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Abstract

When an aqueous surfactant solution is exposed to a clean water/air surface, it takes a finite time
for the surfactant molecules to physically transport from the bulk aqueous solution to the surface
in order to adsorb and reduce the surface tension. The time scales associated with the reduction
in surface tension can vary between milliseconds to hours depending on the surfactant type and
its concentration. Accordingly, development of a fundamental understanding of the underlying
physical phenomena involved in the kinetics of surfactant adsorption will help to: (i) understand
the observed Dynamic Surface Tension (DST) behavior of surfactants, and (ii) design optimal sur-
factant formulations for applications in which the surfactant adsorption kinetics plays a significant
role in determining the effectiveness of the formulation.

This thesis deals with modeling the adsorption kinetics of nonionic surfactants at premicellar sur-
factant concentrations. Traditionally, the adsorption kinetics of nonionic surfactants at premicellar
surfactant concentrations has been understood in the context of two models: (1) the diffusion-
controlled model, which assumes that diffusion of surfactant molecules from the bulk solution to
the surface is the rate-limiting step, and (2) the mixed diffusion-barrier controlled model, which
hypothesizes the existence of an energy barrier for surfactant adsorption from the bulk solution to
the surface, and assumes that both diffusion and the energy barrier determine the overall rate of
surfactant adsorption. Although the existence of the energy barrier was hypothesized more than
50 years ago, the physical basis underlying the existence of the energy barrier has not yet been
elucidated.

The first major contribution of this thesis was demonstrating that the energy barrier is associated
with the adsorption of a single surfactant molecule onto a clean surface, contrary to the broadly-held
view that the energy barrier is associated with collective interactions between the adsorbed surfac-
tant molecules. This was demonstrated by developing a generalized mixed diffusion-barrier con-
trolled model and deriving a short-time adsorption kinetics formalism for this generalized model.
The short-time formalism revealed that, when adsorption takes place onto an initially clean surface,
the adsorption kinetics is independent of the specific interactions between the adsorbed surfactant
molecules, and is solely controlled by the energy barrier at asymptotic short times. This observa-
tion led to the important conclusion that the energy barrier is related to the adsorption of a single
surfactant molecule onto a clean surface.

One of the major drawbacks with the traditional procedure to determine the adsorption kinetics
rate-limiting mechanism (diffusion-controlled vs. mixed diffusion-barrier controlled), including the



values of the relevant adsorption kinetics parameters, from experimental DST data is that it requires
a specific model for the equilibrium adsorption behavior of the surfactant, where the deduced
results were found to be extremely sensitive to the accuracy of the specific equilibrium model
used. As a result, it has not been possible to elucidate the underlying physical basis of the energy
barrier by analyzing the experimental DST data of nonionic surfactants. With this limitation in
mind, the second major contribution of this thesis was the development of a new methodology
to determine the adsorption kinetics rate-limiting mechanism, including the values of the relevant
adsorption kinetics parameters, from the experimental DST data without using any model for the
equilibrium surfactant adsorption behavior. The new methodology was implemented to analyze
the experimental DST behavior of several alkyl poly(ethylene) oxide, C;E;, nonionic surfactants,
and revealed that the energy barrier may be related to the hydrophobic effect.

The third major contribution of this thesis was the development of a novel approach to de-
termine the equilibrium adsorption properties of nonionic surfactants from experimental dynamic
surface tension data, a novel concept which has never been explored in the surface tension liter-
ature. Motivated by the observed high sensitivity of the predicted DST profiles to the accuracy of
the model used to describe the equilibrium surfactant adsorption behavior, a new methodology was
developed to determine the Equilibrium Surface Tension versus surfactant bulk solution Concen-
tration (ESTC) behavior of nonionic surfactants from experimental DST data when the adsorption
kinetics rate-limiting mechanism is diffusion-controlled. The new methodology requires: (1) exper-
imental DST data measured at a single surfactant bulk solution concentration, Cp, (2) the diffusion
coefficient of the surfactant molecule, and (3) one equilibrium surface tension value measured at
a single surfactant bulk solution concentration, to determine the entire ESTC curve corresponding
to surfactant bulk solution concentrations which are less than, or equal to, C;. The new methodol-
ogy was implemented to analyze the experimental pendant-bubble DST data of C13E, and C12E.
For this purpose, the time scale associated with the validity of the assumption involving diffusive
transport of surfactant molecules in the bulk solution in a pendant-bubble DST measurement was
first determined, and the experimental DST data at those time scales was analyzed using the new
methodology to predict the ESTC curves of C12E, and C12E¢. In both cases, the predicted ESTC
behavior compared very well with the appropriate experimental DST results reported in the litera-
ture.

The final major contribution of this thesis was the development of a novel theoretical frame-
work to design optimal surfactant formulations that meet specific adsorption kinetics requirements,
which circumvents the more widely used and time consuming experimental trail-and-error surfac-
tant selection approach. Specifically, the new theoretical framework involves using predictive DST
models in conjunction with optimization techniques to identify the most efficient surfactant for-
mulation that meets a specific surfactant adsorption kinetics requirement. The technical feasibility
of the new theoretical framework and its effectiveness was demonstrated in the context of the
adsorption kinetics of nonionic surfactants.

Overall, the results obtained in this thesis contribute to: (1) the development of a fundamental
physical understanding of the energy barrier, (2) the development of efficient and reliable method-
ologies to more accurately analyze experimental DST data, and (3) the design of optimal surfactant
formulations in industrial applications.

Thesis Supervisor: Daniel Blankschtein
Title: Professor of Chemical Engineering
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Chapter 1

Introduction

1.1 Motivation

Surfactants are specialty chemicals composed of a hydrophilic group (referred to as the head) and
a hydrophobic group (referred to as the tail). When surfactants are added to water (even in very
small quantities), they produce a significant reduction of the surface tension of the water/fluid(air
or oil) interface. This behavior has been attributed to the preferential adsorption of the surfactant
molecules at the interface driven by the hydrophobic effect [1], where the hydrophilic heads remain
in the aqueous phase and the hydrophobic tails are removed into the adjacent fluid phase. There-
fore, these molecules are also referred to as ‘surface-active’ chemicals. This behavior is depicted
schematically in Figure 1-1 for the case of a water/air interface.

