(x), and 20mL/10mL (A) at T=25°C. Figure 4-4 clearly shows that the interfacial
tensions corresponding to the four oil-water volume ratios examined lie on the same
curve, and therefore, that the interfacial tension is independent of the oil-water volume

ratio. As discussed in Section 4.2.2.3, this indicates that [ ] Kpe,,5, >> 1. Since
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the oil-water volume ratio is of order unity, one can conclude that K, . >>1, or
physically, that the majority of the C;3Eg molecules reside in the oil phase. There-
fore, for Cy2Eg, Eq. (4.23) can be utilized as the equilibrium adsorption isotherm.
To determine the value of A,ug/l :’36 in Eq. (4.23), the measured interfacial tension
at Ncy,g,/V° = 107%%mol/cm3 was utilized as described in Section 4.2.2.2. The re-
sulting value of Aug{‘;ﬁs and of the C;3Eg molecular parameters are listed in Table
4.1. Note that, as in the case of SDS, the values of the Cy2Eg molecular parameters
utilized here for the oil-water interface case are the same as those utilized in Chapter
2 for the awr-water interface case. Note also that the predicted interfacial tension
as a function of Ci3E¢ concentration in Figure 4-4 is in good agreement with the
experimental values. In Ref. 12, good agreement was also found between the pre-
dicted and the measured surface tensions of an aqueous C5Eg solution as a function
of C1yEg concentration. It can therefore be concluded, as in the case of SDS, that the
same theoretical framework, using the same Ci3Eg molecular parameters, is capable
of accurately predicting both the air-water and the oil-water interfacial tensions in the
Ci2FE¢ case.

Figure 4-5 shows the predicted (lines) and the measured (symbols) decane—water
interfacial tensions as a function of (Nsps + Ncy,5,) /VY = (Nsps + Noy,gg) / VO for:
(i) single surfactant solutions of SDS (A) and C;3Eg (©), and (ii) binary surfactant
solutions of 50% SDS-50% Ci2Ee () and 85% SDS-15% Ci2E¢ () at T=25°C. In
all cases, the oil phase volume, V°, and water phase volume, V'V, are equal to 10mL.
The surfactant molecular parameters used in the predictions of the interfacial tensions
are listed in Table 4.1. Recall that there are no mizture dependent parameters, and
therefore, that the interfacial tension predictions for the mixed surfactant solutions
were made without any fit to the corresponding measurements. Note, again, the
good agreement between the predicted interfacial tensions and the experimentally
measured values in Figure 4-5.

Finally, Figure 4-6 shows the predicted (lines) and measured (symbols) hexa-
decane-water interfacial tensions as a function of (N¢,,g, + Nc,,Es) /VY for: (i) single

surfactant solutions of Cj5E, (A) and Cj3Eg (O), and (ii) binary surfactant solutions
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Interfacial Tension (dyn/cm)

Log [N/V ¥ (mol/cm’)]

Figure 4-3: Predicted (line) and measured (symbols) decane-water interfacial tensions
as a function of Ngpg/V"™ for single surfactant solutions of SDS for three different oil-
water volume ratios: 10mL/10mL (O), 10mL/20mL (A), and 20mL/10mL () at
T=25°C.
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Figure 4-4: Predicted (line) and measured (symbols) decane-water interfacial tensions
as a function of Ng,,g,/V° for single surfactant solutions of Ci5Eg for four different
oil-water volume ratios: 10mL/10mL (O), 10mL/20mL (¢{), 10mL/30mL (x), and
20mL/10mL (A) at T=25°C.
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Figure 4-5: Predicted (lines) and measured (symbols) decane-water interfacial ten-
sions as a function of (Nsps + Ncy,rs) /VY = (Nsps +Ncy,re) /VC for: (i) single
surfactant solutions of SDS (A, ) and CipEg (O, -—- —- ), and (ii) binary
surfactant solutions of 50% SDS-50% C12E¢ (O, — — —) and 85% SDS-15% C2Es
({, ====)at T=25°C. In all cases, the oil phase volume, V°, and the water phase

volume, V'V, are equal to 10mL.
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Figure 4-6: Predicted (lines) and measured (symbols) hexadecane-water interfacial
tensions as a function of (N¢,,g, + Ncy,Es) /VY for: (i) single surfactant solutions of
C2E; (A,
of 62% C13E2-38% Ci9Eg (0, — — —) and 99% C13E,—1% CipEg (O, =---) at
T=25°C. The experimental interfacial tension values are those reported by Rosen and

Murphy in Ref. 69.

) and CypEg (O, - =~ —- ), and (ii) binary surfactant solutions
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of 62% C12E2—-38% Ci2Es (O) and 99% Ci2Es-1% C2Eg (¢). The experimental
measurements are those reported by Rosen and Murphy in Ref. 69, and were made
using the spinning-drop technique, where the oil-water volume ratio was extremely
small (0.025). Accordingly, as discussed in Section 4.2.2.3, Eq. (4.20) is satisfied and
Eq. (4.21) can be used as the equilibrium adsorption isotherm. Note that Eq. (4.20)
is satisfied in this case as a result of the extremely small oil-water volume ratio and
not as a result of an extremely small surfactant partition coefficient. The values of
the surfactant molecular parameters used in the interfacial tension predictions shown
in Figure 4-6 are listed in Table 4.1. The value used for the pure hexadecane-water
interfacial tension, oy, is the measured value of 52.1 dyn/cm.%® Note that the cross-
sectional areas of both surfactants were determined using the computational method
described in Ref. 12. To determine the values of Aug ;Véz and Au‘é/l ;V,LJ(L in Eq. (4.21),
the measured interfacial tensions at: Ng,g,/VY = 1.3 x 107%mol/cm? for Cy3E,
and Ng,,g,/V" = 3.4 x 10~8mol/cm? for C,,Eg were utilized as described in Section
4.2.2.2. Note again that, although there are no parameters fitted to measurements
carried out on the mired CioF,—CloFg solutions, there is good agreement between
the predicted interfacial tensions and the experimentally measured values in Figure

4-6.

4.5 Conclusions

In this chapter, a molecular-thermodynamic framework to predict the interfacial ten-
sion and the interfacial concentration and composition at the oil-water interface of
solutions containing mixtures having any number of surfactant components was pre-
sented. Because this theoretical framework is based on the molecular characteristics
of the surfactants considered, the surface equation of state contains no experimen-
tally determined parameters. Specifically, the surfactant molecular parameters in
the equation of state include the molecular cross-sectional area, and, in the case of
charged surfactants, the valence and the location of any electrostatic charges in the

surfactant polar head. The equilibrium adsorption isotherm contains only one exper-
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imentally determined parameter for each surfactant component ¢ in the mixture —the
modified standard-state chemical potential difference of a surfactant molecule of type
1 adsorbed at the interface and one present in either the bulk oil phase or the bulk
aqueous phase. This parameter can be determined from a single interfacial tension
measurement carried out on a solution of surfactant component i.

Furthermore, when applicable, the oil-water partition coefficient of surfactant com-
ponent i can be determined by conducting a second interfacial tension measurement
on the solution of surfactant component 7. Note that the surfactant oil-water parti-
tion coeflicients are not required to predict the interfacial tensions when the oil-water
volume ratio is held constant, or when the surfactant molecules partition extremely
into one of the two bulk phases.

A notable practical advantage of the theoretical framework presented in this chap-
ter is that it contains no mizrture dependent experimentally determined parameters.
Indeed, no measurements on the mixed surfactant solutions are required. The pre-
dictions made by the theory presented here include the interfacial tension and the
interfacial concentration and composition as a function of the total bulk surfactant
concentration and composition and the oil-water volume ratio (that is, the total
amount of each surfactant component present in the mixture, and the volumes of
the aqueous and the oil phases), for a solution containing any number of surfactant
components below the CMC.

Good agreement was found between the theoretically predicted interfacial ten-
sions and the experimentally measured ones for solutions containing SDS, C;5Eg, as
well as their binary mixtures. Furthermore, in Chapter 2, good agreement was found
between the theoretically predicted and the experimentally measured air-water sur-
face tensions of solutions containing these same surfactants using the same molecular
parameters. Moreover, good agreement was also found between the theoretically pre-
dicted and the experimentally measured® interfacial tensions of solutions containing
Ci2E,, CioEs, and their binary mixtures, utilizing molecular parameters that were
determined using a previously developed computational procedure applicable to C;E;

type nonionic surfactants adsorbed at the air-water interface.!? This ability to ac-
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curately predict both surface and interfacial tensions of solutions containing single
surfactants and their binary mixtures, using the same theoretical framework and
surfactant molecular parameters, demonstrates the broad range of validity and appli-
cability of the molecular-thermodynamic interfacial theory presented in Chapters 2,
3, and 4.

By reducing the number of experimentally determined parameters (as compared
to other commonly used theoretical approaches, such as those based on the Langmuir
adsorption model), as well as by eliminating altogether the need for any mixture
dependent parameters (such as the interaction parameters in Regular Solution Theory
based models), the theoretical framework presented in Chapters 2, 3, and 4 can
significantly reduce the amount of experimentation required to predict the interfacial
properties of mixed surfactant solutions. This predictive ability, in turn, can help
in the design and optimization of surfactant solutions of practical relevance that
display desirable interfacial behavior by reducing the amount of trial-and-error type
experimentation.

In the next chapter, the equilibrium theoretical framework developed in Chapter
2 is utilized as a basis to predict the dynamic surface tensions of surfactant mixtures

where adsorption at the air-water interface is diffusion controlled.
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Chapter 5

Theoretical Investigation of the
Dynamic Interfacial Adsorption in

Aqueous Surfactant Mixtures

5.1 Introduction

The dynamic interfacial properties of aqueous surfactant solutions, including the sur-
face tension, the surface concentration, and the surface composition, often play a key
role in many practical applications involving surfactants. As discussed in Chapter 1,
the dynamic, as opposed to the equilibrium, interfacial properties are important for
applications that have a timescale that is smaller than, or on the order of, the time-
scale for adsorption of the surfactant. Such applications include the stabilization of
foams in small-scale household applications involving detergents, as well as in large-
scale applications of fire-fighting foams, the rapid spreading of an active ingredient
in agricultural sprays or paints, where spreading must occur prior to the evaporation
of the solvent, and others (for an overview of applied aspects of dynamic interfacial
phenomena, see Ref. 95).

As a result of the importance of dynamic interfacial properties, this research

area has received considerable attention following the pioneering work of Ward and
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Tordai (see Refs. 13, 97, and 98 for recent reviews). A number of researchers have
solved the Ward and Tordai model by assuming that the diffusion of the surfactant
molecules in the bulk solution constitutes the limiting barrier to adsorption.?*"1%® This
assumption results in an instantaneous equilibrium between the surfactant molecules
adsorbed at the interface and those present in the aqueous phase adjacent to the
interface (referred to as the “sublayer”). This relationship between the surfactant
molecules at the interface and those in the sublayer is specified by a particular equi-
librium adsorption model. Experimental observations in many surfactant systems
(primarily those of the nonionic type) have shown good agreement with the diffusion-
controlled model.101:104-196  Several researchers have added a kinetic adsorption bar-
rier, and found that this better describes the dynamic adsorption behavior of some
surfactants (for example, ionic surfactants and nonionic surfactants at higher con-
centrations).1077109,3L,110-115.98 Gnecifically, if the timescale for diffusion is large, such
as in the case of a very dilute surfactant solution (see Section 5.2.2), then diffusion
becomes the rate-determining process (see Refs. 116-118 for a more detailed discus-
sion). More generally, the diffusion-controlled model provides a useful limiting rate,
in that adsorption cannot occur faster than diffusion. Note that the previous work
cited above has been concerned primarily with the dynamic interfacial adsorption of
a single surfactant species.

The examination of mixed surfactant solutions is of great interest since virtually
all practical applications of surfactants involve the use of surfactant mixtures. In
some cases, the use of mixed surfactants results from a desire to take advantage of
synergism between the individual surfactant species. In other cases, environmental
or health concerns dictate that a mixture of known and approved surfactants be
used instead of developing a new surfactant. Finally, the prohibitively high cost of
separating a single, pure surfactant often dictates that mixtures be used even in cases
when they are not employed intentionally.

The diffusion-limited dynamic adsorption in aqueous binary surfactant mixtures
has been investigated recently both theoretically and experimentally.}%122 The pri-

mary difference among the theories in Refs. 119-122, including the theory presented
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in this chapter, is in the equilibrium adsorption model utilized to relate the concentra-
tions of the various surfactant molecules present at the interface to those present in
the sublayer. Specifically, Fainerman and Miller!!%12 utilized a generalized Langmuir
model that makes use of an experimentally determined partial molar area for each
surfactant component, and assumes no interactions between the adsorbed surfactant
molecules. Siddiqui and Franses'?! utilized the Nonideal Adsorbed Solution model
which makes use of a Langmuir-type isotherm for the individual surfactant com-
ponents, and treats interactions between the different surfactant components with
a regular solution theory-based approach which adds an experimentally determined
parameter for the binary surfactant mixture. Finally, Ariel et al.'?? utilized an equi-
librium model based on a free-energy formalism that is similar to the generalized
Langmuir approach with the addition of experimentally fitted parameters accounting
for the interactions between surfactant molecules of the same type, as well as between
the different surfactant components.

In this chapter, the Ward and Tordai model is further extended to include mix-
tures that contain any number of surfactant components.!?3 This is accomplished
through the use of the equilibrium adsorption model developed in Chapter 2 (which
forms the underlying basis for the dynamic model) that is capable of treating mixtures
containing any number of surfactant components.!?888% Furthermore, as discussed
in Chapter 2, the equilibrium adsorption model used here is based on the molec-
ular characteristics of the surfactants. As a result, insight is provided as to how
these surfactant molecular characteristics, especially the molecular size, can lead to
interesting dynamic adsorption behavior. Another significant advantage of utilizing
the equilibrium adsorption model adopted in this chapter is in the ability to predict
both the equilibrium and the dynamic adsorption behavior of surfactant mixtures
without utilizing any mixture dependent parameters. In other words, no additional
experiments on the mixed surfactant system are necessary. As a result, the theoretical
framework presented here leads to a significant reduction in the amount of experimen-
tation required to predict the dynamic interfacial properties of surfactant mixtures.

A simplified timescale approach designed to allow “quick” insight into the relation-
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ship between the molecular structure of the surfactants and their dynamic interfacial
properties is developed for both single surfactants and surfactant mixtures.

Specifically, in this chapter, Fickian diffusion of all the surfactant components is
utilized to obtain a generalized version of the Ward and Tordai equation appropriate
for the treatment of surfactant mixtures. Only surfactants below the critical micelle
concentration (CMC) are considered, and it is assumed that surfactant diffusion in the
bulk solution constitutes the rate limiting process. The dynamic adsorption behavior
of micellar solutions is discussed in Appendix D.

Note that we restrict ourselves to nonionic surfactants so that the electric field
that would be generated in the case of adsorbed ionic surfactants, including its effect
on the diffusion of ionic surfactants, does not need to be accounted for. However,
one can extend the theoretical framework presented here to solutions containing ionic
surfactants by utilizing the quasi-equilibrium approximation (see Refs. 124 and 125
for a detailed discussion).

The surfactant molecular parameters required as inputs to the theoretical frame-
work presented here include those which appear in the equilibrium adsorption theory
(see Chapter 2). These include (for each surfactant component in the mixture): (i)
the molecular cross-sectional area (which can be deduced from the known surfactant
chemical structure), (ii) the second-order virial coefficients (which, for surfactants
having linear alkane tails, can be computed from the number of carbon atoms in the
appropriate surfactant tails), and (iii) the free energy of adsorption (see below). The
only other required surfactant molecular parameters are the diffusion coeflicients of
each surfactant component which, in principle, can be estimated theoretically (for
example, by using the Stokes-Einstein theory or a scaling-law model!?®), or can be
obtained experimentally.!!! The predictions of the theoretical framework presented
here include the surface tension, the surface concentration, and the surface compo-
sition, all as a function of time, for a given total bulk surfactant concentration and
composition.

The remainder of the chapter is organized as follows. In Section 5.2, the theo-

retical model of the dynamic adsorption of surfactant mixtures is developed, and a
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simplified timescale approach for both single surfactants and surfactant mixtures is
presented. In Section 5.3, this theoretical framework, as well as physical insight, is
utilized to analyze four illustrative examples of interesting dynamic interfacial be-
havior exhibited by hypothetical surfactant mixtures where the surfactant molecular
parameters can be varied to demonstrate a range of interesting dynamic interfacial
behavior. These examples are also utilized to implement and test the simplified
timescale approach. In Section 5.4, concluding remarks are provided. A detailed
comparison of dynamic surface tensions predicted utilizing the theoretical framework
presented in this chapter, with experimentally measured dynamic surface tensions of
aqueous solutions containing binary nonionic surfactant mixtures is presented in the

next chapter.

5.2 Theoretical Framework

5.2.1 Diffusion Controlled Adsorption Model

First, the case of an aqueous surfactant solution containing a mixture of n nonionic
surfactants below the critical micelle concentration (CMC) is examined. As in the
case examined by Ward and Tordai, it is assumed here that the interface is initially
clean (that is, an interface where the surface concentrations of all the surfactant
components are zero at t = 0). This chapter specifically treats the case of a flat
interface (see Chapter 6 and Refs. 111 and 127 for a detailed treatment of the spherical
interface case), and assumes that the mass transport of each surfactant component
obeys Fickian diffusion. Under these assumptions, the mass transport in the aqueous
phase is given by:
on; 0%n;

o~ Dige (5.1)

where n; is the concentration (as a number density) of surfactants of type ¢, D; is the

diffusion coefficient of surfactants of type i, ¢ is time, and x is the distance from the
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flat interface. A mass balance at the interface yields:

ot ' ar |, (5:2)

where I'; = nY/A is the surface concentration of surfactants of type i (n{ is the
number of surfactant molecules of type ¢ adsorbed at the surface and A is the surface
area). Furthermore, the assumption that the interface is initially clean and created

instantaneously yields:

T;(t=0)=0 (5.3)

and
n; (t=0,z) =n) (5.4)

where n} is the bulk number density of surfactants of type i. Finally, the infinite

nature of the aqueous phase leads to the following boundary condition:
n; (t,z — 00) =n’ (5.5)

Note that Egs. (5.1)—(5.5) each represents a set of n equations corresponding to
i = 1 to n. Equations (5.1)—(5.5) can be solved in a manner analogous to the single
surfactant case, leading to a form of the Ward and Tordai equation generalized for

surfactant mixtures. Specifically,
5 Vi
Fi(t):QQ/?i n}"\/l—f—/n? (t—1) dVi (5.6)
0

where n{ (t) = n; (t,z = 0) is the sublayer concentration of surfactants of type i. Note
that Eq. (5.6) is also a set of n equations corresponding to i = 1 to n.

As in the case of a single surfactant solution, in the mixed surfactant case, the set
of n equations given in Eq. (5.6) can be solved through the use of the set of n initial
conditions given by Eq. (5.3), along with a closure relationship between the surface

concentration, T; (¢), and the sublayer concentration, n? (t) = n; (t,z = 0), for each

182



surfactant component. As stated in Section 5.1, it is assumed that the surfactant
adsorption is diffusion controlled, that is, that the surfactant molecules at the surface
remain in equilibrium with those in the sublayer at all times. Using the equilibrium

adsorption theory developed in Chapter 2, this equilibrium condition can be expressed

as follows:12:88:89
n n
i >, Lk +2mr; ) T
2 Apd T, azk;l k + 27r k; Tk
Ml T kT n + _
nd + > ny B 1— 3 Thay 1 - 3" Tean

n 2
ma; (E Fkrk) n
= 7 +2) Byl (5.7)

+ n
(1 — Z Fkak> k=1
k=1

where n? / (n?u + Zn: ng) ~ n?/nl is the mole fraction of surfactant molecules of
type ¢ in the subla’;i (n? is the number density of water in the sublayer, which is
approximately a constant since the surfactant concentration is dilute), a; and r; are
the cross-sectional area and radius of the adsorbed surfactant molecules of type i,
respectively, modeled as hard discs, B;; is the second-order virial coefficient between
surfactant molecules of type 7 and j, A is the difference in standard-state chemical
potential of a surfactant molecule of type i at the interface and in the bulk aqueous
phase!'? (also referred to as the free energy of adsorption of surfactant molecules of
type i), kg is the Boltzmann constant, and T is the absolute temperature. Note that
the free energy of adsorption, Ay?; is the one fitted parameter for the equilibrium
adsorption isotherm. In addition, note that Eq. (5.7) represents a set of n equations
corresponding to ¢ = 1 to n.

The surfactant surface concentrations as a function of time, I'; (¢), can be efficiently
solved for numerically using an explicit iterative scheme similar to the one used in

Ref. 100 for the single surfactant case. Specifically, starting with I'; (¢ = 0) = 0 from
Eq. (5.3), the set of n surface concentrations, {I'; (¢)}, and the set of n sublayer

183



concentrations, {n? (t)}, at subsequent discrete time intervals can be calculated by
simultaneously solving the set of n equations given in Eq. (5.6) and the set of n
equations given in Eq. (5.7). The value of the step size in time should be much
smaller than the time scale for adsorption, 7p, which will be discussed in detail in
Sections 5.2.2 and 5.2.3. For the predictions made in this chapter, a step size value
of 1073s was used. For surfactant systems that involve very different timescales for
adsorption, such as in the case of a mixture of a very fast adsorbing surfactant and
a very slow adsorbing surfactant, an implicit technique can be utilized (see Refs. 102
and 128 for details) to improve the stability of the numerical method. However, it
was found that this is not necessary for the surfactant systems considered here. Once
the set of {I'; (¢)} values is calculated, the dynamic surface tension can be predicted
using the equilibrium surface equation of state,!'%?° which for the nonionic surfactant

mixtures considered here can be written as follows:!2:88:89

n n 2
Fk ™ (Z Fkrk)
k=1 k=1

+

1- I;Fkak (1 _ E Fkak>

k=1

g =09 — kBT D) + ij Bijij (58)

where oy is the surface tension of pure water.

Note that the equilibrium surface tension and surface concentrations can be calcu-
lated by utilizing Egs. (5.7) and (5.8) without solving for the dynamic surface tension
and surface concentrations. This is accomplished by first calculating the equilibrium
surface concentrations, I'{?, by solving Eq. (5.7) with n = n¥, since, at equilibrium,
the sublayer concentration is equal to the bulk concentration. Finally, the equilibrium
surface tension can be calculated by substituting the equilibrium values of the surface
concentrations in Eq. (5.8). Results obtained using this theory will be discussed in
detail in Section 5.3 for various hypothetical surfactant mixtures where the surfactant
molecular parameters can be varied to demonstrate a range of interesting dynamic

interfacial behavior.
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5.2.2 Simplified Timescale Analysis: Single Surfactants

It is often valuable to have a simplified theory that can be utilized to quickly estimate
the time required for the surface tension (or surface concentration) to reach equilib-
rium. In this section, the case of a single surfactant solution will be discussed, and the
relationship between the various molecular parameters in the theory and the resulting
the dynamic surface adsorption will be examined. Mixed surfactant solutions will be
discussed in detail in Section 5.2.3.

For a single surfactant solution, Eq. (5.6) can be made dimensionless by using
the bulk surfactant concentration, n%, as the characteristic bulk concentration, the
equilibrium surface concentration, I'*?, as the characteristic surface concentration,
and the following expression for the characteristic time, 7p (see Refs. 116, 117, and
127 for a detailed description):

(e /n)?

= (5.9)

D =
Note that the subscript ¢ has been omitted from ', n™, and D, since Eq. (5.9) ap-
plies only a single surfactant solution. In addition, note that in Eq. (5.9), the quantity
(T¢?/n") is the characteristic length of adsorption. This can be understood physi-
cally by noting that, for a given surface area A, the number of surfactant molecules
adsorbed at the interface at equilibrium is AI'*?. To obtain a volume of solution
that contains the same number of surfactant molecules, one must penetrate into the
solution to a thickness of L, such that, AI'“Y = ALn". Solving for the penetration
thickness yields a length scale for adsorption of L = I'®?/n".

It is important to note that, since I'®? in Eq. (5.9) is the equilibrium surface
concentration, one can estimate the timescale for adsorption of the surfactant by
simply calculating the equilibrium surface concentration as explained in Section 5.2.1,
which involves significantly less numerical computation than the calculation of the
entire dynamic surface concentration and surface tension profiles.

This timescale analysis is also useful in analyzing the relationship between the

molecular structure of a surfactant and its dynamic interfacial properties. For ex-

185



ample, Eq. (5.9) clearly shows that the larger the value of the diffusion coefficient,
D, the faster the adsorption (that is, the smaller the value of 7p), as one might ex-
pect. To illustrate the effect of the surfactant molecular parameters controlling the
equilibrium adsorption theory, the surface equation of state, Eq. (5.8), for a single

surfactant solution at equilibrium, can be rewritten as follows:

Ied  (I'¢r)?
1—-T*a (1-T<a)

o = 0o — kgT { s+B (F‘“’)Q} (5.10)
where the subscript ¢ has been omitted from the cross-sectional area, a, the radius, r,
and the second-order virial coefficient, B, since Eq. (5.10) refers to a single surfactant
solution. If everything else is equal, a larger surfactant cross-sectional area requires a
smaller surface concentration in order to attain a given surface tension value. While
physically intuitive, this can also be seen mathematically by the fact that an increase
in the surfactant cross-sectional area, a, leads to an increase in the bracketed term
in Eq. (5.10), which can be counteracted by a decrease in I'*. This, in turn, leads
to faster adsorption, since as I'*? decreases in Eq. (5.9), 7p decreases. On the other
hand, a smaller (or more negative, and hence more attractive) second-order virial
coefficient requires a larger surface concentration in order to attain a given surface
tension value. This can be seen mathematically by the fact that a decrease in B
leads to a decrease in the bracketed term in Eq. (5.10), which can be counteracted
by an increase in I'®?. This, in turn, leads to slower adsorption, since as I'®? increases
in Eq. (5.9), 7p increases. Finally, a more surface active surfactant will attain the
desired surface tension value at a lower bulk surfactant concentration, nY, (which is
precisely what is meant by “more surface active”), and hence, 7p in Eq. (5.9) will be
larger and the adsorption will be slower. Note that, in the context of the equilibrium
theory, if everything else is equal, a more surface active surfactant is characterized by a
more negative (larger in absolute value) standard-state chemical potential difference,
Apf. This can be seen in Eq. (5.7) with n{ replaced by n (since, at equilibrium, the
sublayer concentration is equal to the bulk concentration). In that case, a decrease

in Ap? leads to a decrease in the first term on the right-hand side of Eq. (5.7), which
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can be counteracted by a decrease in n} = n} on the left-hand side of Eq. (5.7).

5.2.3 Simplified Timescale Analysis: Surfactant Mixtures

In analogy to the single surfactant case, one can associate a timescale for adsorption,
Tp,, for each surfactant component, ¢, in the mixture. Specifically,
2

However, as will be shown in detail in the illustrative examples presented in Sec-
tion 5.3, this timescale analysis is more involved in the case of surfactant mixtures
because of various possible choices of surface concentrations, I';, in Eq. (5.11). As
a first approximation, the equilibrium surface concentration value of each surfactant
component, I';? (see Section 5.2.1), can be used in Eq. (5.11) to estimate the adsorp-
tion timescale for that surfactant component. If the resulting timescales for adsorp-
tion corresponding to each of the surfactant components have similar values, then the
timescale for adsorption for each component can be taken to be the value so obtained.
However, if the values obtained are very different, then using the equilibrium values
for the surface concentrations (that is, using I'; = I';? in Eq (5.11)) will not yield a
very good estimate of the timescale for adsorption, as discussed in detail next.

For surfactant mixtures that contain components having different timescales for
adsorption, the adsorption of one surfactant component may lead to the desorption
of another surfactant component that had adsorbed previously. This effect is par-
ticularly large in the case of a faster, less surface active surfactant mixed with a
slower, more surface active surfactant (as will be shown in Section 5.3.2) since in that
case, the later arriving surfactant will significantly displace the less surface active
surfactant that had already adsorbed. (Note that in the case of very strong syner-
gism between the adsorbed surfactant components, the surface concentration of the
surfactant component that adsorbs first may be subsequently increased by the later
adsorbing surfactant component. However, this case will not be discussed in detail

here since such strong synergism is most commonly observed with mixtures of ionic!3°
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or zwitterionic surfactants,® which are not considered here). As a result, the surface
concentration of some surfactant components will attain a maximum value, I'7***,
before reaching an equilibrium value, and the final equilibrium surface concentration
value may be significantly lower than I'"***. This will make I';? not suitable for use
in Eq. (5.11). However, a simplified methodology for treating such a case will be

discussed as part of Example 2 in Section 5.3.2.

5.3 Results

In this section, the theory developed in Section 5.2, including the simplified timescale
analysis, is implemented in four examples to illustrate several types of interesting
and useful dynamic adsorption behavior of hypothetical surfactant mixtures where
the surfactant molecular parameters can be tuned to demonstrate a range of interest-
ing dynamic interfacial behavior. The practical implications of the various dynamic
adsorption behaviors predicted in this section will be discussed in more detail in Sec-
tion 5.4. The surfactant parameters corresponding to each example are described in
the following subsections. In the four examples presented, any attractive interactions
between the adsorbed surfactant molecules are neglected (that is, B;; = 0 for all ¢
and j in Egs. (5.7) and (5.8)). This is done to emphasize that the predicted dynamic
interfacial behavior, which, as will be shown below, includes examples of dynamic
synergism, is not a manifestation of any attractive interactions between the adsorbed
surfactant molecules, but instead, reflects the differences in the molecular sizes (as
reflected in the a; values) as well as in the surface activities (as reflected in the Ay
values) of the surfactants involved. Furthermore, in the three binary surfactant mix-
tures (Examples 1-3), the diffusion coefficients, D;, where chosen to be the same
for both surfactants to emphasize that the resulting dynamic interfacial behavior is
only due to differences in the equilibrium properties, rather than to differences in the
transport properties. Finally, in the four examples that follow, the temperature was

set at 25°C.
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Figure 5-1: Equilibrium surface tensions as a function of total bulk surfactant con-

), Surfactant b ( - — - —- ),

centration for aqueous solutions of: Surfactant a (

and a binary mixture of 50% Surfactant a — 50% Surfactant b ( — — —).

5.3.1 Example 1: Binary Mixture of Surfactants Having Sim-

ilar Timescales of Adsorption

In this first example, the adsorption behavior of a binary mixture of Surfactants a
and b is considered. The molecular parameters corresponding to each surfactant are
listed in Table 5.1. The specific choice of a; and Ay values in Table 5.1 is explained
below.

Figure 5-1 shows the equilibrium surface tensions as a function of total bulk surfac-

), (ii) Surfac-

tant concentration for aqueous solutions of: (i) Surfactant a (

tant b (- —- —- ), and (iii) a binary mixture of 50% Surfactant a — 50% Surfactant b
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Table 5.1: Cross-sectional areas, a;, standard-state chemical potential differences,
Ap?, and diffusion coefficients, D;, of Surfactants a and b, corresponding to the

binary surfactant mixture in Example 1.

Surfactant i | a; (A?) | A (kgT) | D; (cm?/s)

a 50 -95.4 6 x 107
b 25 -52.4 6 x 107°
( — — —), as predicted by the equilibrium theory (Egs. (5.7) and (5.8)). Note that

the predicted equilibrium surface tension behaviors of Surfactants a and b shown in
Figure 5-1 are within the range of behaviors which are typically observed (see Ref. 131
for a review of the surface behavior of typical surfactants). Note also that the choice
of a; and Ap; values results in both single surfactant solutions, as well as their bi-
nary mixture, attaining the same surface tension value of 37dyn/cm at a total bulk
surfactant concentration of 2.8 x 10~8mol/cm?® (corresponding to the point at which
the three surface tension curves cross in Figure 5-1).

Figure 5-2 shows the dynamic surface tensions of the three solutions (i)—(iii) de-
scribed above, all at a total bulk surfactant concentration of 2.8 x 10~%mol/cm?.
Note that, at long times, all the three curves in Figure 5-2 approach the same sur-
face tension value of 37 dyn/cm, since, as stressed above, the three solutions have
the same equilibrium surface tension at this total bulk surfactant concentration. In
addition, note that for the single surfactant solutions, Surfactant a has a lower equi-
librium surface concentration than Surfactant b (1.2 x 10*4c¢m =2 and 2.0 x 10'em ™2,
respectively) which leads, through the use of Eq. (5.9), to a shorter timescale of ad-
sorption for Surfactant a as compared to Surfactant b (8.9s and 24s, respectively).
This can also be seen in Figure 5-2, where the surface tension curve corresponding

to Surfactant a ( ) plateaus (reaches equilibrium) before that corresponding

to Surfactant b (- —- —- ). This difference in adsorption timescales of the two single
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Surfactant b (- —- —- ), and a binary mixture of 50% Surfactant a — 50% Surfactant

Figure 5-2: Dynamic surface tensions of aqueous solutions of: Surfactant a (

b ( — — —), all at a total bulk surfactant concentration of 2.8 x 10~®mol/cm?.
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Figure 5-3: Surface concentrations, I';, of aqueous single surfactant solutions of Sur-

) and Surfactant b (-—- —- ) as a function of time, both at a

factant a (

total bulk surfactant concentration of 2.8 X 10~8mol/cmS3.

surfactant solutions is also reflected in Figure 5-3, which shows the surface concen-

)

and Surfactant b (- —- —- ), both at the same total bulk surfactant concentration of

tration, I';, as a function of time for the aqueous solutions of Surfactant a (

2.8 x 1078 mol /cm?®. Figure 5-3 shows that, initially (¢ < 10s), both surfactants adsorb
at the same rate, since n) = n}’, and D, = D, in this example, and I is initially pro-
portional to n¥v/Dt (see Ref. 13). However, the surface concentration of Surfactant
a plateaus before that of Surfactant b as it approaches its lower equilibrium value.
To clarify the dynamic surface tension behavior of the binary surfactant mix-

ture shown in Figure 5-2, Figure 5-4 shows the surface concentrations of Surfac-
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tant a ( ) and Surfactant b (-—-—- ) as a function of time for the 50%
Surfactant a — 50% Surfactant b mixture at a total bulk surfactant concentration
of 2.8 x 1078mol/cm3. Note that the equilibrium surface concentrations of each
surfactant component in the mixture are the same in this example (I’ = I'}? =
0.8 x 10'*cm~2). This equality is again a result of the choice of the surfactant molec-
ular parameters, a; and Ay, for the equilibrium theory (see Table 5.1). Specifically,
in this example, the equality of the equilibrium surface concentrations follows from
the fact that although Surfactant a has a larger cross-sectional area than Surfactant
b (which would tend to make I'®? smaller than I';?), Surfactant a is also more surface
active than Surfactant b, that is, Aul is more negative than Ayl (which would tend
to make I'“? larger than I';?). This equality of the equilibrium surface concentrations,
in turn, leads to an equality of the individual timescales for adsorption. Specifically,
since D, = Dy, nY¥ = ny, and T’ = I'}?, using their values in Eq. (5.11) leads to
Tp, = Tp,=13.8s. This timescale provides a reasonable estimate for the time required
for the surfactant mixture to reach equilibrium at the interface. Indeed, the surface
concentrations of both surfactant components (see Figure 5-4) and the surface tension
of the surfactant mixture (see Figure 5-2) all reach a plateau within this timescale. As
discussed in Section 5.2.3, the success of using the equilibrium surface concentrations,
;% in Eq. (5.11) in predicting the timescales for adsorption follows from the fact that,
in this example, both surfactant components in the mixture have the same individual
timescales for adsorption. However, as will be shown in the subsequent examples, us-
ing the equilibrium surface concentrations in Eq. (5.11) will not yield good estimates
for the timescale for adsorption when the surfactant components have very different
timescales for adsorption. In addition, note that one observes only one characteristic
decrease in the surface tension as a function of time for this surfactant mixture (see
Figure 5-2). This is a result of both surfactant components in the mixture adsorbing
at the same time, since both possess the same timescales for adsorption. Contrasting
cases where the surfactant components in the mixture have very different individual

timescales for adsorption, leading to multiple characteristic decreases in the surfac-

tant mixture surface tension as a function of time, will be presented and discussed in
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Figure 5-4: Surface concentrations, I';, of Surfactant a (
b(-—--- ) as a function of time in a binary mixture of 50% Surfactant a — 50%

Surfactant b, at a total bulk surfactant concentration of 2.8 x 10™8mol/cm3.

the following illustrative examples.

5.3.2 Example 2: Binary Surfactant Mixture Exhibiting Com-
petitive Adsorption

Another interesting case to investigate is one where the two surfactant components in
the mixture have significantly different individual timescales for adsorption. Specifi-
cally, in this example, a binary mixture of Surfactants 1 and 2 is considered, where
the more surface active component has the longer timescale for adsorption. In that

case, the less surface active component will begin to fill up the interface first, but
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Table 5.2: Cross-sectional areas, a;, standard-state chemical potential differences,
Ap?, and diffusion coefficients, D;, of Surfactants 1 and 2, corresponding to the

binary surfactant mixture in Example 2.

Surfactant i | a; (A%) | Al (kgT) | D; (cm?/s)
1 75 -50.7 6 x 107
2 25 -52.4 6 x 1078

subsequently, it will be displaced significantly by the later arriving, more surface ac-
tive component. The surfactant molecular parameters corresponding to this example
are listed in Table 5.2. Note that the surfactant mixture in this example consists of
a larger (in terms of its cross-sectional area, a;), less surface active (in terms of its
free energy of adsorption, Aud) component (Surfactant 1) mixed with a smaller, more
surface active component (Surfactant 2). Figure 5-5 shows the equilibrium surface
tensions as a function of total bulk surfactant concentration for aqueous solutions
of: (i) Surfactant 1 (
of 50% Surfactant 1 — 50% Surfactant 2 ( — — —), and (iv) a binary mixture of

), (ii) Surfactant 2 (-—-—- ), (iii) a binary mixture

95% Surfactant 1 — 5% Surfactant 2 ( = =« « ), as predicted by the equilibrium theory
(Egs. (5.7) and (5.8)). Note that, as expected, the surface tension curve of the more
surface active component (Surfactant 2) lies to the left of that of the less surface
active component (Surfactant 1), with the two mixture surface tension curves lying
in between according to their composition.

Figure 5-6 shows the dynamic surface tensions of the four solutions (i)-(iv) de-
scribed above, all at a total bulk surfactant concentration of 2.8 x 107®mol/cm3. An
examination of the dynamic surface tensions of the two single surfactant solutions
indicates that, initially (¢ < 1s), the surface tension of the solution of Surfactant 1
decreases more rapidly with time than that of the solution of Surfactant 2. This can

be explained through an analysis of the dynamic surface concentrations, I';, shown in
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Figure 5-5: Equilibrium surface tensions as a function of total bulk surfactant con-

), Surfactant 2 (- —- —- ),

centration for aqueous solutions of: Surfactant 1 (
a binary mixture of 50% Surfactant 1 — 50% Surfactant 2 ( — — —), and a binary
mixture of 95% Surfactant 1 — 5% Surfactant 2 (= ==« ).
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Figure 5-6: Dynamic surface tensions of aqueous solutions of: Surfactant 1 (

( — — —), and a binary mixture of 95% Surfactant 1 — 5% Surfactant 2 ( = =),

all at a total bulk surfactant concentration of 2.8 x 10~8mol/cm3.
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Figure 5-7 and the dynamic surface coverages, I';a;, shown in Figure 5-8 for the single
surfactant solutions. Figure 5-7 shows that, initially (¢ < 1s), the surface concentra-
tions of both surfactants increase at identical rates since, initially, I'; is proportional
to n¥v/D;t (see Ref. 13), and in this example, both surfactants have identical diffusion
coefficients and bulk concentrations. However, as shown in Figure 5-8, the surface
coverage corresponding to the solution containing Surfactant 1 increases more rapidly
with time during this initial time period as a result of the larger cross-sectional area
of Surfactant 1. In other words, for a given surface concentration, I[';, the surface
coverage, [';a;, is larger for Surfactant 1 than for Surfactant 2. This, in turn, leads to
smaller denominators in the first two terms contained within the brackets in Eq. (5.8),
which leads to a lower surface tension of the solution containing Surfactant 1 relative
to that of Surfactant 2. Using the timescale analysis presented in Section 5.2.2, the
timescale for adsorption of Surfactant 1, 7p = 2.4s, is less than that of Surfactant
2, 7p = 24.1s, due to the lower equilibrium value of the surface concentration of
Surfactant 1 (6.5 x 10'3¢m=2) compared to Surfactant 2 (2.0 x 10'cm=2).

To clarify the dynamic surface tension behavior of the binary mixture of 50% Sur-
factant 1 — 50% Surfactant 2 (see Figure 5-6), Figures 5-9 and 5-10 show, respectively,
), Do (- == —- ,and 'y + Ty ( — — —),
), Toag (- —- —- ), and 'ya1 +Teay ( — — —),

the surface concentrations, I'y (

and surface coverages, I'1a; (
as a function of time. Note that in Figure 5-9, initially (for ¢ < 1s), the surface con-
centrations of both surfactants increase at identical rates, reflecting as before, the
identical diffusion coefficients and bulk concentrations of both surfactants. At these
short times, the surface is virtually empty (that is, I';a; +I'2a; << 1, see Figure 5-10),
so that for both surfactants, the majority of the surfactant molecules that diffuse to
the surface can adsorb onto it with minimal steric hindrance. However, eventually (at
around t = 6s), the surface begins to saturate (that is, the total surface coverage is no
longer small, see Figure 5-10). Beyond this point, the more surface active component
(Surfactant 2) begins to displace the less surface active component (Surfactant 1).
This results in a subsequent decrease in the surface concentration, I';, and surface

coverage, ['1a;, of Surfactant 1. In other words, the surface concentration and sur-
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Figure 5-7: Surface concentrations, I';, of aqueous single surfactant solutions of Sur-

factant 1 ( ) and Surfactant 2 (-—- —- ) as a function of time, at a total

bulk surfactant concentration of 2.8 x 10~®mol/cm?.
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face coverage of Surfactant 1 go through a maximum, which can be clearly seen in
Figures 5-9 and 5-10.

One can also identify two characteristic decreases in the surface tension as a
function of time for this 50%-50% surfactant mixture (see Figure 5-6). The first
decrease, occurring at ¢ ~ 6s, is caused primarily by the (relatively fast) adsorption
of Surfactant 1, which can be seen by the increase in surface coverage of Surfactant
1 at t ~ 6s (see Figure 5-10). Similarly, the second decrease, between t ~ 6s and
t ~ 100s, is caused primarily by the (relatively slow) adsorption of Surfactant 2
(and corresponding desorption of Surfactant 1), which can be seen by the increase in
surface coverage of Surfactant 2 and the decrease in surface coverage of Surfactant
1 (resulting in the peak for I'; at ¢ ~ 6s in Figure 5-10). Since the first decrease in
surface tension with time in Figure 5-6 corresponds to the adsorption of Surfactant
1, one can define a timescale associated with this first decrease by using Eq. (5.11)
with 7 = 1. For an initial estimate, one could try to use the equilibrium value of I'y
in Eq. (5.11). However, as discussed in Section 5.2.3, if the timescales for adsorption
of each surfactant component are very different, as in this example, then using the
equilibrium values of I'; in Eq (5.11) will not result in a very good estimate of the
timescale for adsorption, as discussed below.

If one tried to utilize the equilibrium value of I'; in Eq. (5.11), one would under-
estimate the timescale for adsorption of Surfactant 1 resulting in a value of 7p, =
1.6 x 10~*s. This is due to the fact that the surface concentration of Surfactant 1

2att=6s, is

during this initial time period, which peaks at I[?*** = 4 x 10%3¢m~
much larger than the equilibrium value of '} = 2.5 x 10 ¢m ™2 (see Figure 5-9). A
better choice for I'; in Eq (5.11) is to utilize the peak value of I';, since this bet-
ter represents the surface concentration during this initial adsorption period. This
would lead to an estimate of the timescale for adsorption associated with the peak in
surface concentration of Surfactant 1 which corresponds to the timescale of the first
characteristic drop in surface tension. However, to obtain this peak value, one would

need to implement the complete theory presented in Section 5.2.1. In that case, of

course, one could simply generate the entire Figure 5-6, thus obtaining the complete
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Figure 5-9: Surface concentrations, I';, as a function of time in an aqueous binary
mixture of 50% Surfactant 1 and 50% Surfactant 2 at a total bulk surfactant concen-
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Figure 5-10: Surface coverages, I';a;, as a function of time in an aqueous binary
mixture of 50% Surfactant 1 and 50% Surfactant 2 at a total bulk surfactant concen-
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dynamic surface tension profile.

Alternatively, as an approximation, one could use the equilibrium value of I’y
for a solution containing only Surfactant 1 at the same bulk concentration as that
corresponding to the surfactant mixture of interest (that is, one would solve Eq. (5.7)
with 2 = 1 and I's; = 0). In other words, since the interface is initially clean, the
“faster” surfactant will initially behave as if it were adsorbing onto a clean interface.

2 which is reasonably close

In that case, this yields a value of I'; = 6 x 103cm™
to the precise value of [?** = 4 x 10%3%¢m™? in Figure 5-9. Using this value (6 x
1033em~2) of Ty in Eq. (5.11) then yields a value of 7p, = 8.4s, which represents a good
approximation for the time at which the surface tension of this 50%—50% surfactant
mixture exhibits its first decrease in Figure 5-6. Note that, in general, identifying
the “faster” surfactant does not require the use of the complete theory, but instead,
can be done by simply using Eq. (5.11), with I'; given by the equilibrium value
corresponding to a solution containing only Surfactant i. However, note also that
this approximation works best for surfactants that exhibit widely spaced individual
timescales for adsorption.

The time corresponding to the second characteristic decrease in surface tension,
which reflects the adsorption of Surfactant 2 (see Figures 5-6, 5-9, and 5-10), can
similarly be determined by using Eq. (5.11) with 7 = 2. Note that here, unlike the
case of Surfactant 1, the maximum surface concentration of Surfactant 2 is equal to
the equilibrium surface concentration (that is, I'; (¢) does not go through a peak, but
rather approaches the equilibrium value monotonically from below). Therefore, the
equilibrium surface concentration (I'y! = 1.9 x 10*¢m™=2) can be used in Eq. (5.11).
In this example, this yields a value of 7p, = 85.1s, which corresponds well with the
adsorption equilibrium of Surfactant 2 in Figures 5-9 and 5-10, as well as with the
second characteristic time at which the surface tension of the 50%-50% surfactant
mixture decreases in Figure 5-6.

It is also interesting to note that although no attractive interactions operate be-
tween Surfactants 1 and 2 in this example (Bj; = 0), and there is no synergism in

the equilibrium surface tension (see Figure 5-5), this surfactant mixture does exhibit
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dynamic surface tension synergism. That is, this mixture displays a time interval,
between t = 4s and t = 6s, where the dynamic surface tension of the surfactant mix-
ture is lower than those of each single surfactant solution (see Figure 5-6). Note that
during this time interval, the surface concentration of Surfactant 1 is much higher
than its equilibrium value (see Figure 5-9). Hence, physically, one may view this
excess lowering of the dynamic surface tension as a result of the excess adsorption of
Surfactant 1 (relative to its equilibrium value).

The 95% Surfactant 1 — 5% Surfactant 2 binary mixture shown in Figure 5-6 serves
to illustrate the effect of an impurity on the dynamic surface tension of a surfactant
solution. Indeed, since Surfactant 2 is more surface active than Surfactant 1, and
is also present at a relatively low concentration, it fits the classic description of an
“impurity” in a surface tension experiment. Note, however, that this case, as well
as a similar one presented in Section 5.3.3 below, demonstrates that initially, the

surface tension of the “impure” surfactant mixture, ( = == = ) in Figure 5-6, is very

close to that of the “pure” surfactant solution, ( ) in Figure 5-6, even though
the long time (¢ > 100s) surface tension values, as well as the ultimate equilibrium
surface tension values, are significantly different for the two solutions. Indeed, the
equilibrium surface tension values are 57.3 dyn/cm and 62.1 dyn/cm for the 95%-5%
surfactant mixture and the pure Surfactant 1 solution, respectively (see Figure 5-5
and recall that n¥ = 2.8 x 10™®mol/cm?3). This behavior is a result of Surfactant
2 (the “impurity”) having an extremely long timescale for adsorption (7p, = 2250s)
due to the small value of nY in Eq. (5.11). This is similar to the explanation given in

Refs. 132 and 133 for the observed behavior of an impure sample of sodium dodecyl

sulfate.

5.3.3 Example 3: Binary Surfactant Mixture where the Ad-

sorption is Dominated by One Surfactant

In contrast to the example considered in Section 5.3.2, a binary mixture of Surfactants

A and B is considered next, where the more surface active component has the shorter

205



Table 5.3: Cross-sectional areas, a;, standard-state chemical potential differences,
Ap?, and diffusion coefficients, D;, of Surfactants A and B, corresponding to the

binary surfactant mixture in Example 3.

Surfactant i | a; (A2) | Au? (kgT) | D; (cm?/s)

A 25 -48.7 6 x 1078
B 75 -98.3 6 x 1076

timescale for adsorption. The surfactant molecular parameters corresponding to this
example are listed in Table 5.3. Note that the surfactant mixture in this example
consists of a larger (in terms of its cross-sectional area, a;), more surface active (in
terms of its free energy of adsorption, Au) component (Surfactant B) mixed with a
smaller, less surface active component (Surfactant A).

Figure 5-11 shows the equilibrium surface tensions as a function of total bulk
), (i)

Surfactant B (- — - —- ), (iii) a binary mixture of 50% Surfactant A - 50% Surfactant

surfactant concentration for aqueous solutions of: (i) Surfactant A (

B (— — —), and (iv) a binary mixture of 95% Surfactant A - 5% Surfactant B
( = ==+),as predicted by the equilibrium theory (Egs. (5.7) and (5.8)). Note that, as
expected, the surface tension curve of the more surface active component (Surfactant
B) lies to the left of that of the less surface active component (Surfactant A), with the
two mixture surface tension curves lying in between according to their composition.

Figure 5-12 shows the dynamic surface tensions of the four solutions (i)—(iv) de-
scribed above, all at a total bulk surfactant concentration of 2.8 x 10~8mol/ecm3. Note
that, similar to Example 2, the surface tension initially decreases faster with time for
the single surfactant solution of the surfactant having the larger cross-sectional area
(Surfactant B) relative to the surface tension of the single surfactant solution of the
surfactant having the smaller cross-sectional area (Surfactant A). Like in Example

2, this is due to the fact that Surfactant A has a larger timescale for adsorption
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Figure 5-11: Equilibrium surface tensions as a function of total bulk surfactant con-

centration for aqueous solutions of: Surfactant A (

), Surfactant B (- — - — - ),
a binary mixture of 50% Surfactant A — 50% Surfactant B ( — — —), and a binary
mixture of 95% Surfactant A — 5% Surfactant B ( = ==« ).
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Figure 5-12: Dynamic surface tensions of aqueous solutions of: Surfactant A

(

Surfactant B ( — — —), and a binary mixture of 95% Surfactant A — 5% Surfactant

), Surfactant B (- —- —- ), a binary mixture of 50% Surfactant A - 50%

B ( - -=-),all at a total bulk surfactant concentration of 2.8 x 1078mol/cm?®.
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(7p = 8.3s) than Surfactant B (7p = 4.7s), see Eq. (5.9). Since the dynamic behav-
iors corresponding to the surface concentrations and surface coverages of the single
surfactant solutions in Example 3 are analogous to those found and discussed in
Example 2 (see Figures 5-7 and 5-8), they are not shown or discussed here.