Note that when surfactant molecules in aqueous solution are exposed to an initially clean wa-
ter/fluid (air or oil) interface, surfactant adsorption does not take place instantaneously. Instead, it
takes a finite time for the surfactant molecules to physically transport from the bulk solution to the
interface in order to adsorb and reduce the surface tension. The time scales associated with the re-
duction in surface tension, for different surfactant types and at different surfactant concentrations,
can vary between milliseconds to hours [2]. Various applications, in which the time required for
the surfactant molecules to reduce the surface tension is of great practical importance, include the

development of therapeutic lung surfactants to treat the respiratory distress syndrome [3],! ink-jet

!The respiratory distress syndrome is among the top five diseases leading to infant mortality in the US [4].
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Figure 1-1: Surfactant molecules adsorbed at a water/air interface, with their hydrophilic heads in
the water phase and their hydrophobic tails in the air phase.

printing [5], air-assist atomization [6], pesticide sprays [7], film coatings [8], and the generation of
foams [9] and emulsions [10]. For example, the respiratory distress syndrome in new born babies
results when the lungs fail to inflate due to a slower reduction of the surface tension induced by the
surfactants present in the alveoli (the air sacs of the lungs) [3]. In processes like foam generation
and emulsion formation, where very large surface areas are created within a short period of time,
the surfactant molecules must quickly adsorb at the newly created fluid/fluid interfaces in order
to stabilize the newly formed foam surfaces and emulsion droplets. In all the applications listed
above, in order to attain a desired rate of surfactant adsorption at the interface, a careful choice of
the surfactants used and of their concentrations must be made. The dynamic aspects of surface ten-
sion are also important in phenomena like interfacial turbulence [11], the Marangoni effect [12],
thin-film stability [11], surface rheology [11], drop impact [13-15], and the spreading of drops on
surfaces [16, 17]. Use of the dynamic surface tension of biological fluids as a diagnostic tool in

medicine is also being explored [18, 19].

The area of kinetics of surfactant adsorption seeks to develop a fundamental understanding of the
underlying physical phenomena involved in the dynamics of surfactant adsorption. Based on the
chemical structure of the surfactant molecule and the solution conditions (including the surfactant
concentration and the temperature), different fundamental phenomena are involved in affecting

the kinetics of the surfactant adsorption process. In Table 1.1, I give an idea of the breadth of this
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Table 1.1: Various characteristics that affect the kinetics of surfactant adsorption.

Characteristic Comment

Interactions between the The adsorbed surfactant molecules interact through
adsorbed surfactant molecules | a combination of attractive and repulsive forces.
Depending on the nature of these interactions and on
their relative magnitudes, the adsorbed surfactant
molecules may exhibit long-range surface orientational
ordering[21], or undergo surface phase

transitions [22].

Ionic/nonionic nature The kinetics associated with the adsorption of
ionic surfactants is different from that of nonionic
surfactants because, as the adsorption process
progresses, the surface acquires charge, and the
resulting electric field slows down any further
adsorption of the ionic surfactant molecules [23].

Bulk solution concentration Surfactant molecules form aggregates called

micelles in the bulk solution when the

surfactant bulk solution concentration is greater

than a threshold concentration known as the critical
micelle concentration (CMC). When the surfactant
concentration exceeds the CMC, the presence of micelles
in the bulk solution affects the kinetics of

surfactant adsorption [24, 25].

research area by identifying independent characteristics that affect the kinetics of the adsorption
process. Note that the characteristics listed in Table 1.1 are associated with the adsorption of
single surfactants. The presence of other surfactants induces competitive or synergistic adsorption
depending on the nature of the surfactants and the solution conditions (including total surfactant
concentration, surfactant composition, and temperature), and results in a rich variety of adsorption

kinetics phenomena [20].
In terms of the three characteristics listed in Table 1.1, in this thesis, I investigate the adsorption
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kinetics of simple nonionic surfactants? at premicellar bulk solution concentrations. The remainder of
this Chapter is organized as follows. In Section 1.2, I present relevant background on the adsorption

kinetics of nonionic surfactants, and in Section 1.3, I discuss specific thesis objectives.

1.2 Background on the Adsorption Kinetics of Nonionic Surfactants

1.2.1 Modeling the Adsorption Kinetics
Traditionally, the adsorption process has been viewed as consisting of the following three steps[26]:

Step 1: Transport of the surfactant molecules from the bulk solution to the sub-surface®.
Step 2: Adsorption of the surfactant molecules from the sub-surface onto the surface.

Step 3: Possible reorganization of the surfactant molecules at the surface.

Macroscopically, the kinetics of the surfactant adsorption process results in a time-dependent sur-

face tension behavior, which is referred to as the Dynamic Surface Tension (DST). Accordingly, the

experimentally observed DST behavior represents the net effect of the three steps listed above.
Based on this understanding, two classes of kinetics models have been advanced, each defined

by a set of suitable assumptions[28].

Diffusion-Controlled Model

Assumption 1: Transport of the surfactant molecules in the bulk solution is governed by Fickian
diffusion.

Assumption 2: Adsorption of the surfactant molecules from the sub-surface onto the surface is
instantaneous. In other words, the sub-surface and the surface reach equilibrium instanta-
neously.

Assumption 3: The adsorbed surfactant molecules either do not undergo any reorganization at

the surface or the reorganization is instantaneous.

2The term simple surfactants, as used in this thesis, refers to surfactants that do not exhibit phase transitions or any
form of aggregation at the surface.
3The sub-surface is the zone of a few angstroms thickness adjacent to the surface, according to Ward and Tordai [27].
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Mixed Diffusion-Barrier-Controlled Model*

Assumption 1: Transport of the surfactant molecules in the bulk solution is governed by Fickian
diffusion.