To clarify the dynamic surface tension behavior of the binary mixture of 50%

Surfactant A — 50% Surfactant B (see Figure 5-12), Figure 5-13 shows the surface

coverages of each surfactant component, I'4a (
well as the total surfactant coverage, I'yas + I'pap ( — — —), all as a function of
time. Because the “faster” component (Surfactant B) is also the more surface active
in this example, it begins to fill up the surface first (which can be clearly seen by the
much faster increase in the surface coverage of Surfactant B (shown in Figure 5-13),
but is not subsequently displaced by the later arriving Surfactant A (which can be
seen by the fact that the surface coverage of Surfactant B does not go through a
peak in Figure 5-13). Consequently, the surface is dominated by Surfactant B, and
one only observes one significant decrease in the surface tension with time (which
corresponds to the adsorption of Surfactant B, since the small amount of Surfactant A
that subsequently adsorbs has a negligible effect on the surface tension, see Figure 5-
12). Because Surfactant B is much more surface active than Surfactant A in this
example, at the same bulk surfactant concentration, the equilibrium values of I'g for
the binary surfactant mixture and for the single surfactant solution of Surfactant B
are similar (8.8 x 101%¢cm =2 and 8.9 x 10'3¢m =2, respectively). Therefore, in this case,
one can use either value in Eq. (5.11) to obtain a good estimate of the timescale
for adsorption of Surfactant B. This yields a value of 7p, = 18s, which corresponds
well with the decrease in the surface tension of this 50%-50% surfactant mixture
(see Figure 5-12). Note that there is no need to calculate a timescale for adsorption
corresponding to Surfactant A since, as stressed above, this component has little effect
on the dynamic mixture surface tension.

Note that only in the case of a surfactant mixture containing a large proportion
of Surfactant A in the bulk (such as mixture (iv) corresponding to the extreme 95%

- 5% case), in which the surface composition of Surfactant A has been increased
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Figure 5-13: Surface coverages of the two surfactant components, I'4a4 (

as a function of time in an aqueous binary mixture of 50% Surfactant A and 50%

Surfactant B at a total bulk surfactant concentration of 2.8 x 10~8mol /cm3.
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and the adsorption timescale of Surfactant B has been increased (as a result of the
decrease in n¥, in Eq. (5.11)), does one observe the two characteristic timescales in
the dynamic surface tension (the first at ¢ ~ 10s and the second at ¢ =~ 1000s,
see Figure 5-12). Note also that this 95% - 5% surfactant mixture represents an
example (along with the one discussed above in Example 2) of solutions containing
a small amount of an “impurity” (that is, a more surface active component present
at low concentrations, as is the case for Surfactant B). In this case, Figure 5-12
shows that the initial dynamic surface tension behavior of the 95%-5% surfactant
solution is similar to that of a solution containing no impurity, even though the long
time, equilibrium surface tension values are quite different (47.3 dyn/cm and 62.0
dyn/cm for the surfactant mixture and the single surfactant solution respectively; see

Figure 5-11, and recall that n, = 2.8 x 10~®mol/cm?).

5.3.4 Example 4: Ternary Surfactant Mixture

Finally, to illustrate the flexibility of the theoretical framework presented here, a
ternary mixture of Surfactants «, 8, and vy is considered. The surfactant molecular
parameters corresponding to this example are listed in Table 5.4. Note that these
parameters were chosen such that each single surfactant will have distinctly different
timescales for adsorption with the resulting timescales increasing as the surface ac-
tivity increases. In other words, choosing a, > ag > a,, leads to I'y, < T's < I',. This
combined with D, > Dg > D, leads to 7p, < Tp, < 7p, in Eq. (5.9). Quantitatively,
for single surfactant solutions at a bulk surfactant concentration of 2.8 x 10~8mol/cm3,
the resulting equilibrium surface concentrations are 5.7 x 1013e¢m™2, 1.1 x 10*cm=2,
and 2.2 x 10¢m =2, and the corresponding timescales for adsorption are 1.1s, 7.3s,
and 430s, for Surfactants «, 3, and v, respectively. Furthermore, since Aul > A,ug >
A,ug, it follows that Surfactant 7 is the most surface active, followed by Surfactant
B3, and then by Surfactant «. The surfactant molecular parameters were chosen in
this manner so that the adsorption of each individual surfactant component in the
ternary mixture is clearly reflected in the dynamic surface tension behavior of the

ternary surfactant mixture.
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Figure 5-14: Dynamic surface tensions of aqueous solutions of: Surfactant o
(-—-—- ), Surfactant f ( — — —), Surfactant  ( = == = ), and a ternary mixture

of 50% Surfactant o — 30% Surfactant 5 — 20% Surfactant +y (

), all at a total

bulk surfactant concentration of 2.8 x 10~8mol/cm?®.
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Figure 5-15: Surface concentrations of each component, I';, as a function of time
in a ternary mixture of 50% Surfactant o — 30% Surfactant 8 — 20% Surfactant ~y

(

), at a total bulk surfactant concentration of 2.8 x 10~8mol/cm3. Shown here

are the surface concentrations of Surfactant o,I'y, (-—- —- ), of Surfactant 3, I's,
( — — —), of Surfactant v, I, ( = == =), as well as the total surface concentration,
Lo +Ts+T,, (—— ).
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Table 5.4: Cross-sectional areas, a;, standard-state chemical potential differences,
Ap?, and diffusion coefficients, D;, of Surfactants «, 8, and v, corresponding to the

ternary surfactant mixture in Example 4.

Surfactant i | a; (A?) | A (kgT) | D; (cm?/s)
75 -50.7 10 x 1076
50 -92.7 6 x 1076
25 -53.2 0.4 x 1078

Figure 5-14 shows the dynamic surface tensions of aqueous solutions of: (i) Sur-
factant o (- —- —- ), (ii) Surfactant § ( — — —), (iii) Surfactant v ( = == =), and
(iv) a ternary mixture of 50% Surfactant o - 30% Surfactant 8- 20% Surfactant -y

(

that the timescales for adsorption associated with the solutions of Surfactants «, 3,

), all at a total bulk surfactant concentration of 2.8 x 10~8mol/cm3. Note

and v (1.1s, 7.3s, and 430s, respectively) correspond well with the onset of the three
plateaus observed in the dynamic surface tension curves of the three single surfactant
solutions shown in Figure 5-14. To clarify the dynamic surface tension behavior of
the ternary surfactant mixture, Figure 5-15 shows the surface concentrations of each

surfactant component, I'y (- —- —- ), Ts(— — —),and I, ( = =~=-), as well as the

total surface concentration, 'y +T's+1T", ( ). Note that, similar to Example 2,
Surfactant £ is more surface active than Surfactant «, and when Surfactant 3 arrives
at the surface, it displaces Surfactant . As a result, I',, () goes through a maximum
at t ~ 2s. Similarly, Surfactant +y is more surface active than Surfactant 5, and there-
fore, when Surfactant «y arrives at the surface, it displaces Surfactant 5. As a result,
I's (t) goes through a maximum at ¢ &~ 60s. Finally, complete adsorption of Surfactant
7 takes place at ¢ & 10%s, as reflected in the observed plateau of I',. This series of

dynamic adsorption events, shown in Figure 5-15, helps clarify the observed dynamic

surface tension of the ternary surfactant mixture shown in Figure 5-14. Specifically,
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three surface tension decreases are observed at t ~ 2s,60s, and 10%s.

The simplified timescale analysis for binary surfactant mixtures presented in Sec-
tion 5.3.2 can, in principle, be extended to multi-component mixtures such as the
ternary one considered in this example. One could imagine treating initially the
ternary surfactant solution as a single surfactant solution consisting of the fastest ad-
sorbing surfactant, followed by treating it as a binary surfactant mixture consisting of
the two fastest adsorbing surfactants, etc. However, this will generally complicate the
analysis to the point that it would probably be simpler to calculate the entire surface
tension verses time profile using the complete theory presented in Section 5.2.1. Note,
however, that one can still make use of the simplified timescale analysis to estimate
the timescale for adsorption of the slowest adsorbing surfactant component (which, in
turn, implies equilibrium of the surface tension). This can be done by noting that the
surfactant component having the longest individual timescale for adsorption does not
exhibit a maximum in the surface concentration versus time profile. Indeed, because
this component is the last one to arrive at the interface, there is no subsequent arriving
surfactant to displace it. Accordingly, the timescale for adsorption of the slowest ad-
sorbing surfactant is simply given by Eq. (5.11) with I'; correspond to the equilibrium
value of component ¢ in the mixture under consideration. For example, in the case of
the ternary surfactant mixture considered here, the slowest adsorbing component is
Surfactant -y, which has an equilibrium surface concentration of ' = 1.4 x 10"em™2.
Using this value in Eq. (5.11) yields a value of 7p, = 4500s, which represents a rea-
sonable approximation to the timescale required to attain complete surface tension

equilibrium of the ternary surfactant mixture (see Figure 5-14).

5.4 Conclusions

A theoretical framework to predict the dynamic adsorption behavior of surfactants
at the air-aqueous solution interface for mixtures containing any number of nonionic
surfactant components was presented. The work presented in this chapter builds on

an extension of the Ward-Tordai model which assumes Fickian diffusion of the surfac-
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tant molecules in the bulk aqueous phase. Specifically, the case of diffusion-limited
adsorption, which assumes that the adsorbed surfactant molecules are in instanta-
neous equilibrium with those present in the sublayer, was treated. This equilibrium
relationship was determined using a previously developed molecular-thermodynamic
theory for the equilibrium adsorption of surfactant mixtures. A significant advantage
of this theory is that it is based on the molecular characteristics of the surfactants, and
does not contain any mixture dependent parameters. This should be contrasted with
other theoretical descriptions of mixed surfactant adsorption, such as those based on
the Regular Solution Theory, which do require experimental inputs on every surfac-
tant mixture considered. Since the Fickian diffusion model utilized here does not
contain mixture dependent parameters either, the theoretical framework presented in
this chapter can be used to predict the dynamic interfacial behavior of the mixed sur-
factant system without the need for any experimental inputs on the mixed surfactant
system.

Although the theoretical framework developed in this chapter can be used to fully
predict the surface tension and surface concentration and composition of a surfactant
mixture as a function of time, a simplified timescale analysis was also provided which
can be used to quickly estimate the time required to attain adsorption equilibrium
(including the resulting surface tension equilibrium). While the timescale analysis is
more complicated in the case of surfactant mixtures, it is generally quicker to imple-
ment than the solution of the complete theory. Accordingly, the simplified timescale
analysis could be utilized to screen a large number of single surfactants and their
mixtures to identify the desired dynamic interfacial behavior. The simplified time-
scale analysis is also useful in allowing quick prediction of the relationship between
the surfactant molecular structure and the dynamic adsorption properties of that
surfactant.

The theoretical framework and timescale analysis was then utilized to examine
four illustrative examples of hypothetical surfactant mixtures where the surfactant
molecular parameters can be varied to demonstrate a range of interesting dynamic

interfacial behavior. In the first example, a binary surfactant mixture was consid-
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ered where both surfactant components have the same timescale for adsorption. The
results show a single characteristic decrease in the surface tension with time, corre-
sponding to the simultaneous adsorption of both surfactants. In the second example,
a binary surfactant mixture of a faster, less surface active surfactant mixed with a
slower, more surface active surfactant was considered. The predicted dynamic surface
tension of the binary surfactant mixture shows two characteristic decreases. The first
decrease occurs at a timescale similar to the timescale for adsorption corresponding
to a single surfactant solution containing only the first, faster surfactant. The second
characteristic decrease lowers the surface tension further to the final equilibrium value
of the surfactant mixture, and occurs at a timescale equal to the timescale for ad-
sorption of the second, slower surfactant. In general, in the limiting case of a mixture
of surfactants having very different adsorption timescales, the system will behave like
a single surfactant solution of the first (“faster”) surfactant at short times and like a
solution of the surfactant mixture at long times.

This example also provided some insight into the behavior of surfactant solutions
that contain trace amounts of a highly surface active material (an “impurity”), which
is often a problem for experimental investigations of what is desired to be a pure
surfactant. In that case, the impurity will typically have a very long timescale for
adsorption (because it is present in such dilute amounts, the lengthscale for adsorption
is very long). In this limiting mixed surfactant case, it was shown that the impurity
does not pose a significant concern at short times, since the mixture will approximate
the behavior of a pure surfactant solution. It is only at long times that the impurity
affects the surface tension behavior.

In the third example, the contrasting dynamic interfacial behavior of a faster,
more surface active surfactant mixed with a slower, less surface active surfactant
was examined. This example showed that the effect of the later arriving surfactant
is small when that surfactant is less surface active, since it will not significantly
displace the surfactant that adsorbs first. Accordingly, the surfactant mixture shows
only one characteristic decrease in the dynamic surface tension corresponding to the

adsorption of the first surfactant. Finally, in the fourth example, a ternary surfactant
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mixture where the adsorption of all three surfactant components is clearly reflected in
the dynamic surface tension of the surfactant mixture was considered. This example
illustrated the versatility of the theoretical framework presented here, in that it can be
utilized to model the dynamic interfacial properties of surfactant mixtures containing
any number of surfactant components.

There are numerous practical applications where the dynamic interfacial proper-
ties are important, and where the use of surfactant mixtures could be very beneficial.
For example, one may be interested in a process where the desired equilibrium surface
tension is known, but the time to reach that equilibrium needs to be varied contin-
uously. Example 1 in Section 5.3.1 shows how this may be achieved by utilizing a
surfactant mixture where varying the bulk surfactant composition changes the time
required to reach equilibrium, but does not alter the equilibrium value of the surface
tension. Another practical application of a surfactant mixture is a two-in-one sham-
poo plus conditioner personal care product, where one requires a cleaning surfactant
to adsorb quickly, and then a conditioning surfactant to adsorb subsequently and
displace the cleaning surfactant. Example 2 in Section 5.3.2 illustrates just such a
case. Finally, one may be interested in a process where, say, foam stability varies with
time. Any of the illustrative examples presented in Section 5.3 may be appropriate
in this case, if the various surfactant components all had different foam stabilizing
capabilities. In all these applications, and others, the theoretical framework presented
in this chapter would be quite valuable in choosing appropriate surfactants, as well
as in selecting the required solution conditions (including the total bulk surfactant
concentration and composition), to tune the desired dynamic interfacial properties.

A detailed comparison of dynamic surface tensions predicted utilizing the theo-
retical framework presented in this chapter, with experimentally measured dynamic
surface tensions of aqueous solutions containing binary nonionic surfactant mixtures

is presented in the next chapter.
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Chapter 6

Experimental Investigation of the
Dynamic Surface Tensions of

Aqueous Surfactant Mixtures

6.1 Introduction

The dynamic interfacial properties of aqueous surfactant solutions, including the sur-
face tension, the surface concentration, and the surface composition, often play a
central role in many practical applications involving surfactants (for an overview of
applied aspects of dynamic interfacial phenomena, see Ref. 95). As a result of the
importance of dynamic interfacial properties, this research area has received consid-
erable attention following the pioneering work of Ward and Tordai® (see Refs. 98, 13,
and 97 for recent reviews). Note that most of the previous work in this area has been
concerned primarily with the dynamic interfacial adsorption of a single surfactant
species. However, the examination of mixed surfactant solutions is of great practical
interest, since virtually all applications of surfactants involve the use of surfactant
mixtures.!30

In Chapter 5, a theoretical framework was developed to molecularly predict the

diffusion-controlled dynamic adsorption of surfactants in aqueous mixed surfactant so-
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lutions.'?® The primary difference among the theory in Chapter 5 and those developed

19-122 i5 in the equilibrium adsorp-

previously to predict mixed surfactant adsorption
tion model utilized to relate the concentrations of the various surfactant molecules
present at the interface to those present in the sublayer (the region of the aqueous
phase adjacent to the interface). Specifically, in Chapter 5, the equilibrium adsorp-
tion model used was based on the molecular characteristics of the surfactants (see
Chapter 2).12889 Ag a result, insight could be provided as to how these surfactant
molecular characteristics, specially the molecular size, can lead to interesting dynamic
interfacial behavior. Another notable advantage of utilizing the equilibrium adsorp-
tion model adopted in Chapter 5 is in the ability to predict both the equilibrium
and the dynamic adsorption behaviors of surfactant mixtures without utilizing any
mizture dependent parameters. In other words, no additional experiments need to be
conducted on the mixed surfactant system considered. As a result, the theoretical
framework presented in Chapter 5 leads to a significant reduction in the amount of
experimentation required to predict the dynamic interfacial properties of surfactant
mixtures. In addition to the complete solution of the dynamic adsorption model, in
Chapter 5, a simplified timescale approach designed to allow “quick” insight into the
relationship between the molecular structure of the surfactants and their dynamic
interfacial properties was developed for both single surfactants and surfactant mix-
tures.

In this chapter, the experimentally measured equilibrium and dynamic surface ten-
sions of two nonionic surfactants, as well as of their binary mixture, is presented.'®
The measured surface tension values are then compared with those predicted using
the equilibrium and the dynamic theories developed in Chapters 2 and 5, respec-
tively. Although there have been numerous experimental investigations of the dy-
namic surface tensions of single surfactant solutions, previous experimental work on
mixed surfactant solutions is quite limited.!*®!2! The two nonionic surfactants inves-
tigated here were selected to test the validity of the theory developed in Chapter 5.
Specifically, two highly purified alkyl ethoxylate surfactants, dodecyl penta(ethylene

oxide) (C12Es), and decyl octa(ethylene oxide) (C19Es), whose molecular characteris-
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tics have been described previously,'? were selected. This pair of surfactants was also
selected because it corresponds to a smaller, more surface active surfactant (Cy2Es)
mixed with a larger, less surface active surfactant (C;oEg), which was one of the
interesting illustrative examples (Example 1) discussed theoretically in Chapter 5.
In addition, these surfactants were selected because their adsorption occurs over a
time range which can be measured by the pendant bubble apparatus utilized here
(see Section 6.2.2). It is noteworthy that the bulk concentrations of the surfactant
solutions investigated in this study were chosen to be well below the corresponding
critical micelle concentrations (CMC'’s), where surfactant adsorption is expected to be
in the diffusion-limited regime. That is, one expects a shift in surfactant adsorption
mechanism as one increases the solution surfactant concentration from being dilute,
where surfactant diffusion is relatively slow and therefore constitutes the rate deter-
mining step, to being concentrated, where surfactant diffusion is relatively fast and
hence is no longer the rate determining step (see Refs. 135,118,117,116 for a detailed
discussion).

The experimental results reveal that the adsorption of the surfactants examined
here, including their binary mixtures, is consistent with diffusion-controlled adsorp-
tion, and that the theoretical framework developed in Chapter 5 is capable of quanti-
tatively predicting the dynamic surface tension of the surfactant solutions examined.
Moreover, the experimental results presented here also show that the simplified time-
scale analysis developed in Chapter 5 can indeed provide a relatively quick and quan-
titatively accurate estimation of the rate of adsorption of a single nonionic surfactant
or of a surfactant component in a binary nonionic surfactant mixture.

The remainder of the chapter is organized as follows. In Section 6.2, the materials
and the experimental techniques utilized to measure the equilibrium as well as the
dynamic surface tensions are described. In Section 6.3, a brief overview of the equilib-
rium and the dynamic interfacial theories utilized here to predict the equilibrium and
the dynamic surface tensions is provided. In Section 6.4, a comparison between the
theoretically predicted and the experimentally measured equilibrium and dynamic

surface tensions, including the simplified timescale analysis, is presented. Finally, in

221



Section 6.5, concluding remarks are provided.

6.2 Experimental Techniques

6.2.1 Materials

The two nonionic surfactants studied in this chapter, dodecyl penta(ethylene oxide)
(C12Es), and decyl octa(ethylene oxide) (CyoEs), were obtained from Nikko Chemi-
cals, Japan (lot numbers 0054 and 0018, respectively) and, due to their high purity
(as indicated by the absence of a minimum in the equilibrium surface tension versus
surfactant concentration curves), were used as received. All water used in the mea-
surements was purified using a Millipore Milli-Q system and had a specific resistance
of 18 MQ cm. All glassware was carefully cleaned either: (i) by soaking in a 1 M
NaOH-Ethanol bath for at least 8 hours, followed by soaking in a 1 M nitric acid
bath for at least another 8 hours, rinsing copiously with Milli-Q water, and finally
drying in an oven overnight, or (ii) by soaking in a Nochromix solution for at least 8
hours, rinsing copiously with Milli-Q water, and then drying in a cabinet. The needle
used in the pendant bubble measurements was cleaned by sonicating repeatedly in
Milli-Q water. The platinum Wilhelmy plate used in the equilibrium surface tension
measurements was cleaned by rinsing with Milli-Q water, followed by rinsing with

acetone, and finally held in a flame until an orange glow was obtained.

6.2.2 Methods

The equilibrium surface tension measurements were made using a Kriiss K10 ten-
siometer with a platinum Wilhelmy plate.®® A schematic illustration of this appara-
tus is shown in Figure 6-1. To measure the equilibrium air-aqueous solution surface
tension using this method, the plate is brought into contact with the surfactant solu-
tion of interest. Because the plate is made of platinum, which has an extremely high
surface energy (os in Eq. (1.1) in Chapter 1), the solution will fully wet the platinum

plate (that is, the contact angle will nearly be zero). Therefore, the force on the plate
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Air

Wilhelmy Plate

Figure 6-1: Schematic illustration of the Wilhelmy plate method for measuring the

equilibrium air-aqueous surfactant solution surface tension.

will be equal to the product of the surface tension of the solution of interest and the
perimeter of the plate. By measuring the force using an electronic scale, and then di-
viding by the known perimeter of the plate, the surface tension can be deduced. Each
measurement was repeated three times and the average result is reported. For the
equilibrium measurements, the temperature was held constant at 21.7 + 0.1°C by a
thermostatically controlled jacket around the sample. The experimental uncertainty
in these equilibrium surface tension measurements was approximately 0.1 dyn/cm
The dynamic surface tension measurements were made using a pendant bubble
apparatus (for a detailed description of this apparatus and the measuring procedure,

see Refs. 107 and 127). A schematic illustration of this method for measuring the
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Figure 6-2: Schematic illustration of the pendant bubble method for measuring the

dynamic air-aqueous surfactant solution surface tension.
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Air Bubble

Figure 6-3: Schematic illustration of the bubble shape in the pendant bubble method
for measuring the dynamic air-aqueous surfactant solution surface tension. Bubble
‘A’ corresponds to a relatively large value of the surface tension, where the interfacial
forces dominate, and therefore, the bubble is approximately spherical in shape. Bub-
ble ‘B’ corresponds to a lower value of the surface tension, where the interfacial forces

no longer dominate, and hence, the bubble has elongated along the vertical direction.
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dynamic air-aqueous surfactant solution surface tension is shown in Figure 6-2. First,
an air bubble at the tip of an inverted steel needle is immersed in a quartz cell filled
with the surfactant solution of interest. Collimated light is passed through the quartz
cell, and a digital image of the bubble silhouette is captured by a CCD camera and
recorded.

The instantaneous surface tension is then calculated from the profile of the bubble.
That is, the shape of the bubble is determined by a balance of the interfacial force,
which tends to minimize the surface area leading to a spherical bubble, and the
gravitational (buoyancy) force, which tends to make the less dense bubble elongate
in the vertical direction. Figure 6-3 shows a schematic illustration of the shape
of a bubble in two different cases. The first case, labeled ‘A’, corresponds to a
relatively large value of the surface tension, where the interfacial forces dominate, and
therefore, the bubble is approximately spherical in shape. The second case, labeled
‘B’, corresponds to a lower value of the surface tension, where the interfacial forces
no longer dominate, and hence, the bubble elongates along the vertical direction.
Mathematically, the profile of the bubble is described by the Young-Laplace equation.

Specifically,
AP = Apgz =0 (1/r1 + 1/r9) (6.1)

where AP is the pressure difference across the bubble surface, Ap is the density
difference between the solution and air, g is the gravitational constant, z is the vertical
coordinate measured from the apex of the bubble, and r; and 7, are the two local
principal radii of curvature.

The surface tension corresponding to the time of any given image can be deter-
mined by numerically matching the solution of the Young-Laplace equation to the
measured bubble profile of that image. In this manner, the surface tension as a func-
tion of time can be determined by taking a periodic series of images, and then using
these to calculate the surface tension corresponding to the time elapsed since the
bubble was created. A precise timing for the creation of the bubble can be attained

by using a syringe pump to blow the air through the needle, which allows for a rapid
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(= 0.03s) creation of the interface. Furthermore, a second beam of light, perpendicu-
lar to the first, is passed through the quartz cell and focused on a photo-diode. When
the bubble is formed, its shadow causes a decrease in the voltage of the photo-diode,
which can then be used to trigger the stoppage of air flowing through the needle and
the commencement of the collection of the bubble profile images. In this manner,
the surface tension of surfaces with ages as short as 0.06s can be measured. The
pendant bubble measurements were all performed at room temperature, which var-
ied from 21.2°C to 22.2°C. The experimental uncertainty in these dynamic surface

tension measurements was approximately 0.1 dyn/cm.

6.3 Theory

6.3.1 Prediction of the Equilibrium Surface Tensions of Aque-

ous Nonionic Surfactant Solutions

For the prediction of the equilibrium surface tensions of aqueous nonionic surfactant
solutions, the molecular-thermodynamic theory for the equilibrium interfacial behav-
ior of nonionic surfactants developed in Chapter 2 was utilized. Since this theory for
nonionic surfactants has been described in detail in Chapter 2, only a brief overview is
presented here. The surface equation of state developed in the context of this theory

is given by:

n n 2
YL T (Z Firi) n
z:}l + z=71L 5 + Z BijFiFj (62)
13 Dy (1 -3 Fiai) ij=1
= =1

O':UO—kBT
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where o is the surface tension of the surfactant solution, o is the surface tension
of pure water, kg is the Boltzmann constant, T is the absolute temperature, a;
and 1; = \/% are the cross-sectional area and radius of the adsorbed surfactant
molecules of type %, respectively, B;; is the second-order virial coefficient between

surfactant molecules of type 7 and j (which, for surfactants consisting of linear alkyl

227



tails, can be calculated from the number of carbon atoms in the tail of each surfac-
tant!?), Zn: indicates summation over all possible pairs of surfactants, while avoiding
double cz(sjllzr;ting, I is the surface concentration of surfactant molecules of type &, and
n is the number of surfactant components comprising the mixture. The equilibrium
adsorption isotherm of each surfactant component ¢ (that is, the equilibrium rela-
tionship between the surface concentration and the bulk concentration of surfactant

component %) is given by:

n
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where n}’ (ng + zn: nfg) ~ ny /ny is the bulk mole fraction of surfactant molecules
of type ¢ (n) is thekT)lulk number density of water, which is approximately constant,
since the surfactant concentration is dilute), and Ay is the difference between the
standard-state chemical potentials of a surfactant molecule of type ¢ at the interface
and in the bulk aqueous phase!? (also referred to as the free energy of adsorption of
surfactant molecules of type 7). Note that Eq. (6.3) represents a set of n equations
corresponding to i = 1 to n. Accordingly, for a given bulk surfactant concentration
and composition (that is, for a given value of the bulk surfactant mole fraction,
ny /ny), the set of n unknown quantities, {I';}, can be calculated by simultaneously
solving the set of n equations given in Eq. (6.3). Once these surface concentrations,
{T';}, have been determined, one can predict the surface tension of the surfactant
solution using Eq. (6.2). Note also that the free energies of adsorption, Ap?, are

the only unknown parameters in this theory, and can be calculated by fitting the

predicted surface tension to one experimentally measured surface tension value for
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each single surfactant component comprising the mixture.

6.3.2 Prediction of the Dynamic Surface Tensions of Aqueous

Nonionic Surfactant Solutions

The dynamic surface tension predictions were made using the theory described in
Chapter 5, which utilizes the equilibrium adsorption theory described in Chapter 2 as
its basis. Specifically, the Ward and Tordai equation for spherical interfaces!®® (which
most accurately describes the pendant bubble experimental conditions), extended to

treat mixtures of surfactants, is given by:

Vi ¢
T () =2 % n;V\/Z—/n?(t—t”)d\/? +% n;.”t—/n;’(t”)di (6.4)
0 0

where n) is the concentration of surfactant molecules of type i in the sublayer (the
region of the aqueous phase adjacent to the interface), D; is the diffusion coefficient of
surfactant molecules of type 7, and R is the radius of the bubble (which, for the results
presented in Section 6.4, has a value of R = 0.1cm, corresponding to the approximate
bubble radius in the pendant bubble apparatus). Note that Eq. (6.4) represents a
set of n equations. Note also that in the limit of a large bubble (in particular, when
R >> I';/nY), Eq. (6.4) reduces to the expression corresponding to a flat interface
given in Chapter 5 (see Refs. 127 and 111 for a more detailed discussion).

In the limit of diffusion-controlled adsorption, one can assume instantaneous equi-
librium between the adsorbed surfactant molecules and those present in the sublayer.
This assumption allows one to use the equilibrium adsorption isotherm, Eq. (6.3), with
the sublayer concentrations, {n{}, replacing the bulk concentrations, {n}'}, along with
the initial condition of {T'; (¢ = 0) = 0}, to iteratively solve for the surface concen-
tration of each surfactant component as a function of time, {T'; (¢)}, using Eq. (6.4).
Once the surface concentrations have been determined, the dynamic surface tension
can be predicted by utilizing Eq. (6.2) at every time point of interest (see Chapter 5

for a detailed description of the calculation procedure).

229



In addition to the complete prediction of the surface tension as a function of time,
in Chapter 5, a simplified analysis was presented where the diffusion-limited time-
scale for adsorption of each surfactant component can be estimated without explicitly
solving Eq. (6.4). Specifically, the timescale for adsorption of surfactant molecules of
type i, Tp,, can be written as follows:

(Li/ny)?

Tp;, = D, (6.5)

For single surfactant solutions, the value of I'; in Eq. (6.5) should be the equilibrium
value, I';?, obtained by solving Eq. (6.3) for surfactant component 7. For mixtures of
surfactants, one can obtain an initial estimate of the timescale for adsorption of each
surfactant component by using the equilibrium value of I'; in Eq. (6.5). If the time-
scales for adsorption of each surfactant component are similar, then this procedure
will provide a good estimate for 7p,. However, if the timescales for adsorption of each
surfactant component are significantly different, then this procedure will not yield a
good estimate for 7p,. For example, considering a binary surfactant mixture, for the
surfactant having the shortest timescale for adsorption, one should use in Eq. (6.5)
the equilibrium value of ['; corresponding to a surfactant solution containing only that
surfactant component at the same bulk surfactant concentration as that correspond-
ing to the binary surfactant mixture. For the second, later adsorbing surfactant, one
should use the equilibrium value of I'; corresponding to the binary surfactant mixture
(see Chapter 5). In this manner, one can quickly estimate the timescales for adsorp-
tion of the various surfactant components through the use of the computationally less
intensive equilibrium model. Examples of all of these predictions, as well as a com-
parison of the predicted and the experimentally measured dynamic surface tensions,

including the timescale analysis, are presented in Section 6.4.
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6.4 Results

Figure 6-4 shows both the experimentally measured (symbols) and the predicted
(lines) equilibrium surface tensions as a function of bulk surfactant concentration for:
(i) aqueous single surfactant solutions of C;2E5 (®) and CyoEs (M), and (ii) aqueous
binary surfactant solutions of 50% C12Es — 50% C1oEs () and 16.7% C12Es — 83.3%
CioEs (A). The surfactant molecular parameters, a;, Au?, and By;, used for the
predictions shown in Figure 6-4 are listed in Tables 6.1 and 6.2. Note the cross-
sectional areas, a;, and the virial coefficients, B;;, were calculated from the number
of ethylene oxide groups, j, in the surfactant E; heads and the number of carbon
atoms in the surfactant tails, respectively, as described in detail in Ref. 12. The
single surface tension measurement that was used for the fitting of the standard-state
chemical potential difference, Ap?, corresponds to the surface tension value at 1.0 x
10~8mol /em?® for C12E;5 and at 1.0 x 10~%mol/cm? for C1oEg. Recall that there are no
fitted parameters for the mixed surfactant solutions. Figure 6-4 shows that the surface
tension vs. surfactant concentration curve of the more surface active surfactant, C;9Es,
(which corresponds to the fact that Aud . p < Apd p) lies to the left of that
corresponding to the less surface active surfactant, C,oEg, as expected, with the
surface tension curves of the binary surfactant mixtures lying in between according to
their composition. Figure 6-4 also shows that the surfactant with the smaller cross-
sectional area, Ci9E5, exhibits a surface tension vs. surfactant concentration curve
with a steeper slope. This is due to the fact that the slope of this curve, according to
the Gibbs adsorption equation, is proportional to the surface concentration,*! and that
the smaller surfactant (Cy2Es5) gives rise to a larger value of the surface concentration.
Although the agreement between the predicted and the experimental surface tension
measurements is quite good for the four systems examined, note that the theory
does a better job at predicting the surface tension of Cj3E5 than that of CqoEs.
This may be attributed to the fact that C,oEg has a larger, more flexible polymeric
(polyethylene oxide) E; head, and therefore, the hard-disk description underlying the

surface equation of state adopted here may better describe the shorter E5 heads.
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Table 6.1: Cross-sectional areas, a;, and standard-state chemical potential differences,

Ap?, corresponding to CyoEs and CyoEs.

Table 6.2: Values of the second-order virial coefficients, B;;, used in the equilibrium

and the dynamic surface tension predictions of solutions of Ci5E5, CigEg, and their

binary mixtures.

Surfactant i | a; (A?) | Au? (kgT)
Ci2Es 36.6 -51.9
CioEs 47.9 -51.0

Surfactant 7 | Surfactant j | By; (A?)
Cy2Es Cr2Es -108
CioEs CioEs -47
Ci2Es5 CioEs -69
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Figure 6-4: Predicted (lines) and experimentally measured (symbols) equilibrium
surface tensions as a function of total bulk surfactant concentration for aqueous single
surfactant solutions of: (i) C;2E; (®) and CyoEg (M), and (ii) binary surfactant
mixtures of 50% Ci2Es — 50% CioEs (#) and 16.7% C12E5 — 83.3% CioEs (A).

233



Figure 6-5 shows both the experimentally measured (symbols) and the predicted
(solid lines) dynamic surface tension profiles of an aqueous solution of Cy3E5 at a bulk
surfactant concentration of 4.0 x 10™%mol/cm? (filled symbols), and at a bulk surfac-
tant concentration of 16 x 10™°mol/cm3 (open symbols). Note that the various types
of filled and open symbols correspond to different runs under the same experimental
conditions. The diffusion coefficient of C12E5 , 6.5 x 107%cm?/s, was determined by
fitting the predicted dynamic surface tension profile to the experimentally measured
surface tension profile for the 4.0 x 10™°mol/cm? solution. This value of D¢,,g, was
then used to predict the dynamic surface tension of the more concentrated Ci3E5
aqueous solution. The fact that the predicted dynamic surface tensions are in good
agreement with the experimental results shown in Figure 6-5 for both bulk C,Es
concentrations, along with the fact that the fitted value of D¢ ,g, is within the range
of values typically encountered for surfactants,'® provides strong support for the as-
sumption that the adsorption of the surfactant molecules in these solutions is indeed
diffusion limited.!?

Instead of relying on dynamic surface tension measurements to fit D, the diffusion
coefficient can instead be estimated theoretically. For example, using the Wilke-
Chang model'®® (which is a correlation based on the molecular weight of the solute,
C12Es5 in the present case, and the viscosity of the solvent, water in the present case)
the diffusion coefficient of Ci;E5 can be estimated to be 4.2 x 10~®cm?/s, which
is reasonably close to the value obtained by fitting to the dynamic surface tension
profile (D¢,,g; = 6.5 x 107%cm?/s). For comparison, the predicted dynamic surface
tension profiles obtained using Dg¢,,g, = 4.2 X 107%cm?/s are also shown in Figure
6-5 (dashed lines). Note that these predictions are also in reasonably good agreement
with the experimental measurements, specially considering that there are no fitted
parameters in the dynamic adsorption model used to make these predictions. In
addition, note that the two sets of curves in Figure 6-6, corresponding to the two
different values of D¢ ,g,, illustrate the relatively weak sensitivity of the dynamic
surface tension predictions to the value of D used. Finally, the diffusion coefficient

can also be obtained by using an alternative experimental technique. For example,
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Figure 6-5: Predicted (lines) and experimentally measured (symbols) dynamic sur-
face tensions of aqueous solutions of Ci3E5; at bulk surfactant concentrations of
4.0 x 107%mol/cm? (filled symbols) and 16 x 107%mol/cm? (open symbols). The
various types of filled and open symbols correspond to different experimental runs
at the same bulk surfactant concentration. The solid lines correspond to the pre-
dicted dynamic surface tensions made using the fitted value of the diffusion coefficient
(6.5 x 1076cm?/s; see text). The dashed lines correspond to the predicted dynamic

surface tensions made using the theoretical value of the diffusion coefficient, predicted

using the Wilke-Chang model (4.2 x 10~%cm?/s).
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Schonhoff and Sédermann'®” have measured the diffusion coefficient of C;3Es using
NMR, and obtained a value of 3.9 x 10~®cm?/s, which is again reasonably close to
the value obtained by fitting to the measured dynamic surface tension profile. The
predicted dynamic surface tension profiles obtained when using this value of D¢,,E,
are very similar to those obtained when using the value of Dg,,g, obtained from the
Wilke-Chang model, and are therefore not reported in Figure 6-5.

As discussed briefly in Section 6.3 and in detail in Chapter 5, a timescale for
adsorption can quickly be estimated for these solutions using Eq. (6.5). For the
4.0 x 10™%mol/ecm3 Cj3Es solution, the equilibrium surface concentration, I‘g’les,
calculated through the use of Eq. (6.3), is 1.51 x 107'*mol/cm~2, which, when
used in Eq. (6.5) (along with the fitted value of the diffusion coefficient, D¢, g, =
6.5 x 10~%cm?/s), yields a timescale for adsorption of TDg,,e, — 610s. For the
16 x 10~°mol /em? solution, 'y g, is 1.64 x 10"*mol/em ™2, which yields a timescale
for adsorption of 7p, . = 45s. Note that both of these timescales for adsorption rep-
resent reasonable estimates for the times at which the large decreases in the dynamic
surface tensions of the corresponding surfactant solutions are observed in Figure 6-5.

Figure 6-6 shows both the experimentally measured (symbols) and the predicted
(solid lines) dynamic surface tension profiles of an aqueous solution of C;yEg at a
bulk surfactant concentration of 4.0 x 10~%mol/cm3 (filled symbols), and at a bulk
surfactant concentration of 16 x 10™%mol/cm? (open symbols). Note that the various
types of filled and open symbols correspond to different runs under the same experi-
mental conditions. As with Ci,Es, the diffusion coefficient of CyoEg, 8.0 x 10~8¢m?/s,
was also determined by fitting the predicted dynamic surface tension profile to the
experimentally measured surface tension profile for the 4.0 x 107%mol/cm? solution.
This value of D¢, g, was then used to predict the dynamic surface tension for the
more concentrated CyoEg solution. As in the case of Ci3Es, the fact that the pre-
dicted dynamic surface tension profiles are in reasonably good agreement with the
experimental results in Figure 6-6 for both bulk C;yEg concentrations, along with
the fact that the fitted value of D¢, g, is within the range of D values typically

encountered for surfactants,'? provides strong support for the assumption that the
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Figure 6-6: Predicted (lines) and experimentally measured (symbols) dynamic sur-
face tensions of aqueous solutions of CygEg at bulk surfactant concentrations of
4.0 x 10™%mol/cm3 (filled symbols) and 16 x 10~mol/cm3 (open symbols). The
various types of filled and open symbols correspond to different experimental runs
at the same bulk surfactant concentration. The solid lines correspond to the pre-
dicted dynamic surface tensions made using the fitted value of the diffusion coeflicient
(8.0 x 107%¢cm?/s; see text). The dashed lines correspond to the predicted dynamic
surface tensions made using the theoretical value of the diffusion coefficient, obtained

using the Wilke-Chang model (3.7 x 10%cm?/s).
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adsorption of the surfactant molecules in these solutions is indeed diffusion limited.!3
The relatively poor agreement between the predicted and the experimentally mea-
sured surface tensions in Figure 6-6 at long times (¢ > 10s) can be attributed to the
difference between the actual and the predicted equilibrium surface tensions, which,
as discussed above, may be a reflection of using the hard-disk model to describe the
relatively large, flexible Eg polymeric heads.

As in the case of Ci2E5, the diffusion coefficient can be calculated theoretically
using the Wilke-Change model. In this case, this yields a value of D¢ g, = 3.7 X
10=5¢m?/s, and the predicted dynamic surface tension profiles corresponding to this
value of D¢, g, are also shown in Figure 6-6 (dashed lines). Note that these predictions
are also in reasonable agreement with the experimental measurements. In addition,
note that the two sets of curves in Figure 6-6, corresponding to the two different
values of D¢, gq, illustrate the relatively weak sensitivity of the dynamic surface
tension predictions to the value of D used.

As with Cy5Es5, to determine the timescale for adsorption of CygEg, one pro-
ceeds as follows. For the 4.0 x 10~%mol/cm?® CiyEg solution, the equilibrium sur-
face concentration is ') 5, = 0.89 x 107"*mol/cm~2, which, using the fitted value
of Dcygs = 8.0 X 107%e¢m?/s in Eq. (6.5), yields a timescale for adsorption of
TDg,ym, = 170s. For the 16 x 10~mol/cm?® CyEg solution, the equilibrium surface

2 and the corresponding timescale

concentration is I'g g = 1.04 x 107"*mol/cm™
for adsorption is 7p, 5 = 15s. Note that both of these timescales for adsorption
represent reasonable estimates for the time at which the large decreases in the dy-
namic surface tensions of the corresponding solutions are observed in Figure 6-6.
Note also that, at both bulk surfactant concentrations, the CioEg solutions reach
equilibrium faster than the Ci3E5 solutions. Physically, this reflects the fact that
C10Es has a larger cross-sectional area than C1oE5 (47.9A2 vs. 36.6A2), resulting in a
smaller value of its equilibrium surface concentration. This, in turn, through the use
of Eq. (6.5), yields a smaller value for the timescale for adsorption of C1oEg (that is,
TDoyoms < TDoyyms)-

Turning next to the mixed surfactant cases, Figures 6-7 and 6-8 show both the
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Figure 6-7: Predicted (lines) and experimentally measured (symbols) dynamic sur-
face tensions of aqueous solutions of a binary surfactant mixture of 50% Ci3Es5 —
50% C1oEs at total bulk surfactant concentrations of 4.0 x 10~%mol/cm? (filled sym-
bols) and 16 x 10~°mol/cm?® (open symbols). The various types of filled and open
symbols correspond to different experimental runs at the same total bulk surfactant

concentration.
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Figure 6-8: Predicted (lines) and experimentally measured (symbols) dynamic sur-
face tensions of aqueous solutions of a binary surfactant mixture of 16.7% C3Es —
83.3% CioEs at total bulk surfactant concentrations of 4.0 x 10~%mol /cm? (filled sym-
bols) and 16 x 10~%mol/cm?® (open symbols). The various types of filled and open
symbols correspond to different experimental runs at the same total bulk surfactant

concentration.
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experimentally measured (symbols) and the predicted (lines) dynamic surface tension
profiles of a binary surfactant mixture of 50% Cy2E5 — 50% Ci9Es (Figure 6-7), and
of a binary surfactant mixture of 16.7% Cy2Es — 83.3% CyoEg (Figure 6-8). For
both mixtures, the filled symbols correspond to a total bulk surfactant concentration
of 4.0 x 10~°mol/cm?, and the open symbols correspond to a total bulk surfactant
concentration of 16 x 10~%mol/cm3. Note that the various types of filled and open
symbols used in Figures 6-7 and 6-8 correspond to different runs under the same
experimental conditions. Note also that all the surfactant molecular parameters used,
as listed in Tables 6.1 and 6.2, are the same as those used in the predictions made for
the single surfactant solutions (the diffusion coefficients used are those obtained by
fitting the predicted and the experimentally measured dynamic surface tension profiles
for each single surfactant solution). In other words, there are no adjustable parameters
in either the equilibrium or the dynamic interfacial models, that are determined by
fitting to measurements conducted on the mixed surfactant system. With this in
mind, the predicted dynamic surface tension profiles shown in Figures 6-7 and 6-8 are
in reasonably good agreement with the experimentally measured ones.

Note that for the binary surfactant mixtures, one can observe two characteris-
tic decreases in the dynamic surface tensions in Figures 6-7 and 6-8. For example,
for the binary surfactant mixture of 50% Cio2Es — 50% CioEg at a total bulk con-
centration of 16 x 10~%mol/em? (shown in Figure 6-7), the first decrease occurs at
t ~ 30s and the second decrease occurs at t =~ 150s. To clarify the observed and
predicted dynamic surface tension behavior, Figure 6-9 shows the predicted surface

)a FCwEs ( ''''' )7 and FCIZES +FCIOE8 ( _ = —)

concentrations, I'c,, g, (
for this surfactant mixture. Figure 6-9 shows that initially, ¢ < 10s, the surface con-
centrations of both surfactant components increase at similar rates, since initially,
[; is proportional to n*/D;t,% and both surfactant components have identical bulk
concentrations and similar diffusion coefficients. However, since the cross-sectional
area of CyoEg is larger than that of Ci5Es, the surface coverage of CyoEg (defined as
[c, B0, 0Es ) IDCTEAsSEs at a faster rate initially, and it is this initial coverage of C;oEg

that is responsible for the first characteristic decrease in the dynamic surface tension.
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Figure 6-9: Predicted surface concentrations of Cy3Es, Tcp,Es, ( ), and of
CioEs, T'cyopss (- —-—- ), as well as predicted total surface concentration, I'c,, 5, +
Tcoms, ( — — —), for a binary surfactant mixture of 50% C2Es — 50% CyoEg at a

total bulk surfactant concentration of 16 x 10~%mol/cm?.

Eventually (around ¢ = 10s), the more surface active Ci,E5s component displaces
CyoEs, leading to the second characteristic decrease in the dynamic surface tension
(see Chapter 5 for a detailed discussion of this dynamic process).

Since Ci3E5 is the “slower” surfactant due to its smaller cross-sectional area
(T'cies < Tcyorg, which leads to Tpg p. > Tng g, See Eq. (6.5)), as discussed in
detail in Chapter 5, the timescale for adsorption of this surfactant component can be
determined by using the equilibrium value of I'¢,, g, corresponding to this binary sur-

factant mixture in Eq. (6.5). For the 50% C12E5 — 50% C,Eg surfactant solution at a
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total bulk surfactant concentration of 16 x 10™%mol/cm3, this results in an equilibrium
surface concentration of I'f . = 1.34 x 10"*cm™2 and a corresponding timescale for
adsorption of 7p,, . = 155s. Note that this timescale represents a good estimate for
the time at which the predicted surface concentration of this component (see Figure
6-9) as well as the predicted and experimentally measured dynamic surface tensions
reach equilibrium (see Figure 6-7). Since the “faster” surfactant (CjoEs) is also the
less surface active component, the timescale for adsorption of this surfactant can be
determined using Eq. (6.5) with a value of I'¢, g, corresponding to the equilibrium
surface concentration for a solution containing only CioEg at the same surfactant
concentration as in the binary surfactant mixture. For the solution of 50% Ci3Es
- 50% C0Es at a total bulk concentration of 16 x 10~°mol /em?, this results in an
equilibrium surface concentration of I'! p = 0.97 x 10"em~? and a corresponding
timescale for adsorption of Tp, . = 52s. Note that this timescale is a good estimate
for the time at which the surface concentration of Cy¢Eg is predicted to exhibit a peak
(see Figure 6-9), as well for the time at which the first characteristic decrease in both
the predicted and the experimentally measured dynamic surface tensions is observed
(see Figure 6-7).

The analysis of the dynamic surface tension profiles corresponding to the other
three binary surfactant mixtures shown in Figures 6-7 and 6-8 are similar to the one
carried out in detail above for the solution of 50% C12E5 — 50% C;oEs at a total bulk
surfactant concentration of 16 x 10~%mol/cm3, and therefore, the preceding analysis
will not be repeated for these three mixtures. Instead, as a summary, Table 6.3 lists
the predicted timescales for adsorption of each surfactant component present in the
four binary surfactant mixtures shown in Figures 6-7 and 6-8, as determined using
the analysis described above. Note that in each case, the timescale for adsorption
of CypEs, TDg, kg provides a good estimate for the time at which the first charac-
teristic decrease in the dynamic surface tension is observed, and that the timescale
for adsorption of Ci2Es, 7p¢ s, , provides a good estimate for the time at which the
second and final characteristic decrease in the dynamic surface tension is observed

(see Figures 6-7 and 6-8).
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Table 6.3: Timescales for adsorption of all of the single surfactant solutions and the

binary surfactant mixtures examined in this chapter (see text for details).

Total Bulk Bulk Bulk TDeyyms | TDoygEs
Surfactant Concentration | Composition of | Composition of |  (s) (s)
(x10~%mol /cm?) Ci2Es CioEs
4.0 100% 0% 610 -
16 100% 0% 45 -
4.0 0% 100% - 171
16 0% 100% - 15
4.0 50% 50% 1900 040
16 50% 50% 155 92
4.0 16.7% 83.3% 6100 230
16 16.7% 83.3% 710 21
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6.5 Conclusions

The experimental measurements of the equilibrium and the dynamic air-aqueous so-
lution surface tensions of solutions of two nonionic surfactants, Ci2E5 and CyoEg, as
well as of a binary mixture of 50% Cy2E5 — 50% C19Eg and a binary mixture of 16.7%
Ci2E5 — 83.3% CioEg, were presented. The measured surface tensions were found to be
in good agreement with the theoretical predictions made using the molecularly-based
theories of equilibrium and dynamic surfactant adsorption developed in Chapters 2
and 5, respectively. Specifically, it was shown that the equilibrium interfacial theory
can be used to quantitatively predict the equilibrium surface tensions of solution of
single nonionic surfactants, as well as of their binary mixtures, while significantly
reducing the amount of required experimental inputs. This was accomplished by
utilizing a theoretical framework which is based on the molecular characteristics of
the surfactants, and contains only one experimentally determined parameter for each
single surfactant component comprising the mixture (obtained from one experimental
surface tension measurement). No additional measurements need to be conducted on
the surfactant mixtures.