Assumption 2: Adsorption and desorption of the surfactant molecules between the sub-surface
and the surface takes place at a finite rate. Specifically, the surfactant molecules at the sub-
surface need to overcome an energy barrier, E,, in order to adsorb onto the surface.

Assumption 3: The adsorbed surfactant molecules either do not undergo any reorganization at

the surface or the reorganization is instantaneous.

The specific form of the kinetics model depends on the equilibrium adsorption isotherm model
of the surfactant, since the kinetics model should reduce to the equilibrium adsorption isotherm
model at equilibrium conditions. While the diffusion-controlled adsorption model contains one
kinetics parameter: D - the bulk solution diffusion coefficient of the surfactant molecule, the
mixed-controlled adsorption model contains two kinetics parameters: D and 3, where (3 is the
energy-barrier parameter representing the rate constant for the adsorption of surfactant molecules
from the sub-surface onto the surface. Although the effect of the energy barrier on surfactant ad-
sorption at the surface has been accounted for in the mixed-controlled model in terms of the model

parameter 3, the physical basis underlying the existence of the energy barrier is still unclear [28].

1.2.2 Experimental Investigation of the Kinetics of Surfactant Adsorption

Experimental investigation of the kinetics of surfactant adsorption is typically carried out to iden-
tify the applicability of the two classes of models described above. These investigations typically
involve measuring the DST of surfactant solutions at different initial surfactant bulk solution con-
centrations [29]. Measurement of dynamic surfactant surface concentrations has also become pos-
sible recently due to advances in the ability to carry out ellipsometry measurements in a dynamic
system [30]. Recall that the time scales associated with the kinetics of surfactant adsorption, using
different surfactant types and at different surfactant concentrations, can vary between milliseconds
to hours [29]. Different experimental techniques are employed to measure DST’s depending on

the time scales associated with the adsorption kinetics process. In Figure 1-2, I reproduce a chart

*I shall refer hereafter to the mixed diffusion-barrier-controlled model as the mixed-controlled model.
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published in Ref.[2] that specifies the time windows for DST measurements using various existing

experimental techniques.
| maximum bubble pressure |
1 osc. jet I
| growing drop |
[inc. piate
| - drop pressure |
| drop volume |
|_____pendant drop -
| plate or ring tensiometry -
T T 1T 1T 1T T T 1 >

00001 0001 001 01 1 10 100 1000 10000 time/s

Figure 1-2: Various existing experimental techniques to measure DST and their respective time
ranges for measurement (from Ref.[2]).

1.3 Specific Thesis Objectives

With the background provided in Section 1.2 in mind, the central goal of my thesis involves:

The development of novel methodologies to analyze the adsorption kinetics of nonionic surfactants

The specific research objectives of my Ph.D. include:

1. Resolution of a long-standing conceptual contradiction between existing adsorption kinetics
models: the diffusion-controlled model and the mixed-controlled model.

2. Development of a new methodology to determine the rate-limiting adsorption kinetics mech-

anism from experimental DST data.

3. Development of a novel approach to determine surfactant equilibrium properties from exper-

imental DST data.
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4. Exploration of a new theoretical framework to design optimal nonionic surfactant formula-

tions that exhibit a desired adsorption kinetics behavior.

Below, I provide a brief overview of the key results obtained in each of the specific objectives

listed above.

1.3.1 Specific Thesis Objective 1: Resolution of Conceptual Contradiction

The experimental DST behavior of several nonionic surfactants exhibits a /¢ variation at short-
times. Traditionally, the observed /¢ behavior has been interpreted using the asymptotic short-
time analysis of the diffusion-controlled model. As a result of this interpretation, the fundamental
physical nature of the energy barrier associated with the adsorption of surfactant molecules from
the sub-surface onto the surface has been proposed to be related to high surfactant surface concen-
trations.

In addressing specific thesis objective 1, I will: (i) point out that the asymptotic short-time
analysis of the diffusion-controlled model leads to inconsistent predictions, and conclude that this
analysis cannot be used to describe the short-time adsorption kinetics behavior, (ii) demonstrate
that the observed short-time /¢ DST behavior can be interpreted using a nonasymptotic short-time
formalism of the mixed-controlled model, and (iii) analyze the consequence of the new interpre-
tation and conclude that the energy barrier is associated with the adsorption of a single surfactant
molecule onto a clean surface. A detailed account of the resolution of the conceptual contradiction
as well as the analysis of the consequence are presented in Chapter 2. A schematic representation

of the key contribution made in addressing specific thesis objective 1 is shown in Figure 1-3.

: i Theoretical Interpretation
Experimental Observation

7 Traditional Interpretation New Interpretation

t i -Ti =

EehaVcl of Stipri-lime DSF Ddlo Asymptotic Diffusion- Nonasymptotic Mixed-
Controlled Model Controlled Model

Figure 1-3: Specific Thesis Objective 1 - Interpretation of the \/¢ behavior of the short-time DST
data - A comparison of the existing interpretation and the new interpretation.

31



1.3.2 Specific Thesis Objective 2: Development of a New Methodology to Deter-

mine the Rate-Limiting Adsorption Kinetics Mechanism from Experimental
DST Data

The traditional procedure to determine the rate-limiting adsorption kinetics mechanism (diffusion-
controlled vs. mixed-controlled), and the values of the kinetics parameters (D and ) uses[31]:
(1) experimental DST data measured at several surfactant bulk solution concentrations, and (ii)
a known model for the equilibrium adsorption isotherm of the surfactant. It has been observed
that the deduced results are highly sensitive to the choice of the equilibrium adsorption isotherm
model of the surfactant[32]. Note that the equilibrium adsorption isotherm models differ in the
manner in which they account for the interactions between the adsorbed surfactant molecules[33],
and as such, they should not affect the value of D, the bulk solution diffusion coefficient of the
surfactant molecule, and 3, which as I will show as part of specific thesis objective 1, is related to

the adsorption of a single surfactant molecule onto a clean surface.