Subsequently, it was shown that the diffusion-controlled dynamic adsorption the-
ory developed in Chapter 5 can successfully predict the dynamic surface tensions
of both the single nonionic surfactant solutions and the binary nonionic surfactant
solutions examined. Since this dynamic adsorption theory is based on the molecular-
thermodynamic equilibrium theory, it does not contain any additional experimentally
determined parameters for the mixed surfactant solutions. Therefore, both the equi-
librium and the dynamic surface tensions of the mixed surfactant solutions can be
predicted without performing any experiments on the mixed surfactant systems.

Although the theoretical framework developed in Chapter 5 and implemented in
this chapter can be used to fully predict the surface tension and the surface concentra-
tion and composition of a surfactant mixture as a function of time, a simplified time-
scale analysis was provided which can be used to quickly estimate the time required

to attain adsorption equilibrium (including the resulting surface tension equilibrium).
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While the timescale analysis is more complicated in the case of surfactant mixtures,
it is generally quicker to implement than the solution of the complete theory. Ac-
cordingly, the simplified timescale analysis could be utilized to screen a large number
of single surfactants and their mixtures to select those that exhibit the desired dy-
namic interfacial behavior. The simplified timescale analysis is also useful in allowing
quick prediction of the relationship between the surfactant molecular structure and
the dynamic adsorption properties of that surfactant. In this chapter, it was shown
that, in the case of C15Es5, Ci9Eg, and their binary mixtures, this simplified timescale
analysis provides a reasonably accurate estimate of the timescale for adsorption of a
single surfactant or of a surfactant component in the mixture.

In the next chapter, the equilibrium adsorption theories presented in Chapters 2,
3, and 4 are implemented in the user-friendly computer program, Program SURF,
and the dynamic adsorption theory presented in Chapter 5 is implemented in the

user-friendly computer program, Program DYNAMIC.
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Chapter 7

User-Friendly Computer Programs

7.1 Introduction

The molecular-thermodynamic theories developed in Chapters 2 and 3 for the mixed
surfactant adsorption at the air-water interface, as well as in Chapter 4 for the mixed
surfactant adsorption at the oil-water interface, along with the theoretical framework
developed in Chapter 5 for the dynamic adsorption of mixtures of surfactants, gener-
ally require a detailed knowledge and understanding of the behavior of surfactants at
interfaces. Although this detailed knowledge results in useful theories, the underlying
theoretical aspects are often difficult to understand and implement, particularly by
those that lack the necessary theoretical foundations. In an effort to facilitate the
use of the various theories developed in this thesis (Chapters 2-5) by industrial re-
searchers, in particular, two user-friendly computer programs, Program SURF and
Program DYNAMIC, were developed.

As discussed in Sections 7.2 and 7.3, the inputs to these programs are the various
surfactant molecular parameters and the solutions conditions. Given these inputs,
the computer programs then implement the theoretical frameworks developed in this
thesis to output either the equilibrium interfacial properties, in the case of Program
SURF, or the dynamic interfacial properties, in the case of Program DYNAMIC. It is
hoped that this will allow an industrial researcher to screen a large number of potential

surfactants for a particular application requiring desired interfacial properties, or to
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find an optimum composition for a surfactant mixture exhibiting desired interfacial
properties, without an explicit consideration of the underlying details of the theory.
Furthermore, since the computer programs typically take only a few seconds to run,
a large number of surfactant systems can be examined and screened fairly quickly.
This, in turn, can lead to a considerable amount of time saving as compared to
using traditional experimentation to screen or optimize surfactant systems exhibiting

desired interfacial properties.

7.2 Program SURF

Program SURF predicts the equilibrium air-water or oil-water interfacial tensions, as
well as interfacial concentrations and compositions, of aqueous solutions of surfac-
tant mixtures. The surfactants can be nonionic, ionic, or zwitterionic. The program
is based on the molecular-thermodynamic theories developed in Chapters 2, 3, and
4 to model mixed surfactant adsorption at interfaces. Specifically, Program SURF
can deal with any number of surfactant components (see below), including a single
surfactant. Although Program SURF deals explicitly with surfactant solutions be-
low the critical micelle concentration (CMC), it can also be used above the CMC
for: (i) single surfactants, provided that the user inputs the appropriate surfactant
monomer concentration from Program PREDICT5® (a user-friendly computer pro-
gram that predicts bulk solution properties of single surfactants), and (ii) binary
surfactant miztures, provided that the user inputs the appropriate total surfactant
monomer concentration and monomer composition from Program MIX2% (a user-
friendly computer program that predicts bulk solution properties of surfactant mix-
tures). Note that below the CMC, the total surfactant monomer concentration and
monomer composition are equal to the total bulk solution concentration and bulk

surfactant composition, respectively, which are inputs to Program SURF.
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Flow Diagram of Program SURF

Surfactant Properties

® Surfactant Chemical
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Figure 7-1: Flow diagram of Program SURF.
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7.2.1 Inputs to Program SURF

The inputs to Program SURF can be divided into two classes: (i) the chemical struc-
tures of the surfactants involved, described in terms of several molecular parameters,
and (ii) the solution conditions (see Figure 7-1). Inputs (i) and (ii) are discussed in
detail below. Note that the required units are clearly stated by the program for each
input, but in general, bulk concentrations are in mol/L, interfacial concentrations

are in mol/cm?, lengths are in Angstroms, and surface and interfacial tensions are in

dyn/cm.

(i) Surfactant Chemical Structure. Program SURF will first prompt the user for
the number of surfactant components, n, present in the aqueous solution. Note that,
in principle, Program SURF can deal with any number of surfactant components.
However, in order to conserve computer memory, the current version of Program
SURF is limited to n = 15. The program will then ask the user for the name of the
first surfactant, as well as for the various molecular parameters characterizing the
chemical structure of that surfactant. The program will subsequently ask the user for
similar information regarding the second surfactant, the third surfactant, up to the
n'® surfactant.

The surfactant molecular parameters include (see Figure 7-2):

(1) The number of carbon atoms, n., in the surfactant tail.

(2) The head cross-sectional area, aj.

(3) The total valence of the surfactant head (the user should enter 0 for a nonionic
or zwitterionic surfactant, +1 for a monovalent cationic surfactant, and —1 for a
monovalent anionic surfactant).

(4) The length of the surfactant head, 1, (measured relative to the center of the first
carbon atom in the surfactant tail).

(5) The number of charged groups in the surfactant head (the user should enter 0 for
a nonionic surfactant, 1 for an ionic surfactant, and 2 for a zwitterionic surfactant).

(6) The valence of each charged group in the surfactant head (typically, +1 or —1).

(7) The position of each charged group in the surfactant head, d’,, (measured relative
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Figure 7-2: Schematic illustration of the surfactant molecular parameters.
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to the center of the first carbon atom in the surfactant tail).

(8) The name, valence, and radius of the counterion, if the surfactant is ionic.

(9) A single surfactant concentration value at which the air-water or oil-water equi-
librium interfacial tension of the surfactant solution is known experimentally.

(10) The air-water or oil-water equilibrium interfacial tension value at the surfactant
concentration specified in item (9) above.

As a shortcut, the surfactant molecular parameters can be read from a file rather
than entered manually by the user each time. This is particularly useful in order
to create a library of surfactants of interest to the user for which many different
mixtures involving that surfactant can be studied. This can be done by creating a file
with the same name as that of the surfactant of interest. This file should be located
in the surf.dat directory. The format of this file, which generally follows the data
inputted manually by the user, can be found in the file format.s which is located
in the surf.dat directory. Program SURF will then use this file to determine the
molecular parameters of the surfactant. In order to revert back to manual input of
the surfactant molecular parameters, the user can either use a different name for the
surfactant, or delete or rename the surfactant data file.

Regarding the counterion molecular inputs in item (8) above, Program SURF
can also read these inputs from a file. The file should have the same name as the
counterion specified in item (8) above, and should be located in the ion_dat directory.
The format of this file is given in the file format.ion located in the ion_dat directory.
In this manner, the same counterion (for example, sodium) can be used for many

surfactants without the user having to enter its molecular parameters each time.

(ii) Solution Conditions. The solution condition inputs include:

(a) The temperature.

(b) The total bulk surfactant concentration. For convenience, Program SURF will
make predictions at a single total bulk surfactant concentration, or over a range of
total bulk surfactant concentrations. To accomplish this, the program will first ask

the user for the number of surfactant concentration data points. If only a single
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surfactant concentration is desired, the user should enter 1. In that case, the user
will be prompted for the specific value of the surfactant concentration of interest. If
a range of surfactant concentrations is desired, the user should enter a number larger
than 1 for the desired number of surfactant concentration data points (for example,
10 for a fairly coarse spacing, and 100 for a very fine spacing). The program will then
ask the user for the starting (lowest) and ending (highest) surfactant concentration
values. Note that the surfactant concentrations will be evenly spaced between these
two selected concentrations on a logyg scale.

(c) The bulk solution composition, ;. If the number of surfactant components is one
(n = 1), then no surfactant composition is needed. In the case of surfactant mixtures
(n > 1), the user should input the compositions of the first n-1 surfactants, with the

n—1
nth surfactant composition determined automatically by o, =1 — > o

(d) The surface tension of the pure air-water system or the interfaczizall tension of the
pure oil-water system. For example, for the air-water interface at 25°C, a value of 72
dyn/cm should be used.

As a shortcut, the number of surfactant components, their names, as well as the
solution condition inputs, (a)-(d) above, can be read from a file named surf.in located
in the directory from which Program SURF is run. The format of this file is given in
the file format.in. If a surf.in file is found, the user is given the option of using this
file or entering the inputs manually.

After a set of predictions is completed for a given set of inputs, Program SURF
will prompt the user to either: (1) change the total bulk surfactant concentration
range, (2) change the bulk solution composition, or (3) quit. If other changes are
desired, the user should quit and begin a new run of Program SURF. That way, a

separate output file is generated, which allows the user to easily distinguish between

the results from different sets of inputs.

7.2.2 Outputs of Program SURF

The file surf.out displays the log of the total bulk surfactant concentration, the bulk

solution concentrations of each surfactant and its counterion, the predicted interfacial
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concentration of each surfactant adsorbed at the interface, and the predicted interfa-
cial tension. The bulk solution compositions of each surfactant component are also
given at the beginning of this file. The output file is generally of an easy-to-read
format, and can be imported into a spreadsheet in order to make plots. In addition,
the interfacial tension as a function of the total bulk surfactant concentration is dis-
played to the screen so that the progress of the program can be monitored. If the
user chooses the option to run again for a different range of total bulk surfactant
concentrations (option 1), then those results are appended to the end of the surf.out
file. If the user chooses to change the bulk solution composition (option 2), then the

surfactant composition is also appended to the surf.out file.

7.3 Program DYNAMIC

Program DYNAMIC predicts the air-water surface tension and surface concentration
and composition of aqueous solutions containing mixtures of nonionic surfactants as
a function of time. The program is based on the molecular-thermodynamic theory
developed in Chapter 5 to model the dynamic adsorption of surfactant mixtures at
the air-water interface. Specifically, Program DYNAMIC can deal with any number
of surfactant components (see below), including a single surfactant, below the critical

micelle concentration (CMC).

7.3.1 Inputs to Program DYNAMIC

Similar to Program SURF, the inputs to Program DYNAMIC can be divided into
two classes: (i) the chemical structures of the surfactants involved, described in terms
of several molecular parameters, and (ii) the solution conditions (see Figure 7-3).
Inputs (i) and (ii) are discussed in detail below. Note that the required units are
clearly stated by the program for each input, but in general, bulk concentrations
are in mol/L, surface concentrations are in mol/cm?, lengths are in Angstroms, and

surface tensions are in dyn/cm.
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Flow Diagram of Program DYNAMIC

Surfactant Properties

® Surfactant Chemical
Structures

® One Experimentally
Measured Equilibrium
Surface Tension Value for
each Single Surfactant
Component

® Diffusion Coefficients

Solution Conditions
® Temperature

® Total Bulk Surfactant
Concentration

® Bulk Solution Composition

1!

!

Program DYNAMIC

Implements the Molecular-Thermodynamic
Theory of Mixed Surfactant Dynamic
Adsorption, Including the Timescale for

Adsorption Analysis

U

Interfacial Properties

® Surface Tensions
® Surface Concentrations
® Surface Compositions

® Timescale for Adsorption for each
Surfactant Component

Figure 7-3: Flow diagram of Program DYNAMIC.
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(i) Surfactant Chemical Structure. Program DYNAMIC will first prompt the
user for the number of surfactant components, n, present in the aqueous solution.
Note that, with the exception of the caveats stressed above, in principle, Program
DYNAMIC can deal with any number of surfactant components. However, in order to
conserve computer memory, similar to Program SURF, the current version of Program
DYNAMIC is limited to n = 15. The program will then ask the user for the name of
the first surfactant, as well as for the various molecular parameters characterizing the
chemical structure of that surfactant. The program will subsequently ask the user for
similar information regarding the second surfactant, the third surfactant, up to the
n' surfactant.

The surfactant molecular parameters include (see Figure 7-2):

(1) The number of carbon atoms, n., in the surfactant tail.

(2) The head cross-sectional area, ap.

(3) The diffusion coefficient of the surfactant.

(4) A single surfactant concentration value at which the equilibrium surface tension
of the surfactant solution is known experimentally.

(5) The equilibrium surface tension value at the surfactant concentration specified in
item (4) above.

As a shortcut, the surfactant molecular parameters can be read from a file rather
than entered manually by the user each time. This is particularly useful in order
to create a library of surfactants of interest to the user for which many different
mixtures involving that surfactant can be studied. This can be done by creating a file
with the same name as that of the surfactant of interest. This file should be located
in the surf.dat directory. The format of this file, which generally follows the data
inputted manually by the user, can be found in the file format.s which is located in
the surf_dat directory. Program DYNAMIC will then use this file to determine the
molecular parameters of the surfactant. In order to revert back to manual input of
the surfactant molecular parameters, the user can either use a different name for the

surfactant, or delete or rename the surfactant data file.
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(ii) Solution Conditions. The solution condition inputs include (see Figure 7-3):

(a) The temperature.

(b) The total bulk surfactant concentration.

(c) The bulk solution composition, ;. If the number of surfactant components is one
(n = 1), then no surfactant composition is needed. In the case of surfactant mixtures
(n > 1), the user should input the compositions of the first n — 1 surfactants, with

n—1
the nth surfactant composition determined automatically by a, =1 - > «;.

As a shortcut, the number of surfactant components, their names, zlizslwell as the
solution condition inputs, (a)-(c) above, can be read from a file named dynamic.in
located in the directory from which Program DYNAMIC is run. The format of this
file is given in the file format.in. If a dynamic.in file is found, the user is given the
option of using this file or entering the inputs manually.

After a set of predictions is completed for a given set of inputs, Program DY-
NAMIC will prompt the user to either: (1) change the total bulk surfactant concen-
tration, (2) change the bulk solution composition, or (3) quit. If other changes are
desired, the user should quit and begin a new run of Program DYNAMIC. That way,

a separate output file is generated, which allows the user to easily distinguish between

the results from different sets of inputs.

7.3.2 Outputs of Program DYNAMIC

The file surf.out displays the surface tension and the surface concentration of each
surfactant component, all as a function of time. The program also outputs the time-
scale for adsorption for each surfactant component. The output file is generally of an
easy-to-read format, and can be imported into a spreadsheet in order to make plots.
In addition, the surface tension as a function of time is displayed to the screen so
that the progress of the program can be monitored. If the user chooses the option
to run again for a different range of total bulk surfactant concentrations (option 1),
then those results are appended to the end of the surf.out file. If the user chooses to
change the bulk solution composition (option 2), then the surfactant composition is

also appended to the surf.out file.
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7.4 Conclusions

The computer programs discussed in this chapter, Program SURF and Program DY-
NAMIC, allow an industrial surfactant scientist or formulator to quickly implement
the theoretical frameworks developed throughout this thesis without a detailed knowl-
edge or understanding of these theories. This is of value to companies that develop
products containing surfactants where the interfacial properties are important (see
Chapter 1), since using Programs SURF or DYNAMIC should allow industrial for-
mulators to quickly screen or optimize a large number of surfactant mixtures, thus
reducing the need for tedious and time consuming experimentation. It is hoped
that by developing the computer programs described in this chapter, the theoretical
frameworks developed in this thesis will have a larger and more wide spread impact.
Furthermore, as these computer programs are utilized by industry, useful feedback
will be provided that may help to guide future research towards more meaningful
industrial directions. Accordingly, the computer programs described in this chapter
provide an important link between industrial product development and the academic
research presented in this thesis.

In the next chapter, a summary of the main results of this thesis is provided along

with a discussion of future research directions.
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Chapter 8

Thesis Summary and Future

Research Directions

8.1 Thesis Summary

The main goal of this thesis was to develop theoretical frameworks to predict the inter-
facial behavior of mixed surfactant solutions (including both equilibrium and dynamic
properties) using molecularly-based descriptions of mixed surfactant adsorption. As
stressed in Chapter 2, the interfacial behavior of mixed surfactant solutions is ex-
tremely important since there are many practical application of surfactants where
the interfacial properties lead to the desired behavior. Furthermore, mixtures of sur-
factants are important since almost every practical applications of surfactants utilizes
surfactant mixtures. Therefore, the development of a predictive interfacial adsorption
theory would help reduce the amount of costly and time consuming trial-and-error
type experimentation that is typically associated with the design and optimization
of surfactant mixtures of practical relevance. A key aspect of the theoretical frame-
works developed as part of this thesis is that the number of experimentally determined
parameters has been significantly reduced. In particular, all the theoretical descrip-
tions developed in this thesis have no experimentally determined mixture dependent
parameters.

Chapter 2 begins the theoretical journey of this thesis by developing a theoreti-
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cal framework to model the equilibrium adsorption of surfactant mixtures containing
ionic surfactants. To this end, a theory developed earlier by Nikas et al.}? to model the
adsorption of nonionic surfactants was generalized to include ionic surfactants. This
theory treated the adsorbed surfactant molecules as a two-dimensional, non-ideal gas
having two types of interactions: repulsive, steric interactions which were treated us-
ing a hard-disk model, and attractive, van der Waals interactions which were treated
using a virial expansion truncated to second order in the surfactant surface concentra-
tion. In Chapter 2, the effect of electrostatic interactions was incorporated by adding
an electrostatic contribution to the surface pressure which was computed using the
Poisson-Boltzmann based model developed by Gouy, Chapman, and Stern.2?3%32 This
electrostatic model assumes that the charge at the interface, resulting from the ad-
sorption of charged surfactants, resides on a single, two-dimensional surface of charge,
and hence, can only be utilized to describe the adsorption of a single ionic surfactant
species. In Chapter 3, the electrostatic model was extended further to treat the case
of multiple, two-dimensional charge layers at the interface. This extended model is
then capable of describing the adsorption of any number of surfactants containing
any number of charged groups, and is particularly useful in predicting the interfacial
behavior of zwitterionic surfactants, or mixtures of ionic and zwitterionic surfactants.
The effect of the underlying assumptions of the Poisson-Boltzmann model, namely,
that the ions in the aqueous phase have no physical size and that the dielectric con-
stant is uniform within the aqueous phase, where investigated in detail in Appendix
A. It was found that relaxing these two assumptions by incorporating ion size effects
and dielectric saturation had little effect on the predictions of the theory, while gener-
ally increasing the computational intensity of the numerical solutions. The sensitivity
of the interfacial theoretical predictions made in Chapters 2 and 3 to the surfactant
molecular parameters was examined in Appendix B. Since this equilibrium adsorp-
tion theory includes both attractive and repulsive interactions among the adsorbed
surfactant molecules, interfacial phase transitions are possible and can be predicted
under certain conditions, a topic which was examined in detail in Appendix C. In

Chapters 2 and 3, as well as in Appendix C, the theoretical predictions were compared
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to experimental measurements of surface tensions, surface concentrations, and surface
compositions taken from the literature. In all cases, the theoretical predictions were
found to be in good agreement with the various experimental results. Of particular
interest are the large extents of interfacial synergism found in a binary mixture of an
ionic and a zwitterionic surfactant, shown in Chapter 2, as well as in a mixture of an
anionic and a cationic surfactant, shown in Appendix C.

The theoretical frameworks developed in Chapters 2 and 3 were extended further
in Chapter 4 to predict the interfacial behavior of surfactant mixtures adsorbed at
the oil-water interface. Specifically, the attractive van der Waals interactions among
the adsorbed surfactant tails can be neglected in this case due to the compatibility
between the alkane oil phase and the alkyl tails of the surfactants. It should be noted,
however, that all other molecular parameters remained unchanged in going from the
air-water case to the oil-water case. Another difference between the oil-water interface
case and the air-water interface case is that the surfactant molecules may partition
between the bulk aqueous phase and the bulk oil phase, in addition to adsorbing at
the oil-water interface. Chapter 4 describes a method to account for this partition-
ing, including a method for determining the surfactant oil-water partition coefficient
solely from interfacial tension measurements. Since the availability of experimental
data on the adsorption of surfactant mixtures at the oil-water interface is extremely
limited, a series of experiments involving a pair of surfactants specifically chosen to
test the range of validity and applicability of the theory developed in Chapter 4 were
carried out and presented in Chapter 4. Good agreement was found between these
experimental measurements and the theoretical predictions made in Chapter 4.

In Chapter 5, the theoretical descriptions developed in Chapters 2 and 3 were
utilized as the basis for formulating a diffusion controlled, dynamic adsorption theory
that is capable of predicting the air-water dynamic interfacial behavior (including
the dynamic surface tension and the dynamic surface concentration and composi-
tion) of mixed surfactant solutions. Since the dynamic theoretical framework utilizes
the equilibrium theories developed in Chapters 2 and 3 as its basis, it has the same

advantages, including a reduction in the number of experimentally determined pa-
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rameters and the applicability to surfactant mixtures which contain any number of
components. Furthermore, a simplified timescale for adsorption analysis was devel-
oped for mixtures of surfactants that allows for the relatively quick determination
of the time required for the adsorption of each surfactant component in a mixture
to reach equilibrium. This, in turn, leads to a simplified understanding of the rela-
tionship between the molecular structure of a surfactant and its dynamic interfacial
behavior. In Chapter 6, the dynamic adsorption theory developed in Chapter 5 was
tested by comparing the dynamic surface tension predictions to measurements made
using the pendant bubble apparatus. These measurements were made on a pair of
surfactants that were specifically chosen to test the range of validity and applicability
of the theoretical framework developed in Chapter 5, and good agreement was found
between the theoretical predictions and the experimental measurements.

In order to broaden the applicability of the theories developed in this thesis,
as well as to facilitate the establishment of a link between this academic work and
commercial applications, the various theoretical frameworks were incorporated in two
user-friendly computer programs, Program SURF and Program DYNAMIC. Program
SURF utilizes the theory developed in Chapters 2 and 3 to predict the equilibrium
air-water or oil-water interfacial behavior of mixed surfactant solutions. Program DY-
NAMIC utilizes the theory developed in Chapter 5 to predict the dynamic air-water
interfacial behavior of surfactant solutions. Note that use of Programs SURF and
DYNAMIC does not require a complete or detailed understanding of the underlying
theories, and hence, may be used by industrial formulators to quickly screen a large
number of potential surfactant candidates, or to optimize a surfactant mixture, for a

given commercial interfacial application.
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8.2 Future Research Directions

8.2.1 Equilibrium Interfacial Properties
8.2.1.1 Adsorption of Fluorocarbon Surfactants

The adsorption of fluorocarbon surfactants (that is, surfactants that consist of a flu-
orocarbon, rather than a hydrocarbon, tail) at the air-water interface is of interest
because these surfactants are often able to lower the surface tension to a value that
is below what is typically obtained with hydrocarbon surfactants.!3® Although there
have been several experimental studies involving this class of surfactants, the theoret-
ical analysis of their interfacial behavior usually involves the use of general empirical
formulas which contain experimentally determined parameters.!3%-4! Accordingly, the
extension of the theoretical frameworks developed in this thesis to fluorocarbon sur-
factants would be of interest. This would involve primarily incorporating the van
der Waals attractions between the fluorocarbon tails adsorbed at the interface, by
extending the calculation of the second-order virial coefficients done in the hydrocar-
bon case. More specifically, an appropriate expression for the interaction potential
between fluorocarbons, rather than hydrocarbons, should be utilized in Eq. (2.4).
The surface tension as a function of fluorocarbon surfactant concentration could then
be predicted following a similar framework as that presented in Chapters 2 and 3.
The theory can also be extended to mixtures of fluorocarbon surfactants as well as

to mixtures of fluorocarbon and hydrocarbon surfactants.

8.2.1.2 Insoluble Monolayers of Surfactants

The surface tension of insoluble monolayers of surfactants, that is, surfactants that are
constrained to the interface only, can be predicted by utilizing the surface equations
of state developed in Chapters 2 and 3. One additional area that would need to
be addressed in this case is the possible occurrence of interfacial phase transitions.
Specifically, the insolubility of these surfactants is usually associated with the presence

of a large hydrophobic tail. These large tails may lead to relatively large van der
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Waals attractive interactions between the adsorbed surfactant molecules which, as
discussed in Appendix C, can induce an interfacial phase transition. In order to
quantitatively predict the surface tension of these monolayers, a theoretical treatment
of these interfacial phase transitions, which is more detailed than the theoretical
description presented in Appendix C, may have to be developed. For example, the
formation of two-dimensional clusters or aggregates may need to be considered, as
was done recently by Ruckenstein!*? and Israelachvili.'*?

8.2.1.3 Oil-Water Interfacial Tension of Concentrated Surfactant Solu-

tions

In Chapter 4, only the oil-water interfacial tension of surfactant solutions below the
critical surfactant concentration where surfactant aggregates (for example, micelles
or reverse micelles) begin to form in either phase was considered. However, the theo-
retical framework presented in Chapter 4 can be extended to these more concentrated
surfactant solutions by combining the interfacial description with a bulk molecular-
thermodynamic description capable of modeling the formation of these aggregates
in a manner similar to what was done in the air-water surface case for surfactant

solutions above the CMC.

8.2.1.4 Interfacial Tension of Solutions Containing Polymers or Surfactant-

Polymer Mixtures

The adsorption of polymers, or of a mixture of polymers and surfactants, at both
the air-water and the oil-water interfaces, which was not addressed in this thesis,
represents another interesting and important area for possible future research.!44145
Similar to the equilibrium adsorption of surfactant mixtures at the oil-water inter-
face, this would involve developing both a suitable theoretical framework and mea-
suring equilibrium surface or interfacial tensions. To this end, the interfacial theory
should be combined with a molecular-thermodynamic description of the bulk polymer-

surfactant complexation that may occur in solutions above the critical aggregation

concentration (CAC).® The resulting theory could then predict the interfacial be-
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havior (in particular, the surface tension) of polymer-surfactant solutions, in a manner
that reflects the bulk polymer-surfactant complexation above the CAC. Along with
the general predictive value of such a theory, one may also be able to probe the bulk
complexation of polymers and surfactants through relatively simple surface tension

measurements.

8.2.2 Dynamic Interfacial Properties
8.2.2.1 Kinetic Adsorption Barriers

In Chapter 5, it was assumed that the adsorption of the surfactant molecules is diffu-
sion limited. However, as discussed in Chapter 5, as the surfactant solution becomes
more concentrated, the adsorption controlling mechanism can shift from the bulk dif-
fusion of the surfactant molecules to their kinetic adsorption at the interface.'!6-118
The inclusion of a kinetic barrier to adsorption would be a useful modification to the
theory developed in Chapter 5. This would allow one to treat more concentrated
surfactant solutions, and in particular, to investigate the dynamic surface tension of
micellar solutions as discussed in Appendix D. Furthermore, the inclusion of a kinetic
barrier would allow for the treatment of ionic surfactants, which are typically found
in solution at higher concentrations than nonionic surfactants (their surface activ-
ity is typically lower due to their ionic character), and as a result, exhibit a kinetic

adsorption barrier.!?4125

8.2.2.2 Dynamic Oil-Water Interfacial Tension

In Chapter 5, only the dynamic adsorption of surfactant molecules at the air-water
interface was considered. The theoretical framework developed in Chapter 5 can be
extended to model the dynamic oil-water interfacial behavior of surfactant mixtures
by using the equilibrium adsorption theory for the oil-water interface developed in
Chapter 4 as its basis. An additional modification to the theory presented in Chapter
5 would be accounting for the possible diffusion of surfactant molecules in both the

oil phase and the aqueous phase.6”!47
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8.2.3 Applications of the Interfacial Theories
8.2.3.1 Detergency

As discussed in Chapter 1, one of the largest commercial uses of surfactants is in
cleaning products, such as detergents, soaps, and shampoos. Therefore, an interesting
and very important area for possible future research involves developing a theoretical
description to quantify the cleaning ability of a surfactant solution. Since, as discussed
in Chapter 1, the oil-water interfacial tension is a key feature that controls the cleaning
ability of the surfactant solution,'#®14% the oil-water interfacial theory presented in

Chapter 4 can be utilized as the basis for a theoretical quantification of detergency.

8.2.3.2 Foam Stability

As discussed in Chapter 1, another commercially important application of surfactant
solutions is their stabilization of foams. Consequently, another interesting and very
important area for possible future research involves developing a theoretical descrip-
tion to quantify the foam stability of a surfactant solution. Since, as discussed in
Chapter 1, the air-water surface tension, as well as the surfactant surface concen-
tration and composition, are essential interfacial features that control the stability
of foams,!®!*8 the air-water interfacial theories presented in Chapters 2 and 3 can
be utilized as the basis for a theoretical quantification of foam stability induced by
surfactants. In addition, dynamic aspects of surfactant induced foam stability can be
addressed by making use of the dynamic surface tension theory developed in Chapter

9.

8.3 Concluding Remarks

As stressed in Section 8.1 and in Chapter 1, the central goal of this thesis was to
develop a molecular-level theoretical description for the prediction of the equilibrium
as well as the dynamic interfacial behaviors of mixed surfactant solutions. It is hoped

that the theoretical developments presented in this thesis will facilitate the design and
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optimization of surfactant solutions of practical relevance having desired interfacial
properties by reducing the need for relatively costly and time-consuming experimen-
tation. Finally, as discussed in Section 8.2, it is hoped that the work presented in this
thesis will also inspire future studies of the interfacial behavior of mixed surfactant

solutions and their effect on practical phenomena.
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Appendix A

Effects of Ion Size and Dielectric
Saturation in the Diffuse Region of

the Gouy-Chapman Model

A.1 Introduction

As discussed in Section 2.1, the original Gouy-Chapman model of the diffuse re-
gion (that is, the region in the aqueous phase near a charged interface where the
entropically-driven tendency of the ions in the solution to maintain a uniform con-
centration is balanced by the ordering effect of the decaying electric field resulting
from the charges located on the adsorbed surfactant molecules) assumes that the ions
in the aqueous phase have no physical size. However, as a result of this assumption,
the Gouy-Chapman model predicts an extremely large concentration of counterions
very close to the interface (where the electric field is strongest). In the case of highly
charged interfaces, the concentration of the counterions near the interface can become
unrealistically high as it exceeds the concentration corresponding to the maximum
packing of the ions. Moreover, the original Gouy-Chapman model also assumes that
the ions in the diffuse region interact through a medium (water) having a uniform

dielectric constant. However, when an electric field acts on water, the dielectric con-
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stant decreases as a result of dielectric saturation (that is, the dipoles of the water
molecules align with the electric field, which effectively decreases the polarity, and
hence, the dielectric constant, of water).47150

The first modification to the Gouy-Chapman model, introduced to address the

32 and was used in the theoretical

effect of the counterion size, was made by Stern
description presented in Chapters 2-4. This modification includes a region between
the charged interface and the diffuse region where the ions cannot penetrate due to
steric repulsive interactions. However, this modification did not actually reduce the
concentration of counterions near the interface, but instead, shifted this region of
high counterion concentration from being adjacent to the interface (at z = 0) to the
edge of the Stern region (at x = d), since the ions are still treated as having zero
size within the diffuse region. More recently, other researchers have accounted for the
effect of ion size in the diffuse region by modifying the Poisson-Boltzmann equation
(which is the governing equation of the diffuse region in the original Gouy-Chapman
theory).!51"15* In addition, others have relaxed the assumption in the original Gouy-
Chapman model of a uniform dielectric constant by accounting for dielectric satura-
tion.1%3154 The results of these investigations indicate that the effect of relaxing these
assumption depends on the charge density of the interface. That is, for a relatively
low surfactant charge density, the effect of relaxing these assumptions is small, and
hence, one can conclude that the original Gouy-Chapman model (which is generally
much less computationally intensive to utilize) is a good approximation in that case.

In this Appendix, the validity of the two assumptions of the Gouy-Chapman model
discussed above (that is, zero ion size and uniform dielectric constant in the diffuse
region) is investigated by modifying the Poisson-Boltzmann based theory presented
in Chapter 2. Specifically, a modified form of the Poisson-Boltzmann equation, which
was derived using the Carnahan-Starling model!51:155156 (which treats the ions in the
diffuse region as finite sized hard spheres) instead of using the ideal solution model
(which treats the ions in the diffuse region as point ions having no physical size),
is presented in Section A.2.1. Secondly, a modified form of the Poisson-Boltzmann

equation which includes the effect of dielectric saturation through the use of a model

270



developed by Booth!®® to predict the dielectric constant of water as a function of the
electric field is presented in Section A.2.2. Comparisons of the surface tension versus
surfactant concentration predictions for a model surfactant (SDS) made using the
original and the modified forms of the Poisson-Boltzmann equations are presented in

Section A.3. Finally, concluding remarks are presented in Section A.4.

A.2 Theory

A.2.1 Theoretical Treatment of Ion Size Effects

As in the case of the original Poisson-Boltzmann equation, the electrostatic contribu-
tion to the surface equation of state, Ilee. (see Section 2.2 for a detailed discussion),
is computed by first calculating the electrostatic potential, ¥, as a function of the
distance from the charged interface, x, for a given electrostatic surface charge den-
sity, 6. As was done in Chapter 2, the electrostatic potential in the Stern region,
(0 < z < d), is governed by the Laplace equation, which can be derived from the

Poisson equation as follows:

d2\I’ _ ""47rpelec

=0 fi <z< :
122 . , for 0<2z<d (A.1)

The solution to this equation is a constant value of d¥/dz, which, as was shown in

Section 2.2.2.1, can be written as follows:

v _ _4mo , for 0<z<d (A.2)
dz €
and
\I!:\Ild+4:0(d—x) Cfor 0<z<d (A.3)
S

where ¥4 = U(z = d) is the value of the electrostatic potential at the boundary
between the Stern region and the diffuse region, 5 is the dielectric constant in the
Stern region, and & is the electrostatic charge density of the monolayer.

In the diffuse region, (x > d), the Poisson equation can be reduced to the following
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governing equation for the electrostatic potential:

d20  —47peec  —4ATE
= e — Zz,-ni(x) , for z>d (A4)

=1

where n;(x) is the concentration of ions of type ¢ at a distance z from the interface,
¢ is the dielectric constant in the diffuse region, assumed to be that of pure water,
and m is the number of ionic species (which includes surfactants, counterions, and
any added salt ions). The two boundary conditions for this second-order differential

equation are the same as those presented in Chapter 2. Specifically,

U(z—00)=0 (A.5)
and

dv —476

— == (A.6)

dz |,_4 €

The local concentration of ions, n;(z), which appears in Eq. (A.4), can be cal-
culated by invoking electro-diffusional equilibrium which requires that the electro-

chemical potential of each ion be uniform. Specifically,

' {ng (2)}] + 2:e¥ (z) = pf' [{n] }] (A7)

where p; [{n; (z)}] denotes the chemical potential of ions of type ¢ at position z (which
is determined through a bulk solution equation of state from the local concentration
of ions, {n; ()}), and p [{n}'}] is the bulk aqueous chemical potential of ions of
type i (that is, at x — oo, where n;(z) — n} and ¥ — 0). To determine the chemical
potentials in Eq. (A.7), the Carnahan-Starling equation of state, which is derived by
treating the ions as hard spheres of finite size, can be utilized. This model provides
a good estimate of the effect of steric interactions associated with molecules that
are reasonably spherical in nature (such as the surfactants counterions), but does
not include any other type of interactions (for example, van der Waals interactions).

Utilizing this model, the following expression for the chemical potential of ions of
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type i as a function of the local ion concentrations is obtained:!%!

Az 3v2r2  2y3p3
uy = ,u;”’o + kBT{ln "z,,f ) + (—-1 + X221% - ngrz) In (1 - x3)
ny+ 3 n; (2) BN
j=1
i Xard +3xar? 4+ 3x1; | Bxaxeri + 93T 3xer; (A.8)
1—x3 2(1- X3)2 (1- sz)3 '

332 (1—(3/2) xa) 2312 (2 5x3 +4x3) }
s (1—xs)” ¥ (1-x)

where r; is the hard-sphere cross-sectional radius of ions of type ¢, and xx = % _m rfnj (x).
Note that the hard-sphere interactions are only important when the ion cé;éentra-
tions are large, and hence the ions “feel” each other. That is, if the concentration of
ions of type j, n; (z), is small, then its contribution in the summation of the various
x’s in Eq. (A.8) will be negligible. In the case of a single ionic surfactant (denoted by
the subscript s, which is the case considered in this Appendix), the local surfactant
concentration will always be less than, or equal to, the bulk surfactant concentration
(that is, ns (z) < nY), since the similarly charged surfactant molecules adsorbed at
the interface repel those present in the aqueous phase. Since the bulk surfactant con-
centration is typically dilute (below or slightly above the CMC), it follows that the
concentration of the surfactant is dilute everywhere in the aqueous phase. Therefore,
the hard-sphere interactions of the surfactant molecules are negligible. Since these
interactions are negligible, for simplicity, the same value (and the same symbol, r;)
is used hereafter for the hard-sphere radius and the two-dimensional hard-disk ra-
dius (which is the two-dimensional projection of the surfactant molecule, and hence,
strictly speaking, the two would only be equal for a spherical surfactant). The value

of the radius for the surfactant considered in this Appendix, dodecyl sulfate, is 2.8A.

The counterions, however, are attracted towards the interface, and therefore, their
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concentration can become large. Hence, it is the hard-sphere interaction of the coun-
terions that is relatively important. The values of r; for the ions considered here
(other than for the dodecyl sulfate ion) are the experimentally determined values of
1.85A for Na and 1.91A for CL.#

Note that Eq. (A.7) represents a set of m equations. Therefore, by inserting
the expression for u; [{n; (z)}] and p; [{n} }] given in Eq. (A.8) into Eq. (A.7), one
can solve this set of m equations for the set of m unknown local ion concentrations,
{n; ()}, for a given value of ¥(z). This relationship between {n; (z)} and ¥(z) can
then be utilized in Eq. (A.4), along with the boundary conditions given by Egs. (A.5)
and (A.6), to determine ¥(z). Note, however, that there is no closed form solution
describing the relationship between {n; (z)} and ¥(z). Therefore, Eq. (A.4) needs to
be solved numerically as described below.

The numerical solution to Eq. (A.4) can be obtained using a Runga-Kuta method.*®
Specifically, one can use Eq. (A.6) for the value of (d¥/dz) |,—q and guess a value of
¥(z = d). Note that the solution to the original Poisson-Boltzmann model presented
in Chapter 2 can be utilized as an initial guess. One can then integrate Eq. (A.4)
in discrete steps of z in the positive direction. In the case of a positively-charged
monolayer (where the initial guess for ¥(z = d) should be positive), if the solution
of Eq. (A.4) becomes negative as x increases, then the guess for ¥(z = d) was too
small. If the solution of Eq. (A.4) never becomes negative as x increases, but rather
diverges to +o00, then the guess for ¥(z = d) was too large. Similarly, in the case
of a negatively-charged monolayer (where the initial guess for ¥(z = d) should be
negative), if the solution of Eq. (A.4) becomes positive as z increases, then the guess
for ¥(z = d) was too large. If the solution of Eq. (A.4) never becomes positive as z
increases, but rather diverges to —oo, then the guess for ¥(z = d) was too small. In
this manner, one can bracket the actual value of ¥(z = d), and thus iteratively solve
Eq. (A.4) for U(z = d) within any desired tolerance level.

Once the value of ¥(z = d) has been determined in this manner, it can be inserted
into Eq. (A.3) to obtain the value of ¥y = ¥(z = 0). In other words, following

this procedure, the surface electrostatic potential can be calculated as a function of
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the monolayer charge density. Finally, the electrostatic contribution to the surface

pressure, Ilgec, can be calculated by numerically integrating the following expression:

Y ezimi /A
Moo = 0Wlgepa = [ Ta(@)do (A.9)

This value of Il e can then be combined with the expression for the nonionic
contribution to the surface pressure, Eq. (2.19), to calculate the total surface pres-
sure as a function of the surfactant surface concentrations. However, it is the bulk
solution concentrations and compositions that are typically known or controlled ex-
perimentally. Accordingly, to relate the surface concentrations and compositions to
the bulk surfactant concentrations and compositions, one can invoke thermodynamic
diffusional equilibrium between the surfactant molecules adsorbed at the interface
and those present in the bulk aqueous solution using the theoretical description that
was developed in Chapter 2.

For simplicity, and since this is the case that is examined in Section A.3, a single
ionic surfactant (denoted by the subscript s) along with its counterion (denoted by
the subscript ¢) are considered here. The surface free energy, F“, can be computed
by numerically integrating Eq. (2.7). This can then be inserted into Eq. (2.40) to nu-
merically compute the surface chemical potential of the surfactant and its counterion,
p?, = p? + p2. Finally, this numerical method for computing the surface chemical
potential of the ionic surfactant and its counterion can be used in Eq. (2.11), along
with the expression for the bulk aqueous chemical potentials of the surfactant and its
counterion given in Eq. (A.8), to compute the equilibrium surfactant surface concen-
tration for any given bulk surfactant concentration (after determining the standard-
state chemical potential difference, Ap?,, from a single surface tension measurement
following the procedure presented in Chapter 2). Once the equilibrium surfactant
surface concentration has been determined, the surface pressure, II, and hence, the
surface tension, o = g¢—II, can be computed using Egs. (2.19) and (A.9) as described

above. Results of these calculations are presented in Section A.3.1.
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A.2.2 Theoretical Treatment of Dielectric Saturation

Including dielectric saturation in the Poisson-Boltzmann model follows similar steps
to those associated with including ion size effects, which was addressed in Section
A.2.1. Specifically, the electrostatic contribution to the surface equation of state,
ITeiec, is calculated by first calculating the electrostatic potential, ¥, as a function
of the distance from the charged interface, x, for a given electrostatic surface charge
density, 6. Since the treatment of the Stern region remains unchanged, Egs. (A.1)
through (A.3) are still valid, and therefore, will not be repeated here. The diffuse
region, however, is different in this case. The governing equation for the diffuse
region can be derived from the Poisson equation, taking into account the fact that
the dielectric “constant”, ¢, is not constant, but instead, is now a function of the
electric field, E () = —d¥/dz. Specifically,

d2v —4re
dzz (@) +E @ g_z Zl zin; (z) (A.10)

The local concentration of ions, n;(x), in Eq. (A.10) can be calculated by invoking

electro-diffusional equilibrium, which requires that the electro-chemical potential of

each ion be uniform. In this case, this condition can be written as follows:*”

i s @)+ 20 @)+ 52 (s = = ) =t ()] A

where 1; is the radius of ions of type i. Note that Eq. (A.11) represents a set of
m equations. Therefore, by inserting an expression for y; [{n; (z)}] and p; [{n}}],
either based on an ideal solution model which is given in Eq. (2.12), or based on the
Carnahan-Starling model which is given in Eq. (A.8), into Eq. (A.11), one can solve
this set of m equations for the set of m unknown local ion concentrations, {n; (z)},
for a given value of ¥(z) and e(z). If one chooses to use the ideal solution model,

one can arrive at a closed-form solution for {n; (z)} as a function of ¥(z) and e(z).
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Specifically,

v =nen (-5 - (e em) ) e

Because the closed-form solution is generally faster to solve, and since, as will be

shown below in Section A.3.1, the difference between the predicted surface tensions
when using the ideal solution model and the Carnahan-Starling model is very small,
the ideal solution model will be utilized here. In that case, inserting Eq. (A.12) into

Eq. (A.10) yields:

d?v —4me “ ez; ¥ (z)
= Y exp { — Al
&GS o |-t (4:19)

- ;jlij (s (El(a:)) e (E1= 0)) }

The boundary conditions for this second-order differential equation are given by
Egs. (A.5) and (A.6).

Finally, Eq. (A.13) requires an expression for ¢ (E). In this Appendix, the model
developed by Booth!®® will be utilized. Specifically,

e =%+ (g (00) — i) (%) (mw 5%) (A.14)

where fi = 1.33 is the water index of refraction, and 8 = 9.25x 1078 (a2 + 2) / (2kgT)
(when FE is in cgs units) is a known constant at a given temperature.

Next, Egs. (A.13) and (A.14) can be combined and solved numerically in the same
manner as was done in Section A.2.1 using a Runga-Kuta method.*® Specifically, one
can use Eq. (A.6) for the value of (d¥/dx) |;=q and guess a value of ¥(z = d). Note
that the solution to the original Poisson-Boltzmann model presented in Chapter 2 can
be utilized as an initial guess. One can then integrate Eq. (A.13) in discrete steps of

z in the positive direction. In the case of a positively-charged monolayer (where the
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initial guess for ¥(z = d) should be positive), if the solution of Eq. (A.13) becomes
negative as z increases, then the guess for ¥(x = d) was too small. If the solution of
Eq. (A.13) never becomes negative as x increases, but rather diverges to +oo, then
the guess for ¥(z = d) was too large. Similarly, in the case of a negatively-charged
monolayer (where the initial guess for U(z = d) should be negative), if the solution
of Eq. (A.13) becomes positive as z increases, then the guess for ¥(z = d) was too
large. If the solution of Eq. (A.13) never becomes positive as x increases, but rather
diverges to —oo, then the guess for U(z = d) was too small. In this manner, one
can bracket the actual value of ¥(2z = d), and thus iteratively solve Eq. (A.13) for
U(z = d) within any desired tolerance level. Once the value of ¥(z = d) has been
determined in this manner, it can be inserted into Eq. (A.3) to obtain the value of
¥y = ¥(z = 0). In other words, following this procedure, the surface electrostatic
potential can be calculated as a function of the monolayer charge density. Finally,
the electrostatic contribution to the surface pressure, Ilge., can be calculated by
numerically integrating Eq. (A.9).

This value of Ilge. can then be combined with the expression for the nonionic
contribution to the surface pressure, Eq. (2.19), to calculate the total surface pres-
sure as a function of the surfactant surface concentrations. However, it is the bulk
surfactant concentrations and compositions which are typically known or controlled
experimentally. To relate the surfactant surface concentrations and compositions to
the surfactant bulk concentrations and compositions, one can invoke thermodynamic
diffusional equilibrium between the surfactant molecules adsorbed at the interface
and those present in the bulk aqueous solution using the theoretical description that
was developed in Chapter 2.

For simplicity, and since this is the case that is examined in Section A.3, a single
ionic surfactant (denoted by the subscript s) along with its counterion (denoted by
the subscript ¢) is considered here. The surface free energy, F°, can be computed by
numerically integrating Eq. (2.7). This can then be inserted into Eq. (2.40) to nu-
merically compute the surface chemical potential of the surfactant and its counterion,

o, = p? + pZ. Finally, this numerical method for computing the surface chemical
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potential of the ionic surfactant and its counterion can be used in Eq. (2.11), along
with the expression for the bulk aqueous chemical potentials of the surfactant and
its counterion given by Eq. (2.12) (for an ideal bulk solution) or by Eq. (A.8) (for
a bulk solution treated using the Carnahan-Starling model), to compute the equi-
librium surfactant surface concentration for any given bulk surfactant concentration
(after determining the standard-state chemical potential difference, Ayu2,, from a sin-
gle surface tension measurement following the procedure presented in Chapter 2).
Once the equilibrium surfactant surface concentration has been determined, the sur-
face pressure, II, and hence, the surface tension, 0 = oy — II, can be computed using
Egs. (2.19) and (A.9) as described above. Results of these calculations are presented
in Section A.3.2.

A.3 Results

A.3.1 Ion Size

In this section, the ionic surfactant sodium dodecyl sulfate (SDS) will be utilized
to illustrate the effect of the hard-disk interactions between the ions in the diffuse
region. This will be done by comparing the predicted surface tensions as a function
of the bulk aqueous surfactant concentration predicted using the original Poisson-
Boltzmann model, which uses the ideal solution equation of state, to those derived
using the modified form of the Poisson-Boltzmann model described in Section A.2,
which uses the Carnahan-Starling equation of state. The molecular parameters for
SDS can be found in Table 2.1 (see Chapter 2).

Figure A-1 shows the predicted (lines) and the experimentally measured (sym-
bols) surface tensions, o, as a function of the bulk aqueous SDS concentration, n},

for an aqueous solution containing no added salt. The theoretical predictions cor-

) and

respond to those made using the classic Poisson-Boltzmann model (
those made using the modified form of the Poisson-Boltzmann model, described in

Section A.2, which uses the Carnahan-Starling equation of state to account for hard-
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Figure A-1: Predicted (lines) and experimentally measured (symbols) surface ten-
sions, o, as a function of the bulk aqueous SDS concentration, n}, for an aqueous

solution containing no added salt at 25°C. The theoretical predictions correspond

to those made using the original Poisson-Boltzmann model ( ) and to those
made using the modified form of the Poisson-Boltzmann model, described in Section
A.2.1, which uses the Carnahan-Starling equation of state to account for hard-disk
interactions between the ions in the diffuse region (-—-—- ). The experimental

measurements are from Ref. 52.
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disk interactions between the ions in the diffuse region (- —- —- ). The experimental
measurements, which are shown in Figure A-1 for comparison, are from Ref. 52. Note
that including the hard-disk interactions between the ions in the diffuse region has the
effect of decreasing the electrostatic screening, which in turn, causes less surfactant
to adsorb at the interface since there is a larger electrostatic barrier to do so. This,
in turn, leads to a smaller slope of the surface tension versus bulk surfactant concen-
tration curve (since, from the Gibbs adsorption equation, the slope of this curve is
proportional to the surfactant surface concentration®!). This can be seen in Figure A-
1 by the fact that, at a given surface tension, the surface tension curve corresponding
to the modified Poisson-Boltzmann theory (- —- —- ) has a smaller slope. More im-
portantly, note that the difference between the two theoretical surface tension versus
surfactant concentration curves is very small. In other words, the effect of including
hard-disk interactions between the ions in the diffuse region is almost negligible.
Furthermore, Figure A-2 shows the predicted (lines) and the experimentally mea-
sured (symbols) surface tensions, o, as a function of the bulk aqueous SDS concentra-
tion, n¥, for an aqueous solution containing 1.0M added salt (NaCl) at 25°C. The the-
oretical predictions correspond to those made using the original Poisson-Boltzmann

model ( ) and those made using the modified form of the Poisson-Boltzmann

model, described in Section A.2, which uses the Carnahan-Starling equation of state
(-=--- ) to account for the hard-disk interactions between the ions in the diffuse
region. The experimental measurements, which are shown in Figure A-1 for com-
parison, are from Ref. 33. One may expect that including the hard-disk interactions
between the ions in the diffuse region should have a larger effect in this case because
the high salt concentration should cause the ions to more strongly “feel each other”
sterically in this more crowded solution. However, the high salt concentration also
leads to much more electrostatic screening, which reduces the electrostatic potential
near the interface. As a result of these competing effects, the enhancement of the
counterion concentration near the interface is actually reduced. Hence, as in the no
salt case, the difference between the two theoretical surface tension curves in Figure

A-2 is very small.
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Figure A-2: Predicted (lines) and experimentally measured (symbols) surface ten-
sions, o, as a function of the bulk aqueous SDS concentration, n}, for an aqueous
solution containing 1.0M added salt (NaCl) at 25°C. The theoretical predictions cor-
) and

those made using the modified form of the Poisson-Boltzmann model, described in

respond to those made using the original Poisson-Boltzmann model (
Section A.2.1, which uses the Carnahan-Starling equation of state to account for hard-

disk interactions between the ions in the diffuse region (- —- — - ). The experimental

measurements are from Ref. 33.
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A.3.2 Dielectric Saturation

In this section, as in Section A.3.1, the ionic surfactant SDS is utilized to illustrate the
effect of dielectric saturation in the diffuse region. This will be done by comparing the
predicted surface tensions as a function of the bulk aqueous surfactant concentration
when the dielectric constant, €, is assumed to be uniform and equal to the value
corresponding to that of pure water, and when the dielectric constant is computed
using the Booth model of dielectric saturation (see Eq. A.14).