In addressing specific thesis objective 2, I will develop a new methodology to determine the
rate-limiting adsorption kinetics mechanism (diffusion-controlled vs. mixed-controlled), including
deducing the kinetics parameters (D and ) from experimental DST data. The new methodology
has the following advantages over the existing procedure used to analyze the experimental DST
data: (a) it does not require using a model for the equilibrium adsorption isotherm, and (b) it
only requires using the experimental short-time DST data measured at two initial surfactant bulk
solution concentrations. A schematic representation of the new methodology developed is shown

in Figure 1-4.

Equilibrium Adsorption
Isotherm Model

’ v Adsorption Kinetics
* Mechanism

) Short-Time Experimental

DST Data

Figure 1-4: Specific Thesis Objective 2 - New methodology to determine the adsorption kinetics
rate-limiting mechanism from experimental DST data.
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The development and implementation of the new methodology to determine the adsorption
kinetics rate-limiting mechanism of several poly(ethylene) oxide, C;FE;, nonionic surfactants are

discussed in Chapter 3.

1.3.3 Specific Thesis Objective 3: Development of a Novel Approach to Determine
Equilibrium Adsorption Properties from Experimental DST data

In addressing specific thesis objective 3, I will explore a novel approach to determine equilibrium
adsorption properties from experimental dynamic surface tension data and the known rate-limiting
adsorption kinetics mechanism. Specifically, I will develop a new methodology to determine the
Equilibrium Surface Tension vs. bulk solution Concentration (ESTC) behavior of nonionic sur-
factants using experimental pendant-bubble DST data when the adsorption kinetics is diffusion-
controlled.

First, I will analyze the experimental pendant-bubble DST data of two nonionic surfactants,
C12E4 and C12Fg, and will show that the assumption of diffusive transport of the surfactant
molecules in the bulk solution is likely valid only for time ¢ <~ 100— 200 s, since for ¢ >~ 100— 200
s, the experimental DST data exhibit a ‘super-adsorption’ behavior. I will then hypothesize the on-
set of natural convection in the pendant-bubble experimental setup for these nonionic surfactants
when ¢ >~ 100 — 200. The analysis of the experimental pendant-bubble DST data and the dis-
cussion leading to the hypothesis of the onset of natural convection are presented in Chapter 4.
Following this, in Chapter 5, I will develop the new framework to determine the ESTC behavior
of nonionic surfactants using experimental pendant-bubble DST data when the adsorption kinetics
is diffusion-controlled, and will demonstrate the applicability of the new framework by determin-
ing the ESTC behaviors of C12E4 and Ci3E¢. A schematic representation of the novel approach is

shown in Figure 1-5.
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I Properties

Diffusion-Controlled
Adsorption Mechanism

Figure 1-5: Specific Thesis Objective 3: New Approach to determine equilibrium adsorption prop-
erties of nonionic surfactants.

1.3.4 Specific Thesis Objective 4: Development of a New Theoretical Framework
to Design Optimal Nonionic Surfactant Formulations that Exhibit a Desired

Adsorption Kinetics Behavior

In addressing specific thesis objective 4, I will propose a new theoretical framework to identify the
optimal nonionic surfactant formulation that most closely meets a desired adsorption kinetics be-
havior. Specifically, the new theoretical framework poses the design of the surfactant formulation
as an optimization problem using predictive adsorption kinetics models, and finds the solution of
the formulated optimization problem using numerical algorithms implemented in commercial op-
timization packages. As proof of technical feasibility of the proposed new theoretical framework, I
will: (a) consider the problem of identifying the nonionic surfactant formulation that optimally sat-
isfies a desired adsorption kinetics behavior specified in terms of a desired dynamic surface tension
profile, (b) formulate the problem defined in (a) as an optimization problem using the Mulqueen-
Stebe-Blankschtein (MSB) adsorption kinetics model[20], and (c) develop a framework to find
the solution of the optimization problem formulated in (b) using the Sequential Nonlinear OPTi-
mization (SNOPT) package [34]. Finally. I will demonstrate the effectiveness of the new theoret-
ical framework by analyzing a representative case study. The development of the new theoretical
framework and the demonstration of its utility to design optimal nonionic surfactant formulations
are discussed in Chapter 6. A schematic representation of the new theoretical framework is shown
in Figure 1-6.

In summary, the remainder of my thesis is organized as follows. In Chapter 2, I discuss the

resolution of the conceptual contradiction. In Chapter 3, I discuss the development of a new
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Figure 1-6: Specific Thesis Objective 4 - New theoretical framework to identify the optimal nonionic
surfactant formulation that most closely meets a desired adsorption kinetics behavior.

methodology to determine the adsorption kinetics rate-limiting mechanism. In Chapter 4, I present
an analysis of the pendant-bubble experimental DST data. In Chapter 5, I discuss the development
of a new approach to determine equilibrium adsorption properties from experimental DST data. In
Chapter 6, I discuss the development of a new theoretical framework to design optimal nonionic
surfactant formulations. Finally, in Chapter 7, I summarize the key conclusions of this thesis and

discuss possible future research directions.
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Chapter 2

New Short-Time Formalism for the
Mixed Diffusion-Barrier Controlled

Adsorption Model

2.1 Introduction

Recall that, traditionally, the surfactant adsorption process is envisioned to consist of the following
three steps [1-11](see Section 1.2.1): Step 1: Diffusion of the surfactant molecules from the bulk
solution to the sub-surface 1, Step 2: Adsorption from the sub-surface onto the surface, and Step
3: Reorientation of the surfactant molecules at the surface leading to a further reduction of the
surface tension.