Figure A-3 shows the predicted (lines) and the experimentally measured (sym-
bols) surface tensions, o, as a function of the bulk aqueous SDS concentration, n},

for an aqueous solution containing no added salt. The theoretical predictions cor-

) and

respond to those made using the original Poisson-Boltzmann model (
to those made using the modified form of the Poisson-Boltzmann model, described
in Section A.2.2, which uses the Booth model for dielectric saturation (-—-—- )-
The experimental measurements, which are shown in Figure A-3 for comparison, are
from Ref. 52. Note that including dielectric saturation in the diffuse region has the
effect of decreasing the electrostatic screening caused by the ions, which, in turn,
causes less surfactant to adsorb at the interface since there is a larger electrostatic
barrier to do so. This, in turn, leads to a smaller slope of the surface tensions versus
surfactant concentration curve (since, from the Gibbs adsorption equation, the slope
of this curve is proportional to the surfactant surface concentration*!). This can be
seen in Figure A-3 by the fact that, at a given surface tension, the surface tension
curve corresponding to the modified Poisson-Boltzmann theory has a smaller slope
(-—-=—- ). However, note that the difference between the two theoretical surface
tension versus surfactant concentration curves is relatively small. In other words, ne-
glecting dielectric saturation in the original Poisson-Boltzmann model is a reasonable

assumption.
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Figure A-3: Predicted (lines) and experimentally measured (symbols) surface ten-
sions, o, as a function of the bulk aqueous SDS concentration, n}, for an aqueous
solution containing no added salt at 25°C. The theoretical predictions correspond to
those made using the original Poisson-Boltzmann model where the dielectric constant

is assumed to be uniform and equal to the value corresponding to that of pure wa-

ter ( ), and those made using the modified form of the Poisson-Boltzmann

model, described in Section A.2.2, which uses the Booth model of dielectric saturation

(-=-=- ). The experimental measurements are from Ref. 52.
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A.4 Conclusions

In this Appendix, the validity of two of the assumption of the Gouy-Chapman model,
that the ions in the diffuse region have no physical size, and that the dielectric constant
in the diffuse region is uniform, were investigated by modifying the Poisson-Boltzmann
based theory presented in Chapter 2. Specifically, a modified form of the Poisson-
Boltzmann equation, which was derived using the Carnahan-Starling model!5%:155,156
that treats the ions in the diffuse region as finite-sized hard spheres, was utilized to
predict the surface tension of an aqueous solution of the model surfactant SDS. The
results indicate that treating the ions with the Carnahan-Starling model, as opposed
to the point-ion treatment of the original Poisson-Boltzmann model, has little effect
on the predicted surface tension versus surfactant concentration curves, made using
the theoretical framework presented in Chapter 2, of an aqueous solution of the ionic
surfactant SDS.

Furthermore, a modified form of the Poisson-Boltzmann equation which incor-
porates the effect of dielectric saturation, through the use of a model developed by
Booth!'® to predict the dielectric constant of water as a function of the electric field,
was utilized to predict the surface tension as a function of bulk surfactant concen-
tration of an aqueous solution of SDS. Again, the results indicate that dielectric
saturation has little effect on the predictions.

Note that the theoretical framework presented in this Appendix requires the nu-
merical solution of the governing electrostatic equations (Eq. (A.4) or Eq. (A.10)),
whereas the original Poisson-Boltzmann equation presented in Chapter 2 can be
solved analytically in closed-form. Therefore, the modified forms of the Poisson-
Boltzmann equation are much more computationally intensive to solve. Since the
inclusion of ion size effects and dielectric saturation was found to have little effect on
the surface tension predictions, one may conclude that the treatment of the ions in
the diffuse region as point ions and the assumption that the dielectric constant in the

diffuse region is uniform represent reasonable approximations.
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Appendix B

Analysis of the Sensitivity of the
Predictions of the Equilibrium
Surfactant Adsorption Models to
the Surfactant Molecular

Parameters

In this Appendix, the sensitivity of the theoretical predictions presented in Chapters
2 and 3 to the various surfactant molecular parameters is examined. To investigate
this sensitivity, two model surfactants are chosen: one ionic, to investigate the sen-
sitivity of the theory presented in Chapter 2, and one zwitterionic, to investigate
the sensitivity of the theory presented in Chapter 3. The sensitivity to any one of
the surfactant molecular parameters is then studied by varying that parameter while
holding all other parameters constant. The theoretically predicted surface tension
as a function of bulk surfactant concentration is then used as the response variable
for the various values of the surfactant molecular parameter of interest. Note that
in all the cases examined, the standard-state chemical potential difference is calcu-

lated by fitting the predicted surface tension to a single experimentally measured
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surface tension at a known bulk surfactant concentration (see Chapter 2), for each
set of surfactant molecular parameters. In other words, the value of the standard-
state chemical potential difference is not held constant, but instead, the value of the
surface tension at a particular bulk surfactant concentration is held constant. In all
cases examined, the temperature is set at 25°C.

To investigate the sensitivity of the predictions made in Chapter 2 to the value
of the surfactant cross-sectional area, the surfactant second-order virial coefficient,
and the Stern layer dielectric constant, the surfactant dodecyl trimethyl ammonium
bromide (DTAB) is utilized as a model surfactant. This surfactant was chosen because
it possesses a polar head that is neither very large nor very small, and an alkyl tail that
consists of a reasonable number of carbon atoms. The actual values of the molecular
parameters corresponding to this surfactant are listed in Table C.1 in Appendix C.
The single surface tension measurement that was utilized to compute the standard-
state chemical potential difference corresponds to a bulk surfactant concentration of
1.4 x 10~°mol/cm?®.

To investigate the sensitivity of the theoretical predictions to the surfactant cross-
sectional area, Figure B-1 shows the predicted surface tensions as a function of the
surfactant concentration for aqueous surfactant solutions of three illustrative surfac-
tants. The molecular parameters for the three surfactants are those corresponding
to DTAB, except for the cross-sectional area, which has values of: 25 A? (- —- —. )
20A? (—— ), and 35A% ( — — —). Note that, in each case, the second-order
virial coeflicient is computed using Eq. (2.4), with a value of 12 for the number
of carbon atoms in the surfactant tail and the corresponding value of the surfactant
cross-sectional area. In other words, rather than holding the value of the second-order
virial coefficient constant, the value of the number of carbon atoms in the surfactant
tail is held constant. Note that, as shown in Figure B-1, the predictions are not overly
sensitive to the surfactant cross-sectional area.

To investigate the sensitivity of the theoretical predictions to the second-order
virial coefficient, Figure B-2 shows the predicted surface tensions as a function of the

surfactant concentration for aqueous surfactant solutions of three illustrative surfac-
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Figure B-1: Predicted surface tensions as a function of the surfactant concentration for
aqueous surfactant solutions of three illustrative surfactants, showing the sensitivity
of the theoretical predictions to the surfactant cross-sectional area. The molecular
parameters for the three surfactants are those corresponding to DTAB, except for
the cross-sectional area, which has values of: 25 A2 (- —- —- ), 29A%? (—— ), and

35A% (— — ).
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Figure B-2: Predicted surface tensions as a function of the surfactant concentration for
aqueous surfactant solutions of three illustrative surfactants, showing the sensitivity
of the theoretical predictions to the second-order virial coefficient. The molecular
parameters for the three surfactants are those corresponding to DTAB, except for
the second-order virial coefficient, which has values of: -154A2 (-—-—- )s -222A2

(

correspond to a surfactant with a cross-sectional area of 29A2, and a linear alkane

), and -317A2 ( — — —). These values of the second-order virial coefficient

tail containing 10, 12, and 14 carbon atoms, respectively.
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tants. The molecular parameters for the three surfactants are those corresponding
to DTAB, except for the second-order virial coefficient, which has values of: —154A2
(-—-—- ), —222A2 ( ), and —317A? ( — — —). Note that these values of

the second-order virial coefficient correspond to a surfactant with a cross-sectional

area of 29A2, and a linear alkane tail containing 10, 12, and 14 carbon atoms, respec-
tively. In addition, note that, as shown in Figure B-2, the predictions are not very
sensitive to the surfactant second-order virial coeflicient.

To investigate the sensitivity of the theoretical predictions to the dielectric con-
stant of the Stern layer, Figure B-3 shows the predicted surface tensions as a function
of the surfactant concentration for aqueous surfactant solutions of three illustrative
cationic surfactants. The molecular parameters for the three surfactants are those cor-
responding to DTAB, except for the Stern layer dielectric constant, which has values
of: 35 (- —-—- ), 42 (

B-3, the predictions are not very sensitive to the dielectric constant of the Stern layer.

), and 50 ( — — —). Note that, as shown in Figure

Note that the sensitivity of the theoretical predictions to the Stern layer thickness is
comparable to the sensitivity to the dielectric constant of the Stern layer, since only
the ratio of these two properties affect the theoretical predictions (see Chapter 2).
Finally, to investigate the sensitivity of the theoretical predictions made in Chapter
3 to the value of the charge separation distance of a zwitterionic surfactant, the model
surfactant dodecyl betaine (Ci2Betaine) is utilized. Similar to the choice of DTAB,
this surfactant was chosen because its molecular parameters are all in the moderate
range. The values of the molecular parameters corresponding to C,,Betaine are listed
in Tables 3.1 and 3.3 in Chapter 3. Recall that for a single zwitterionic surfactant,
only the charge separation distance (that is, the difference between the locations of
the two charge layers) is important, and not the absolute values of the locations of the
two charge layers. To investigate the sensitivity of the theoretical predictions to the
separation distance of the two charge layers, Figure B-4 shows the predicted surface
tensions as a function of the surfactant concentration for aqueous surfactant solutions
of three illustrative zwitterionic surfactants. The molecular parameters for the three

surfactants are those corresponding to Ci;Betaine, except for the charge separation
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Figure B-3: Predicted surface tensions as a function of the surfactant concentration
for aqueous surfactant solutions of three illustrative cationic surfactants, showing the
sensitivity of the theoretical predictions to the Stern layer dielectric constant. The
molecular parameters for the three surfactants are those corresponding to DTAB,
except for the Stern layer dielectric constant, which has values of: 35 (- —- —- ), 42

( ), and 50 ( — — —).
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Figure B-4: Predicted surface tensions as a function of the surfactant concentration
for aqueous surfactant solutions of three illustrative zwitterionic surfactants, showing
the sensitivity of the theoretical predictions to the charge separation distance of a
zwitterionic surfactant. The molecular parameters for the three surfactants are those
corresponding to CqoBetaine, except for the charge separation distance, which has

values of: 4.0 A(-—- —- ), 5.2A( ), and 6.0A( — — —).
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), and 6.0A( — — —).

distance, which has values of: 4.0 A( - —- —- ), 5.2A(
Note that, as shown in Figure B-4, the predictions are not very sensitive to the charge
separation distance.

As clearly shown by the four illustrative examples examined in this Appendix, the
equilibrium surface tension predictions made using the theories developed in Chap-
ters 2 and 3 are not overly sensitive to any one surfactant molecular parameter. This
finding contributes to the robustness of these theories, since the various surfactant
molecular parameters need to be determined only to within a reasonable precision.
Furthermore, it should be noted that the predictions are generally most sensitive to
the molecular cross-sectional area of the surfactant. This can be explained physically
by noting that this parameter affects both the steric repulsive interactions, as well
as the attractive van der Waals interactions. For example, decreasing the molecular
cross-sectional area of a surfactant has the effect of decreasing the steric repulsive
interactions as well as increasing the attractive van der Waals interactions. Conse-
quently, although the predicted surface tension is not overly sensitive to the surfactant
cross-sectional area, it is more sensitive to this surfactant molecular parameter than

to the other ones, as shown in Figure B-1.
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Appendix C

Interfacial Phase Transitions

C.1 Introduction

In Chapters 2 and 3, it was assumed that although there are attractive van der Waals
interactions between the tails of the adsorbed surfactant molecules, these interactions
are not strong enough to induce an interfacial phase transition. However, it is possible
for the model developed in Chapter 2, or other models that include attractive interac-
tions, to predict an interfacial phase transition under certain conditions. Furthermore,
interfacial phase transitions have been observed experimentally.!57-160 Whether or not
the adsorbed surfactant molecules exhibit an interfacial phase transition is dictated
by a balance between the attractive, van der Waals interactions, which tend to drive
the adsorbed surfactant molecules towards a more condensed phase, and the repul-
sive, steric (and, possibly, electrostatic, in the case of a single charged surfactant)
interactions, which tend to drive the adsorbed surfactant molecules towards a more
expanded phase. Specifically, if the attractive interactions are weak, or if the repul-
sive steric or electrostatic interactions are strong, then the the critical temperature
for phase transitions (which is the temperature above which there is no interfacial
phase transition) will be low. Hence, if one is only interested in temperatures above
this relatively low critical temperature (and, in particular, if this critical temperature
is below the freezing point of the bulk aqueous phase), then one will never observe an

interfacial phase transition experimentally or theoretically. However, if the adsorbed
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surfactant molecules exhibit stronger attractive interactions, or weaker repulsive steric
or electrostatic interactions, then the critical temperature will increase. If this criti-
cal temperature rises above the operating temperature of interest, then an interfacial
phase transition will be observed.

The simplest theories that includes attractive interactions is the Frumkin model
which contains an experimentally-determined empirical parameter to account for the
attractions between the adsorbed surfactant molecules. If this parameter is small
enough (that is, if it has a large negative value), then a first-order interfacial phase
transition will be predicted.'®:'2 More recently, several theoretical model have been
developed specifically to treat interfacial phase transitions by assuming that the ad-
sorbed surfactant molecules form surfactant “clusters”.163:164,142,165-168 Yyhile these
theories have been shown to successfully predict the surface tension of surfactant
solutions that undergo an interfacial phase transition, they all contain a number of
additional experimentally determined parameters.

In this Appendix, it will be shown that the theoretical framework developed in
Chapters 2 and 3 can be used to predict interfacial phase transitions without the ad-
dition of any parameters. Specifically, by using a thermodynamic framework to model
interfacial phase transitions (see Section C.2), the surface equation of state developed
in Chapters 2 and 3 can be used to predict the surface tension of surfactant solutions
that undergo an interfacial phase transition. Furthermore, the development of a the-
oretical framework to model interfacial phase transitions also allows one to predict
the interfacial properties of mixtures of anionic and cationic surfactants. These mix-
tures are of particular interest because, as discussed in Section C.3, single surfactant
solutions of either of the two ionic surfactants do not exhibit an interfacial phase
transition, while binary mixtures of these oppositely-charged surfactants do exhibit
an interfacial phase transition. In addition, there is a very large interfacial synergistic
relationship between the two oppositely-charged surfactants.

In Section C.3, a comparison is presented between the theoretically predicted and
the experimentally measured surface tensions of: (i) single surfactant solutions of

two linear alkane alcohols, octanol and decanol (where, due to their relative small

296



head sizes, there are strong enough van der Waals attractions between the tails of
the adsorbed surfactant molecules to induce an interfacial phase transition), and (ii)
a mixture of the anionic surfactant SDS and the cationic surfactant DTAB (which il-
lustrates the case of an anionic—cationic surfactant mixture discussed above). Finally,

concluding remarks are presented in Section C.4.

C.2 Theory

C.2.1 Interfacial Phase Transitions for Single Surfactants

First, to demonstrate that the equilibrium equation of state developed in Chapters
2 and 3 can predict an interfacial phase transition, two hypothetical nonionic sur-
factants are considered. The molecular parameters of the two surfactants are listed
in Table C.1. Note that the molecular cross-sectional area is 30A? for Surfactant 1
and 28A2 for Surfactant 2, while the number of carbon atoms in the tails of both
surfactants is 10. The smaller cross-sectional area of Surfactant 2 leads both to a
reduction in the steric repulsive interactions as well as to an increase in the van der
Waals attractions (which can be seen by the more negative value of B;; for Surfactant
2 in Table C.1, see also Eq. (2.4) in Chapter 2).

Figure C-1 shows the predicted surface pressure, II, as a function of the area
per molecule, a = 1/T; = A/N?, for the two hypothetical nonionic surfactants:

Surfactant 1 (-—-—- ) and Surfactant 2 ( ), both at 25°C, as calculated

using Eq. (2.5) (see Section 2.2.1). Recall that the curves in Figure C-1 are the two-
dimensional analogs of the Pressure-Volume curves commonly used to analyze phase
transitions in a three-dimensional system. Note that for Surfactant 1, the surface
pressure decreases monotonically with an increase in the area per molecule, which
indicates that there is no interfacial transition for Surfactant 1. In other words, the
critical temperature for Surfactant 1 is less than 25°C, the temperature used in the
predictions. Note also that this case corresponds to all the surfactants considered

in this thesis, except for those considered in this Appendix. On the other hand,
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Table C.1: Values of the hard-disk areas, a;, and second-order virial coefficients,
B.i, corresponding to the two hypothetical nonionic surfactants, Surfactant 1 and

Surfactant 2, considered in Section C.2.1.

Surfactant i | a; (A?) | By (A?)

1 30 -138
2 28 -173

the surface pressure versus area per molecule for Surfactant 2 is not monotonic, but
instead attains a local minimum and a local maximum. As in the case of a three-
dimensional system, this non-monotonic behavior of the surface pressure of Surfactant
2 indicates that there is indeed a phases transition for this surfactant. Physically, this
is a result of the fact that the decrease in the steric, repulsive interactions and the
increase in the van der Waals attractive interactions (as compared to Surfactant 1)
led to an increase in the critical temperature of Surfactant 2 to a value above the
operating temperature of 25°C. The existence of an interfacial phase transition can
also be detected in the behavior of the surface chemical potential, p7, as a function
of the area per molecule, a, which is shown in Figure C-2 (where the standard-state
chemical potentials have been arbitrarily set to zero). Note that there is no one-two-
one relationship between p? and a. Therefore, if one attempted to use Eq. (2.11)
to solve for the equilibrium value of a for a given bulk chemical potential value
(determined from the bulk aqueous surfactant concentration using Eq. (2.12)), one
could arrive at two or three different solutions.

The treatment of interfacial phase transitions is very much analogous to the treat-
ment of phase transitions in three-dimensional phases. Specifically, a tie-line can be
drawn, as shown by the horizontal line ( — — —) in Figures C-1 and C-2. The two
endpoints of this tie-line (points ‘A’ and ‘B’) can be determined by first requiring

that the surface pressure of the two coexisting interfacial phases be equal. That is,
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Figure C-1: Predicted surface pressure as a function of the area per molecule for two

hypothetical nonionic surfactants: Surfactant 1 (-—- —- ), a surfactant that does

not exhibit an interfacial phase transition, and Surfactant 2 (

), a surfactant

that does exhibit an interfacial phase transition. The tie-line indicating the location

of the phase transition ( — — —), and its endpoints, A and B, are also shown.
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Figure C-2: Predicted surface chemical potential as a function of the area per molecule

for two hypothetical nonionic surfactants: Surfactant 1 (-—- —- ), a surfactant that

does not exhibit an interfacial phase transition, and Surfactant 2 ( ), a sur-
factant that does exhibit an interfacial phase transition. The tie-line indicating the
location of the phase transition ( — — —), and its endpoints, A and B, are also

shown.
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that:
II (aA) =1I (aB) (C.1)

and that the surface chemical potentials of surfactant molecules of type 7 in the two

coexisting interfacial phases be equal as well. That is, that:
4 (a) = g (o) 2

where a® and oP are the areas per molecule at points A and B, respectively, and IT is
calculated using Eq. (2.5) for nonionic surfactants (or Eq. (2.37) for ionic surfactants,
or Eq. (3.37) for multiply charged surfactants), and p is calculated using Eq. (2.10)
for nonionic surfactants (or Eq. (2.45) for ionic surfactants, or Eq. (3.43) for multiply
charged surfactants). Note that this derivation assumes that the coexisting interfacial
phases are large, that is, that the ratio of the area of a phase to its perimeter is large
enough that “surface” effects, such as line tensions, can be neglected. Note also
that the value of the standard-state chemical potential difference in Eq. (2.10) (or
in Eqgs. (2.45) and (3.43)) is not needed to solve Eq. (C.2), since it appears on both
sides of the equation, and hence, cancels out. Equations (C.1) and (C.2) can be
solved simultaneously to determine the two unknowns, a®* and aB. For any area per
molecule between the phase transition endpoints, that is, for a® < a < a®, there will
be a mixture of two surface phases (one corresponding to a® and the other to a®) with
the surface pressure given by II = 11 (aA) =1II (aB) and the surface chemical potential
given by uf = ¢ (a*) = p¢ (a®). On the other hand, if a < a* or a > a®, then
there will be only one surface phase and the surface pressure and surface chemical
potential can be computed as discussed in Chapters 2 and 3.

As an illustration, suppose that the surfactant under consideration is nonionic.
To implement the derivation which follows in the case of ionic surfactants, one would
simply utilize Eq. (2.37) in place of Eq. (2.5), and Eq. (2.45) in place of Eq. (2.10)
throughout the following derivation. Similarly, to implement the derivation which
follows in the case of multiply charged surfactants (for example, zwitterionic surfac-

tants), one would simply utilize Eq. (3.37) in place of Eq. (2.5) and Eq. (3.43) in
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place of Eq. (2.10) throughout the following derivation.

Once it has been determined that the surfactant under consideration undergoes an
interfacial phase transition, and the endpoints of the tieline (points ‘A’ and ‘B’) have
been determined as described above, the next step is to calculate the standard-state
chemical potential difference, Ap?. As in the case of a surfactant that does not exhibit
an interfacial phase transition, this is done using one experimentally measured surface
tension, o, at a known bulk surfactant concentration. The surface pressure, II, at this
bulk surfactant concentration is determined from II = oy — 0. The value of the area
per molecule, a, corresponding to this surface pressure is determined by substituting
this value of II in Eq. (2.5) and then solving for a. If the measured value of II is
below the phase transition surface pressure, II (a*) = II (a®), then the solution to
Eq. (2.5) should be restricted to a > a®. If the measured value of II is above the
phase transition surface pressure, then the solution to Eq. (2.5) should be restricted
toa < a*. (If the surface pressure happens to be equal to the phase transition surface
pressure, then either a = a® or @ = a® can be used.) This calculated value of a is
then inserted into Eq. (2.10) which, along with the known value of the bulk surfactant
concentration, can be solved to obtain Ay.

The surface tension can now be calculated for any bulk surfactant concentration.
Specifically, for any value of nY, one can solve Eq. (2.10) for a with the appropriate
restriction that a < a® or a > a®. This value of a is then inserted into Eq. (2.5) to

compute the surface pressure, 7, and hence, the surface tension, o = oo — II.

C.2.2 Interfacial Phase Transitions for Mixtures of Surfac-
tants

As an illustration, a binary surfactant mixture will be considered explicitly, and the
extension to mixtures of more than two surfactants will be discussed at the end of this
section. Also, for simplicity, this section will treat two nonionic surfactants. As in
the preceding section, to implement the derivation which follows in the case of ionic

surfactants, one would simply utilize Eq. (2.36) in place of Eq. (2.5) and Eq. (2.45) in
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place of Eq. (2.10) throughout the following derivation. Similarly, to implement the
derivation which follows in the case of multiply charged surfactants (for example, a
zwitterionic surfactant or a mixture of two ionic surfactants), one would simply utilize
Eq. (3.36) in place of Eq. (2.5) and Eq. (3.43) in place of Eq. (2.10) throughout the
following derivation.

As in the case of surfactants that do not undergo an interfacial phase transition, in
order to consider a mixture of surfactants, one must first compute the standard-state
chemical potential difference of each surfactant component using a single surface ten-
sion measurement. If the single surfactant component does not undergo an interfacial
phase transition, the value of this parameter can be computed using the theoretical
framework presented in Section 2.2.1. If it does undergo an interfacial phase transi-
tion, the value of this parameter can be computed using the derivation presented in
Section C.2.1.

As discussed in Section 2.2.1, to compute the equilibrium surface concentration,
I' = 1/a, and surface composition, 2§ = I'y/ (['; + I'z), for a given set of bulk surfac-
tant monomer concentrations, n}; and n3;, one must solve the set of two equations
given by Eq. (2.13) (where z§ has been eliminated using z = 1 — z7).