The popular diffusion-controlled adsorption model assumes that the rate-limiting step for ad-
sorption is the diffusive transport of the surfactant molecules from the bulk solution to the sub-
surface. Although the diffusion-controlled adsorption model predicts the experimental Dynamic
Surface Tension (DST) data reasonably well for many nonionic surfactants at low premicellar sur-
factant concentrations, systematic deviations are observed at higher premicellar surfactant concen-
trations [13-16]. The observed deviations were attributed to the existence of an energy barrier

for adsorption from the sub-surface onto the surface [13, 17-23]. The mixed diffusion-barrier con-

1The sub-surface is the zone of a few angstroms thickness adjacent to the surface, according to Ward and Tordai [12].
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trolled model 2 takes into account the existence of an energy barrier for the adsorption of surfactant
molecules at the surface, in addition to the diffusive transport of the surfactant molecules from the

bulk solution to the sub-surface.

A short-time asymptotic analysis of the mixed-controlled model predicts pure barrier-controlled
adsorption (as opposed to diffusion-controlled adsorption) [18, 24-28]. Specifically, at asymp-
totic short-times, the mixed-controlled model predicts barrier-controlled adsorption, where the
DST varies linearly with time ¢ [18, 24-28] . This contrasts with the asymptotic short-time be-
havior of the diffusion-controlled adsorption model, which predicts a /¢ variation of the DST
(18, 24-27, 29]. It .is noteworthy, that the diffusion-controlled adsorption model is not valid at
asymptotic short times, since it predicts an unphysical infinite flux at ¢ = 0 (see Section 2.3.1 and
[21, 24, 30, 31]).

Interestingly, the experimental DST behavior of many nonionic surfactant systems appears to
contradict the theoretical predictions summarized above: the experimental DST behavior of these
nonionic surfactant systems exhibits a v/Z variation at short times, and this behavior is considered as
a fingerprint for the existence of diffusion-controlled adsorption at short times based on the short-
time asymptotic prediction of the diffusion-controlled model [8, 9, 26, 32-37]. Furthermore, based
on this interpretation of the experimental observations, it has been proposed that the fundamental
physical basis underlying the existence of the energy barrier is associated with high surfactant

surface concentrations [8, 20, 33, 34].

With the background provided above in mind, the central objective of this chapter is to reconcile
the apparent contradiction between the theoretical prediction of barrier-controlled adsorption at
asymptotic short times and the experimental observations which appear to imply the existence
of diffusion-controlled adsorption at asymptotic short times. I address this objective by deriving
an analytical solution of the non-asymptotic short-time behavior of the mixed-controlled model
describing surfactant adsorption onto a spherical pendant-bubble surface, including determining
the ranges of time and surfactant surface concentration values where the short-time formalism is
applicable. 1 find that, when ¢ >~ 507, the mixed-controlled model results in an apparent Vit

behavior of the DST, where 7, is a time scale associated with the mixed-controlled adsorption at

2We shall refer hereafter to the mixed diffusion-barrier controlled model as the mixed-controlled model.
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short times. This behavior is consistent with the experimental observations of a v/t behavior of the
DST at short-times. I analyze the consequence of this finding in the context of the physical nature
of the energy barrier. I conclude that the energy barrier is related to the adsorption of a single
surfactant molecule onto a clean surface.

The remainder of the chapter is organized as follows. In Section 2.2, (i) I develop a generalized
mixed-controlled model for surfactant adsorption at a spherical surface valid for any model for the
equilibrium adsorption isotherm (see Section 2.2.1), and (ii) I derive a new non-asymptotic short-
time formalism of the generalized mixed-controlled model (see Section 2.2.2). In Section 2.3, (i) I
use the short-time formalism to address the apparent contradiction between theory and experiment
regarding the surfactant adsorption mechanism at short-times (see Section 2.3.1), and (ii) I discuss
how my analysis affects the interpretation of the physical basis underlying the existence of the
energy barrier (see Section 2.3.2). Finally, in Section 2.4, I summarize the main results of the
chapter. In addition, in Appendix 2.A, I derive the solution of the partial differential equation
corresponding to the mixed-controlled model. In Appendix 2.B and Appendix 2.C, I determine
the range of time and the range of surfactant surface concentation, respectively, in which the new

short-time formalism is valid. In Appendix 2.D, I state and prove a proposition.

2.2 Theory

2.2.1 The Generalized Mixed-Controlled Model

In the literature, mixed-controlled models are typically presented in the context of a specific model
for the equilibrium adsorption isotherm. In this section, I first develop a generalized mixed-
controlled model which is applicable for any model for the equilibrium adsorption isotherm, and
then derive the short-time formalism for this generalized mixed-controlled model.

Traditionally, in order to understand the physics associated with the adsorption of nonionic
surfactants, their adsorption onto a freshly formed surface has been studied. In a typical pendant-
bubble experiment to measure the dynamic surface tension, a bubble possessing a clean surface
(containing a negligible number of surfactant molecules) is exposed to an aqueous solution con-

taining surfactant at a bulk concentration Cj. Subsequently, the change in the surface tension due
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to the adsorption of the surfactant molecules at the water/air bubble surface is measured as a
function of time, ¢, until the surface tension reaches its equilibrium value corresponding to the sur-
factant concentration Cj. During a pendant-bubble experiment, as soon as the clean bubble surface
is exposed to the bulk surfactant solution, the surfactant molecules closest to the surface (that is,
those in the sub-surface) adsorb. This adsorption results in the reduction of the surfactant concen-
tration at the sub-surface. The resulting surfactant concentration gradient between the sub-surface

and the bulk solution drives a diffusive flux of surfactant molecules from the bulk solution towards

the surface.

Assuming negligible convection effects associated with the formation of the bubble, the trans-
port of the nonionic surfactant molecules in the bulk solution can be modeled as Brownian-diffusion
obeying Fick’s law. Assuming spherical symmetry of the pendant-bubble, the surfactant diffusive
transport along the radial direction, r, towards the spherical surface is given by:

6C _D 0 ,0C

= = > > .
il em (97')’ r > 710, t>0 2.1

where C is the surfactant concentration, D is the surfactant diffusion coefficient, and rq is the

radius of the pendant bubble.

Assuming no evaporation of the adsorbed surfactant molecules into the air phase inside the bub-
ble, the rate of surfactant adsorption at the surface is equal to the net flux of surfactant molecules

leaving the sub-surface towards the surface, that is:

aC dr
D 5= L TE 2.2)

where T is the surfactant surface concentration. Note that, if the internal phase was oil instead of
air, or if the adsorbing chemical was volatile, the concentration of the surfactant molecules in the

internal phase must be considered in formulating the mass balanc:- equation at the surface.

The model for the energy barrier for adsorption of the surfactan molecules from the sub-surface
to the surface in the mixed-controlled model was inspired by mode s proposed in the field of Chem-
ical Reaction Kinetics. In such a model, the surfactant molecules in the sub-surface are considered

as ‘reactants’, while the adsorbed surfactant molecules are :-onsic ered as ‘products’. Accordingly,
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the adsorption of the surfactant molecules from the sub-surface onto the surface is considered as
a ‘forward reaction’ while the desorption of the adsorbed surfactant molecules is considered as a
‘reverse reaction’. At equilibrium, when the forward reaction rate is equal to the reverse reaction
rate, the adsorption and desorption rate equations should reduce to the model for the equilibrium
adsorption isotherm of the surfactant. The form of the mixed-controlled model, therefore, depends
on the model used for the equilibrium adsorption isotherm of the surfactant. Available models
for the equilibrium adsorption isotherm differ in the manner in which they treat the interactions
between the surfactant molecules at the surface. A generalized form of the equilibrium adsorption

isotherm can be written as follows:
r o(r)
Cy(l — =—) =age®"'T 2.3)
| P9

where I', is the maximum surfactant surface concentration, ®(I") models the energy associated
with the interactions between the surfactant molecules at the surface, andA ag is a model parameter
that accounts for the hydrophobicity of the surfactant molecules. It is customary to write the
equilibrium adsorption isotherm in terms of I'/T', instead of I. With this in mind, Eq.(2.3) can be
written as follows:

Cy(1 - PL) = ae®®) (2.4)

where a = agI'o. When no interactions between the adsorbed surfactant molecules are accounted
for, ®(I") = 0, and Eq. (2.4) reduces to the well-known Langmuir adsorption isotherm [38]. When
the interactions are modeled as ®(T") = K (F&)n, where K and n are model parameters, Eq. (2.4)
reduces to the generalized Frumkin adsorption isotherm [39]. The values of the parameters K and
n are determined by regressing the predictions of the generalized Frumkin model with experimental
equilibrium adsorption data. A positive value of K corresponds to a net repulsion between the
adsorbed surfactant molecules (referred to as ‘anti-cooperative’ adsorption), and a negative value
of K corresponds to a net attraction between the adsorbed surfactant molecules (referred to as
‘cooperative’ adsorption). When the interactions are modeled as ®(I') = A(T") + B(T'), where
A(T') models the surfactant head interactions at the surface in terms of hard-sphere repulsions, and

B(T') models the van der Waals attractions between the surfactant tails at the surface, Eq. (2.4)
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corresponds to the molecular adsorption isotherm developed by Nikas et al. [40]. The functions,
A(T") and B(T"), depend only on the molecular structure of the surfactant molecule, and contain no

adjustable parameters that require experimental fitting.

It is important to note that ®(T") in Eq.(2.4) models the interactions between the adsorbed sur-
factant molecules (that is, between the ‘products’), and therefore, it should only affect the reverse
reaction, that is, the desorption of the surfactant molecules from the surface into the bulk solution.
With this in mind, one can write the generalized adsorption and desorption rate equations in the

mixed-controlled model as follows:

dar

O =801~ 5 — ™)L, £20 2.5
oo

where C,, is the instantaneous surfactant sub-surface concentration (C|,_, ). The first term on the

=ro
right-hand side of Eq.(2.5) models the rate of adsorption of the surfactant molecules at the surface,
and the second term models the rate of desorption from the surface. In Eq.(2.5), the adsorption
is considered as an elementary reaction between the surfactant molecules at the sub-surface (C;,)
and the free-sites for adsorption at the surface (1 — F—lj_:), whereas the desorption is considered
as a first-order reaction of the surfactant molecules at the surface (I'). In Eq.(2.5), 3 and «a are
the rate constants for adsorption and for desorption, respectively, and are related to each other by
the equilibrium adsorption isotherm. Specifically, at equilibrium, when dI'/dt = 0 and C;,;, = G,
Eq.(2.5) reduces to the generalized form of the equilibrium adsorption isotherm (see Eq. (2.4)),
where |
ol

a= T (2.6)

Note that: (i) when &(T") = 0, Eq.(2.5) reduces to the kinetics model corresponding to the Langmuir
adsorption isotherm, which has been used to model the adsorption kinetics behavior of alcohols
[22, 23], (ii)) when ®(T") = K (I%)n, Eq.(2.5) reduces to the kinetics model corresponding to the
Generalized Frumkin adsorption isotherm, which has been used to model the adsorption kinetics

behavior of various C; E; nonionic surfactants [13, 41-43].

For the case of diffusion-controlled adsorption, the diffusive transport of the surfactant molecules

from the bulk solution to the surface constitutes the rate-limiting step, and the adsorption-desorption
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of the surfactant molecules at the surface is assumed to reach equilibrium instantaneously (corre-
sponding to o and 8 — oo). Consequently, Eq. (2.4) becomes the boundary condition instead of
the kinetics description given in Eq. (2.5).