When there is no interfacial phase transition, one method of solving this set of
two equations is to guess a value of z¢, and then to solve Eq. (2.13) with i = 1 for a.
This set of z¢ and a values can then be inserted into Eq. (2.13) with ¢ = 2 and, if the
equality is satisfied, then this set of #{ and a values corresponds to the equilibrium
values. If the equality in Eq. (2.13) with ¢ = 2 is not satisfied, then a new guess for
z{ is made and the process is repeated. In this manner, one can eventually obtain
the equilibrium values of @ and z{ through iteration. Once the equilibrium values of
a and z7 are known, one can compute the surface pressure, II (or the surface tension,
o = 0o — II), for that set of bulk surfactant monomer concentrations, using Eq. (2.6).

When there is an interfacial phase transition, one can proceed in a similar fashion.
First, one guesses a value of . Now, however, when one attempts to solve Eq. (2.10)
with 4 = 1 for a, one will find that u¢ is non-monotonic in a, and therefore, that a

one-to-one relationship between u¢ and a does not exist in this case. Therefore, one
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needs to use a procedure similar to the one described in Section C.2.1. Specifically,
one can draw a tie-line where the two endpoints of this line (a® and a®) are determined
from the set of two equations given by Egs. (C.1) and (C.2) (with ¢ = 1). Now, if
a is between the two endpoint of the tie-line, then the surface chemical potential of
Surfactant 1 is given by the value of the surface chemical potential at either of the
two endpoints; otherwise, it is calculated using Eq. (2.10) with 4 = 1. The computed
surface chemical potential of Surfactant 1, along with the bulk aqueous chemical
potential of Surfactant 1 determined by utilizing Eq. (2.12), are then utilized in
Eq. (2.11), which is solved for a. This value of a, along with the guessed value of z7,
is then utilized in Eq. (2.10) with ¢ = 2 to compute the surface chemical potential
of Surfactant 2. Similarly, if one finds that pg is non-monotonic in a, then one must
again draw a tie-line, with the endpoints determined from Egs. (C.1) and (C.2) (with
i = 2). If a is between the two endpoint of the tie-line, then the surface chemical
potential of Surfactant 2 is given by the value of the surface chemical potential at
either of the two endpoints; otherwise it is calculated using Eq. (2.10) with 4 = 2. The
surface chemical potential of Surfactant 2 computed using this method, along with the
bulk aqueous chemical potential of Surfactant 2 determined by utilizing Eq. (2.12),
are then inserted into Eq. (2.11). If the equality in Eq. (2.11) is satisfied, then this set
of a and z7 values corresponds to the equilibrium values; otherwise, a new guess of
x{ is required and the process is repeated. In this manner, one can eventually obtain
the equilibrium values of a and z¢ through iteration. Once the equilibrium values of
a and z§ are known, one can compute the surface pressure, II (or the surface tension,
o = 0o —II), for that set of bulk surfactant monomer concentrations, using Eq. (2.6).

The theoretical description presented above can be extended to a mixture of n > 2
surfactant components. For example, one could guess values of all the surface com-
positions (subject to their sum being unity), solve Eq. (2.10) with ¢ = 1 for a (using
the tie-line procedure described above to calculate the surface chemical potential of
Surfactant 1), and then check the equality in Eq. (2.10) for ¢ = 2,...,n (using the

tie-line procedure described above).
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Table C.2: Values of the hard-disk areas, a;, second-order virial coefficients, By,
Stern region thicknesses, d, and standard-state chemical potential differences, Apy,

corresponding to the surfactants considered in Section C.3.

Surfactant i | a; (A?) | By (A?) | d (A) | A (kgT)
Octanol 21 -230 - -41.6
Decanol 21 -430 - -38.1
SDS 25 -367 4.05 -59.0
DTAB 28 -257 5.2 -59.0

C.3 Results

As discussed in Section C.2, an interfacial phase transition occurs when the van
der Waals attractive interactions are relatively strong, and the steric or electrostatic
repulsive interactions are relatively weak, which is the case for nonionic surfactants
with relatively small polar heads. Therefore, linear alkyl alcohols are good model
“surfactants” to use in the investigation of interfacial phase transitions since they
possess a very small head. The molecular parameters for two such alcohols, octanol
and decanol, are listed in Table C.2. The standard-state chemical potential differences
for each alcohol, Ap?, were computed by fitting the experimentally measured surface
tension at a bulk surfactant concentration of 1.0 x 107%mol/cm? for octanol and
5.0 x 10~8mol /ecm?® for decanol, as discussed in Section C.2.1.

Figure C-3 shows the theoretically predicted (lines) and the experimentally mea-

sured (symbols) surface tensions as a function of bulk surfactant concentration for

, ®) at 25°C. The

aqueous solutions of octanol (- —- —- , #) and decanol (
experimental measurements are from Ref. 159. The arrows indicate the location of
the interfacial phase transition for each surfactant, which were predicted using the
theoretical framework presented above. Note that there is very good agreement be-

tween the theoretically predicted surface tensions and the experimentally measured
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Figure C-3: Theoretically predicted (lines) and experimentally measured (symbols)

surface tensions as a function of bulk surfactant concentration for aqueous solutions

of octanol ( - —- —- , #) and decanol ( , @) at 25°C. The experimental mea-
surements are from Ref. 159. The arrows indicate the location of the interfacial phase

transition for each surfactant.

306



values.

Note that the interfacial phase transition corresponds to a discontinuity in the
slope of the surface tension versus surfactant concentration curve.!®® This can be ex-
plained by noting that the Gibbs adsorption equation states that the slope of this
curve is proportional to the surfactant surface concentration.*’ Accordingly, at the
interfacial phase transition, the surfactant surface concentration exhibits a disconti-
nuity from the small value corresponding to the expanded phase to the large value
corresponding to the condensed phase. In the context of the discussion presented in
Section C.2.1, this would correspond to a transition from point ‘B’ to point ‘A’. Note
that this transition corresponds to a single value of the surface pressure (or surface
tension), and hence, it occurs at just one point on the surface tension versus surfac-
tant concentration curves shown in Figure C-3. Although a discontinuity in the slope
of the experimental surface tension versus surfactant concentration curve is difficult
to observe, Ref. 157 utilizes ellipsometry to show that there is indeed an interfacial
phase transition for decanol at the point indicated by the arrow in Figure C-3.

Another interesting surfactant system to investigate in the context of interfacial
phase transitions is a binary mixture of an anionic and a cationic surfactant. For
each single surfactant, the repulsive, electrostatic interactions are so strong that an
interfacial phase transition does not occur for either of the single surfactant solu-
tions. However, in the case of a mixture of the two oppositely-charged surfactants,
the electrostatic interactions are significantly reduced (for example, the electrostatic
contribution to the surface pressure would actually vanish for an interface that had
an equal number of adsorbed anionic and cationic surfactant molecules when their
charges are positioned on the same charge layer). In the absence of the strong elec-
trostatic, repulsive interactions, and if the van der Waals attractive interactions are
strong enough, then the mixed surfactant system may undergo an interfacial phase
transition even though these van der Waals attractive interactions are not strong
enough to induce an interfacial phase transition in the single surfactant cases.

The anionic surfactant sodium dodecyl sulfate (SDS) and the cationic surfactant

dodecyl trimethyl ammonium bromide (DTAB) provide a model system to illustrate
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the case discussed above. The molecular parameters for these two surfactants are
listed in Table C.2. The standard-state chemical potential differences for each surfac-
tant, Ap?, were computed by fitting the experimentally measured surface tension at
a bulk surfactant concentration of 5.4 x 10~%mol/cm?® for SDS and 1.4 x 10~°mol /cm?
for DTAB. Note that for single surfactant solutions of either SDS or DTAB, there is
only one charged group present on the surfactant head, and therefore, the theory in
Chapter 2 can be used to model their interfacial behavior. However, for the mixture
of these two surfactants, there are two charged groups (one on each surfactant head)
which are located at different positions within the monolayer. Therefore, there are
two interfacial charge layers, and the theory in Chapter 3 should be used to model
the interfacial behavior. The location of the two charge layers are d; = 2.3A (cor-
responding to the charge on SDS) and dy = 2.5A(corre5ponding to the charge on
DTAB), with the Stern layer located at dg = 7.7A. The value of the charge layer
valences, (¢, are: (lpe=—1, Zps =0, Chrap =0, and ¢35 = 1 (see Section 3.2.2
for a discussion of these parameters). Finally, the second-order virial coefficient for
this pair of surfactants is —321A2.

Figure C-4 shows the theoretically predicted (lines) and the experimentally mea-

sured (symbols) surface tensions as a function of total bulk surfactant concentra-

tion for: (i) aqueous single surfactant solutions of SDS ( — — —, ®) and DTAB
(-—-—- , #), and (ii) an aqueous binary surfactant solution of 50% SDS - 50%
DTAB ( , W), all at 25°C. The experimental measurements are from Ref.

169. The arrow indicates the location of the interfacial phase transition for the mixed
surfactant case (note that there is no interfacial phase transition for the two single
surfactant solutions). Furthermore, Figure C-5 shows the predicted surface composi-
tion, % g, as a function of the total bulk surfactant concentration for the 50% SDS
- 50% DTAB solution at 25°C. Note that, indeed, the surface composition is nearly
equal to 0.5 for any total bulk surfactant concentration, and hence, the electrostatic
repulsive interactions are very small. This allows the phase transition, indicated by
the arrow in Figure C-4, to occur.

In addition to this interfacial phase transition, the anionic—cationic surfactant
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Figure C-4: Theoretically predicted (lines) and experimentally measured (symbols)
surface tensions as a function of total bulk surfactant concentration for: (i) aqueous
single surfactant solutions of SDS ( — — —, ®) and DTAB (-—- -- , #), and (ii)

an aqueous binary surfactant solution of 50% SDS — 50% DTAB ( , ), all

at 25°C. The experimental measurements are from Ref. 169. The arrow indicates the
location of the interfacial phase transition for the surfactant mixture (note that there

is no interfacial phase transition for the two single surfactant solutions).
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mixture is also of interest due to the very large extent of synergism at the interface.
Indeed, as shown in Figure C-4, the surface tension versus total bulk surfactant con-
centration curve for the surfactant mixture lies far to the left of the corresponding
curves for either of the two single surfactants. This is also a result of the fact that
the repulsive, electrostatic interactions have been almost completely eliminated in
the case of the surfactant mixture, and hence, the surfactant mixture can more read-
ily adsorb at the interface, thus requiring a lower total concentration of surfactant
to drive the adsorption process. Although the agreement between the theoretically
predicted surface tension and the experimentally measured values is not as good as
that for the other surfactant mixtures considered in Chapters 2 and 3, the agreement
is still reasonably good considering the large extent of synergism between these two
surfactants, and the fact that no experimentally determined parameters were utilized

in the predictions.

C.4 Conclusions

In this Appendix, the surface equation of state developed in Chapters 2 and 3 was
utilized to predict an interfacial phase transition. This transition will typically occur
for a surfactant (or surfactant mixture) where the van der Waals, attractive inter-
actions are relatively strong, or the repulsive, steric and electrostatic interactions
are relatively weak, such that the critical temperature is higher than the operating
temperature of interest.

A computational method for utilizing the previously developed equation of state,
with no additional parameters, was presented, and a comparison between the theo-
retically predicted and the experimentally measured surface tensions for surfactant
solutions that undergo an interfacial phase transition showed reasonable agreement.
The surfactant solutions investigated included two linear alkyl alcohols, where the
molecular cross-sectional areas are small, and therefore, the attractive, van der Waals
interactions are strong and the repulsive steric interactions are weak, thus inducing

an interfacial phase transition. In addition, a mixture of an anionic and a cationic
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surfactant was investigated. In this case, the two single surfactants do not exhibit
an interfacial phase transition because the strong electrostatic, repulsive interactions
prevent one from occurring. However, in the case of a binary mixture of these two
oppositely-charged surfactants, the electrostatic charges at the interface effectively
cancel each other out, leading to an interfacial phase transition. This surfactant mix-
ture is also interesting because of the large extent of interfacial synergism between
the two oppositely charged surfactants. Again, this synergism results from the elec-
trostatic charges at the interface effectively canceling each other out, thus allowing

the surfactants to more readily adsorb at the interface.
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Appendix D

Dynamic Adsorption Behavior of

Micellar Solutions

D.1 Introduction

As discussed in Chapters 1 and 2, surfactant molecules can form aggregates, known
as micelles, at concentrations above a critical concentration, known as the critical
micelle concentration (CMC). In Chapter 5, the dynamic adsorption of surfactants
from solutions below the CMC was considered, and therefore, the presence of micelles
could be neglected. In this Appendix, the theory developed in Chapter 5 is extended
to investigate the effect of micelles on the dynamic surface properties (specifically,
on the dynamic air-water surface concentration and the dynamic air-water surface
tension) in aqueous surfactant solutions above the CMC. The dynamic surface prop-
erties of micellar surfactant solutions have been investigated in the past by several
researchers!"117* (see also Ref. 170 for a recent review). As in the case of the pre-
micellar solutions considered in Chapter 5, the central difference between the theory
presented in this Appendix and those available in the literature is in the equilibrium
adsorption description that forms the underlying basis for the dynamic adsorption
theory. For example, Joos!™" and Miller'™ utilized the Langmuir adsorption model,
while Fainerman!™ utilized the Frumkin adsorption model, where, as discussed in

Chapter 2, these adsorption models contain experimentally determined parameters.
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On the other hand, the theoretical framework to model the dynamic adsorption
of micellar solutions presented in this Appendix utilizes the equilibrium adsorption
description presented in Chapter 2 as its underlying equilibrium basis. As discussed
in detail in Chapter 2, a central aspect of this equilibrium adsorption model is that it
is based on the molecular characteristics of the surfactants, and hence, it minimizes
the number of required experimentally determined parameters. As in Chapter 5,
the dynamic adsorption description presented here assumes that the diffusion of the
surfactant monomers is the rate limiting step to their subsequent adsorption at the
interface. In other words, it is assumed that the surfactant molecules adsorbed at the
interface are in instantaneous equilibrium with those in the sublayer (the region of the
aqueous phase adjacent to the interface). The micelles affect the surfactant monomer
adsorption, and therefore, the dynamic surface tension, by dissociating and supplying
more surfactant monomers. In other words, as the surfactant monomers adsorb at
the interface, their concentration in the aqueous phase near the interface decreases
below the value that corresponds to equilibrium with the micelles. This causes a net
break-up of micelles, which, in turn, supplies more surfactant monomers which can
then diffuse and adsorb at the interface. In this Appendix, the kinetics of the micelle
dissociation process is accounted for by using the theoretical framework developed by
Aniansson and Wall,'” which includes a single rate constant describing the relative
rate of micelle dissociation. It will be shown that, if the value of this kinetic rate
constant is known, then the dynamic surface tension, as well as the dynamic surface
concentration, can be predicted by the theoretical framework presented in this Ap-
pendix. Alternatively, if the value of this kinetic rate constant is not known, one can
utilize the theoretical framework developed here, along with experimental dynamic

surface tension measurements, to estimate the value of the kinetic rate constant.

D.2 Theory

For simplicity, the case of an aqueous solution containing a single nonionic surfactant

species is considered. As in Chapter 5, it is assumed here that: (i) the interface
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is initially clean (that is, that the surface concentration of the surfactant is zero at
t = 0), (ii) the interface is flat (see Chapter 6 and Refs. 111 and 127 for a detailed
treatment of the spherical interface case), and (iii) the mass transport of both the
surfactant monomers and the micelles obeys Fickian diffusion.

As discussed in Section D.1, the micelles can dissociate to generate surfactant
monomers, while the surfactant monomers can associate to form micelles. To model
the kinetics of this dissociation-association process, the theoretical framework devel-
oped by Aniansson and Wall'”® will be utilized here. Using this framework, the rate
of generation of surfactant monomers from the break-up of micelles, R;, as a function
of the local concentration of surfactant monomers, n;, and the local concentration of
micelles, n,,, for a monodisperse micellar solution (where m is the micelle aggregation

number), can be written as follows:

Ry = kn (’;‘;;Q (n — n¥) (D.1)

where k,, is the micelle kinetic rate constant, n;,; = n; + mn,, is the total local
concentration of surfactant molecules, and ny is the equilibrium concentration of
surfactant monomers, which is approximately equal to the CMC. Note that n;, n,,,
ngt, and Ry are all functions of both z and ¢. Note also that the precise value of
ny can be obtained using a previously developed molecular-thermodynamic theory of
micellization337 (see Chapter 2 for a detailed discussion). Using the surfactant mass

conservation condition, the rate of aggregation of micelles, R,,, is given by:

Rp= -2 _ _Km (”t"t) (1 — ) (D.2)

m m \ ny

The overall mass transport of surfactant monomers in the aqueous phase is con-
trolled by the combination of Fickian diffusion and the kinetic generation of surfactant
monomers from the break-up of micelles, which is described by the following governing

equation:

0 02 Nto
% = DlaTZI +kg (f) (n1 — n¥) (D.3)
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The initial condition for Eq. (D.3) is given by Eq. (5.4), which for the single surfactant

solution examined here can be written as follows:
ni(t=0,z) =ny (D.4)

Since the assumption of diffusion controlled adsorption is utilized here, as it was done
in Chapter 5, the two boundary conditions for Eq. (D.3) are given by Egs. (5.5) and

(5.7), which for the single surfactant solution examined here can be written as follows:
ny (t,z — 00) = ny (D.5)

and

n? n? A/,LO I 3a;I'
| L ~ln( =) = ==L41 D.
n<n(1)+n9v> n(”&) kBT+ n<1“F131>+1*F131 (D-6)

F 2
+ &)_2 + 2B, T,

(1 -Ta;)
where n = n; (z = 0) is the sublayer concentration of surfactant monomers, and
nd = n, (z = 0) is the sublayer concentration of water molecules which is approxi-
mately equal to the bulk concentration of water molecules, ny, since the surfactant
concentration is dilute.
Similarly, the overall mass transport of the micelles in the aqueous phase is con-
trolled by the combination of Fickian diffusion and the kinetic generation of micelles

from monomers, which is described by the following governing equation:

anm 82nm km Niot w
W—DmW“a(n%)(”l‘"l) (B>-1)

The initial condition for Eq. (D.7) can similarly be written as follows:

nm (t=0,2) =n,), (D.8)
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where n% is the equilibrium concentration of micelles in the bulk aqueous solution.
The first boundary condition for Eq. (D.7) is obtained by requiring the concentration
of micelles to approach the bulk equilibrium concentration far from the interface.

Specifically,

nm (t, £ — 00) =nY (D.9)

The second boundary condition for Eq. (D.7) is obtained by assuming that the micelles
themselves do no adsorb at the interface. This leads to a vanishing flux at the interface

which can be expressed as follows:

Ongy,

z=0

Finally, as in Chapter 5, the governing equation for the interface can be derived

from the conservation of mass as follows:

o _p, Im

Y o (D.11)

=0

As in Chapter 5, the initial condition for Eq. (D.11) is derived from the fact that the

interface is initially free of surfactant molecules. Specifically,
I'(t=0)=0 (D.12)

Next, the set of three coupled differential equations given by Egs. (D.3), (D.7),
and (D.11), along with the boundary and initial conditions given above, can be solved
numerically (see Ref. 48) to obtain the two bulk concentration profiles, n; (¢, z) and
nm (t,x), as well as the surfactant surface concentration profile, I'y (t). Finally, the
surface tension as a function of time, o (t), can be computed from the surfactant sur-
face concentration profile, I'y (¢), by utilizing the surface equation of state developed

in Chapter 2, which for the single nonionic surfactant case considered here can be
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written as follows:

_ Iy (2) ar (T4 (2))” 2
o (t) = 00 —knT {1 T e A= ()ar) Bu (11 (5) } (D-13)

where oy is the surface tension of pure water. A discussion of the values of the

various molecular parameters appearing in the theoretical framework developed in

this section, along with an illustrative example, are presented in the next section.

D.3 Results and Discussion

The values of the surfactant molecular parameters, a;, r;, and B;;, can be deter-
mined from the chemical structure of the surfactant. The value of the standard-state
chemical potential difference, Ap?, can be determined from a single surface tension
measurement (see Chapter 2 for a detailed discussion). The value of the diffusion co-
efficient of the surfactant monomer, D, can be determined experimentally from the
measured dynamic surface tension profile of a surfactant solution below the CMC,
or it can be estimated theoretically using the Wilke-Chang model!3¢ (see Chapter 5
for a detailed discussion). The value of the diffusion coefficient of the micelles, D,,,
can be estimated theoretically using the Wilke-Chang model,!*® along with the bulk
molecular-thermodynamic theory of micellization to determine the micelle aggrega-
tion number, m.%537 It should be noted that the predicted dynamic surface tension
profiles are extremely insensitive to the precise value of the micelle diffusion coeffi-
cient, D,, (see Chapter 6 for a discussion of the sensitivity to the surfactant monomer
diffusion coefficient, D).

If one had a method for measuring, or predicting, the micelle kinetic rate constant,
kn, one could predict the dynamic surface tension profile of a micellar solution using
the theoretical framework described in Section D.2. Alternatively, one can measure
the dynamic surface tension of a micellar solution and then adjust the value of ky,,
such that the theoretically predicted dynamic surface tension matches the experi-

mentally measured values. In other words, one could use dynamic surface tension
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measurements, in the context of the theoretical framework developed in Section D.2,
to effectively measure the value of k,,. This should be of great value, since it is gen-
erally easier to measure the dynamic surface tension than to measure the value of k.,
directly.!™0

To demonstrate that it is indeed possible to deduce the value of k, using the
method outlined above, the following illustrative example is provided using the previ-
ously examined nonionic surfactant Cy2E5 (see Chapter 6). The values of the various
Ci2E5s molecular parameters are given in Table 6.1. The value of the monomer dif-
fusion coefficient utilized here is the fitted value of 6.5 x 10=®cm?/s. The CMC was
predicted using Program PREDICT®? to be 5 x 10~%mol /em?, which also predicted a
micelle aggregation number, m, of 3600. This value of the micelle aggregation number
was then utilized in the Wilke-Chang model to predict a micelle diffusion coefficient
of D,, = D, (171/17,,1) " D; (1/m)°® = 4.8 x 10~8cm?/s. Note again, that the sur-
face tension predictions are extremely insensitive to the precise value of D,,. Indeed,
changing D,, by £50% has little effect on the predicted dynamic surface tensions.

Figure D-1 shows the predicted dynamic surface tensions for aqueous solutions
of C;2E5 at a concentration of ten times the CMC (5 x 10~"mol/cm3). The three
curves are the predicted dynamic surface tensions corresponding to k,, values of:
10571 (

surface tension is indeed quite sensitive to the parameter k,,, and that the differences

), 1.0s7 (- —- —- ), and 0.1s7! ( — — —). Note that the dynamic

between the predicted dynamic surface tension curves are experimentally measurable.
Note, however, that the timescales for these surface tension curves to reach equilib-
rium adsorption are extremely short (less than a second). Therefore, as discussed in
more detail in Section D.4, the adsorption of the surfactant molecules may not be
diffusion controlled, and therefore, a kinetic barrier would need to be incorporated
in the theoretical framework developed in Section D.2 in order to make a meaningful

comparison with actual experimental dynamic surface tension measurements.
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Figure D-1: Theoretically predicted surface tensions as a function of time for a mi-
cellar solution of C;E5 at a concentration of ten times the CMC (5 x 10~"mol/cm?)
at 25°C. The three curves are the predicted dynamic surface tensions corresponding

to ky, values of: 105! (——— ), 1.0s7! (- =~ —- ), and 0.1s7! (— — —).
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D.4 Conclusions

In this Appendix, a theoretical framework was developed to model the diffusion con-
trolled adsorption of surfactants at the air-water interface of an aqueous surfactant
solution above the CMC. This Appendix is an extension of the theoretical framework
developed in Chapter 5 for surfactant solutions below the CMC. The effect of mi-
celles is incorporated in the theoretical framework by including a source of surfactant
monomers in the governing equation for the transport of surfactant monomers in the
aqueous phase that arises from the dissociation of the micelles. Since the rate of
micelle dissociation depends on the local concentration of micelles, the dynamic con-
centration profile of the micelles in the aqueous phase is also required, and is obtained
by utilizing a Fickian diffusion model. The main difference between the diffusion of
the monomers and the micelles is that the micelles are assumed not to adsorb at the
interface (leading to a zero flux of micelles at the interface). In Section D.3, it was
shown that the predicted dynamic surface tension is indeed sensitive to the kinetic
rate constant of micelle dissociation, k;, (see Figure D-1). Therefore, one could use
the theoretical framework presented here, along with an experimentally measured
dynamic surface tension profile of a surfactant solution above the CMC, to deduce
the value of the kinetic rate constant of micelle dissociation.

As in Chapter 5, it was assumed in this Appendix that the diffusion of surfac-
tant monomers is slow enough that it represents the rate limiting step to adsorption.
In other words, although there may be a kinetic barrier to adsorption at the inter-
face, the kinetic rate of adsorption is fast enough that the surfactant monomers at
the interface are in instantaneous equilibrium with the surfactant monomers in the
sublayer. While this was shown (see Chapter 6) to be a valid assumption for the
relatively dilute pre-micellar solutions considered in Chapter 5 (see Chapter 6), it
may not necessarily be a valid assumption in the case of the relatively concentrated
micellar solutions considered here. Indeed, since the timescale for diffusion decreases
as the surfactant concentration increases (see Chapter 5), one expects a shift in the

controlling adsorption mechanism from diffusion controlled, to mixed kinetic-diffusion
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controlled, as the surfactant concentration increases.!!%"1!® Therefore, as discussed in
Section 8.2, an interesting area of future research could involve the incorporation of

a kinetic barrier to the theoretical framework presented in Section D.2.
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