Assuming that the far field (r — oo) surfactant concentration is uniform at a value Cj, the

boundary condition for Eq. (2.1) is given by:
C(t>0,7r > o0)=Cp 2.7)

Assuming a clean surface and a homogeneous bulk solution at the beginning of the adsorption
process, the initial conditions associated with the governing equations (Egs. (2.1) and (2.5)) can

be expressed as follows:
Ft=0=0 and C({t=0,r>r)=0Cp (2.8)

The governing model equations, Eqs. (2.1) and (2.5), along with the initial and boundary condi-
tions in Egs. (2.7), (2.8), and (2.2), define completely the time evolution of the surfactant surface
concentration, I'(t). The equation of state (EOS), which relates I" to the resulting reduction in the
surface tension (dr surface pressure), II, corresponding to the generalized equilibrium adsorption
isotherm in Eq. (2.4), can be derived using the Gibbs adsorption isotherm [38]. Recall that the
Gibbs adsorption isotherm relates the change in the equilibrium value of IT with changes in C;, at

constant temperature, to the equilibrium value of I" as follows:

1 o1l
T RT <3lan>T 29)

where R is the gas constant and T is the absolute temperature. Substituting C, as a function of T'

from Eq.(2.4) in Eq.(2.9) and rearranging, one obtains:

A d®(T) 1
I'oo UE\L) _
T {d {ln (1 —=r )} +—r dI‘} = Il (2.10)
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Integrating the two sides of Eq.(2.10) from (I' = 0,II = 0) to (T',II), one obtains the EOS
corresponding to the generalized equilibrium adsorption isotherm in Eq.(2.4). Specifically,

TI(T) = —TooRT [ln(l - F—F-) - T,l— fo i (51%;,1)) I‘dI‘] 2.11)

Note that: (i) when &(I") = 0, Eq. (2.11) reduces to the Langmuir EOS, (ii) when ®(T") = K (%)n,
it reduces to the generalized Frumkin EOS [39], and (iii) when ®(T") = A(T") + B(I), it reduces to
the molecular EOS developed by Nikas et al. [40].

The solution of the mixed-controlled model described by Egs. (2.1) and (2.5), along with the
EOS in Eq. (2.11), enables the prediction of the dynamic surface tension at any given premicellar
bulk solution concentration Cj, of the nonionic surfactant. Note that the EOS in Eq.(2.11) can
be used to obtain I1(t) from I'(t), since after the surfactant molecules adsorb at the surface, they
require negligible time to reduce the surface tension as compared to the time scale associated with
the adsorption process itself. Indeed, molecular dynamics simulations of surfactant molecules at
air/water surfaces are performed for a duration of about 4 ns in order to study equilibrium surface
properties [44-49]. On the other hand, typical time scales associated with surfactant adsorption
kinetics vary from milliseconds to tens of hours depending on the surfactant and its initial bulk
solution concentration [8]. Accordingly, it is appropriate to use the dynamic surface concentration,
I'(t), to determine the dynamic surface pressure, II(t), using the equilibrium surface pressure (EOS)

expression given in Eq.(2.11). Specifically,

TI(t) = TI(T'(¢)) = —TeRT [111(1 - %(:—3) _ f% /0 o (“%@) I‘dl“] (2.12)

In Section 2.2.2, I develop a short-time formalism for the generalized mixed-controlled model

presented here.

2.2.2 The New Short-Time Formalism

The new short-time formalism is defined by the range of time, ¢, and the range of dynamic surfac-
tant surface concentrations, I'(t), for which the formalism is applicable. Assumptions (i) and (ii)

below define qualitatively these ranges for ¢ and I'(t), respectively.
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Assumption (i): According to the model developed in Section 2.2.1, the initial state of the surface
corresponds to a clean surface (I'(t = 0) = 0). Since the desorption flux is proportional to the
surfactant surface concentration, I', we will assume that, at short-times, the desorption flux is negli-
gible relative to the adsorption flux. Let t < t* define the time range for which this assumption is

applicable.

Implementing assumption (i) in Eq.(2.5) yields the desorption-free mixed-controlled model:

dar r
—_— = —_— <t < * .
7 BCro(1 v ), 0<t<t (2.13)

[o o]

Neglecting the effect of desorption, my analysis then considers the combined action of adsorp-

tion and diffusion on the adsorption kinetics.

Equation (2.13) clearly shows that, at short times, the non-ideal interactions between the sur-
factant molecules at the surface (reflected in ®(T")) do not affect the kinetics of accumulation of the

surfactant molecules at the surface.

Assumption (ii): The restriction imposed by the finiteness in the number of free-sites at the surface
on adsorption is negligible at short times for adsorption onto a clean surface. Mathematically, this
assumption can be stated as: I' < I'w. In fact, one can better quantify the inequality between I"
and T',. For example, in Ref. [24], Adamczyk and Petlicki performed numerical integration of the
governing equations of the mixed-controlled adsorption model onto a flat surface, using the Henry
and the Langmuir adsorption isotherms, and observed that the effect of the reduction in the number
of free sites at the surface on the adsorption of the surfactant molecules can be neglected at short
times until a surface coverage of approximately 25% of the maximum coverage is reached ( that
is, for % < 0.25). However, their study focussed on a specific surfactant system, and therefore,
cannot be generalized to all surfactants. For the moment, let us assume that there exist a value
I'*, such that, for I'(t) < I'*, the restriction imposed by the finiteness in the number of free-sites
at the surface on adsorption is negligible. I will determine I'* more rigorously in Appendix 2.C by
comparing the result of the short-time analysis presented here with the exact numerical solution of

the desorption-free mixed-controlled model given in Eq.(2.13).
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Implementing assumption (ii), Eq. (2.13) yields:

dar
— =BCw, 0<t<t,  T<I (2.14)

Using Eq. (2.14) in Eq. (2.2), the boundary condition becomes:

D oc = BCro (2.15)

or r=rg

Interestingly, Eq.(2.1), along with the boundary and initial conditions in Egs. (2.15), (2.7), and
(2.8), is similar to the partial differential equation (PDE) describing the diffusion in the exterior
of a spherical cavity with a convection boundary condition at the surface of the cavity [50]. I
used the method of Laplace Transforms to solve this PDE, and the complete derivation is presented

in Appendix 2.A. The solution of this PDE can be expressed as follows (see Egs.(2.A.1), (2.A.2),
(2.A.15)- (2.A.17)):

r
I _ m(r, s, A) (2.16)
Cy
where
_ £s 2 T 2
m(r, €, X) = 35 (T = 1) + 20/ + erfe (W) exp (xr) -1 (2.17)
and
_ 4, ot 2 D
)\—1+E, T = T_s’ Tg = B, and Es— E (2.18)

In Eq. (2.18), the non-dimensional ) reflects the effect of the surface curvature () on the
adsorption kinetics, 7 is the non-dimensional time, 7, is the time scale associated with the mixed-
controlled adsorption process at short (s) times, and ¢, is the corresponding length scale. It is
noteworthy, that m(r,£s, A) in Eq. (2.16): (i) is independent of the surfactant bulk solution concen-
tration C, (ii) is independent of the model used to describe the equilibrium surfactant adsorption
behavior, and (iii) depends only on the kinetics parameters, D and (3, of the surfactant molecule for
a specified value of the pendant-bubble radius, ro (see Eq. (2.18)).

Note that in implementing assumptions (i) and (ii), I have considered a range of ¢ and I values
where non-ideal interactions do not affect the kinetics of surfactant adsorption. However, once the

surfactant molecules adsorb at the surface, non-ideal interactions can play a role in determining the
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resulting reduction in the surface tension given by Eq.(2.11). Again, this is because, as discussed
earlier, after the surfactant molecules reach the surface, they require negligible time to reduce the
surface tension as compared to the time scale associated with the adsorption process itself.
Validation of the New Short-Time Formalism (Eq.(2.16))

I validate the new short-time formalism in Eq.(2.16) by comparing its prediction at different
conditions to the theoretical results reported in the literature.
Case 1: For the special case of a flat surface (rp — o0), A = 1 in Eq.(2.18), and Egs. (2.16) and
(2.17) yield:

I'(r) _

s \E + erfe(v/7) exp(r) — 1 2.19)

Note that Sutherland solved the mixed-controlled model exactly for adsorption onto a flat interface,
with the desorption term included, for the special case of an ideal adsorption isotherm, where

I' = MCy and M is a constant. Specifically, Sutherland’s solution is given by [17]:

T _ Yy 2 T
MG, 1 p— exp(Dtx*)erfc(zv Dt) + P

1 [ 1 1 1 1 1
T = 2—es— 4—£§——Mes and y—E‘l' aT%—_Mes (2.21)

Since Eq.(2.19) is independent of the model used to describe the equilibrium surfactant adsorption

exp(Dty?)erfe(yv/Dt) (2.20)

where

behavior, Sutherland’s solution in Eq.(2.20) should reduce to Eq.(2.19) when the desorption is
assumed to be negligible, that is, when M — co. Using the series expansion for 1 -z~ 1— £ to

approximate the expressions for x and y in Eq.(2.21) at conditions where M — oo, I obtain:

1 1 1
Note that
erfc(v/z)exp(z) =1 — 2\/§ + 24 0(2%?), for small 2 (2.23)

Substituting z and y from Eq.(2.22) in Eq.(2.20) , using Eq.(2.23) to simplify the term
exp(Dtz?)erfc(zv/Dt) , and then letting M — oo, I find that Eq.(2.20) reduces to Eq.(2.19),

as expected.

51



Case 2: Using Eq.(2.23) in the asymptotic limit = — 0, along with the definition of 7, 75, and £,
in Eq.(2.18), Eq.(2.19) reduces to the asymptotic short-time limit derived by Hansen for mixed-

controlled (mc) adsorption onto a flat (flat) surface [18]:
Tflet(t) = BCyt, t—0 (2.24)

Case 3: In the case of diffusion-controlled (dc) adsorption, the adsorption of the surfactant molecules
from the sub-surface to the surface is extremely fast, the adsorption rate constant 3 — oo, which
according to Eq.(2.18) leads to £; — 0 and 7, — 0, and hence, to A — 1. In this case, Egs.(2.16) -
(2.18) simplify to the following expression derived by Makievski et al. in Ref.[51]:

Tac(t) _, /Dt Dt (2.25)
Cp T 70

Equation (2.25) clearly shows that the smaller the radius (rg) of the pendant bubble, the greater
is the adsorption at short-times, consistent with the results presented in Ref. [29]. Equation
(2.25) has been used previously in order to study protein and surfactant adsorption onto drops and
bubbles [51-53].

Case 4: For the case of a flat surface, 7o — oo, and Eq.(2.25) reduces to the well-known short-time

asymptotic prediction of the diffusion-controlled adsorption model [18]:

Lae _, Dt (2.26)

Determination of the Limits of Applicability of the New Short-Time Formalism

Note that assumptions (i) and (ii) only specify qualitatively the ranges of ¢ and I" values where
the new short-time formalism is applicable. In order to determine quantitatively the ranges of ¢
and I" values where the new short-time formalism is applicable, I compare the adsorption kinetics
behaviors that are predicted by making and not making these two assumptions. Developing a quan-
titative understanding of these limits can be useful when utilizing the new short-time formalism to

analyze experimental DST data.

Recall that assumption (i) specifies that the short-time ¢ is sufficiently small (¢t < t*) for the
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desorption flux to be negligible as compared to the adsorption flux. In addition, recall that the
surface is initially clean (see Eq.(2.8)) and that the desorption flux, which is proportional to the
surfactant surface concentration (see Eq.(2.5)) , is therefore equal to zero att = 0. In other words,
at t = 0, there is only adsorption onto the surface, and no desorption takes place. As ¢ increases,
the surfactant surface concentration increases, and consequently, the desorption flux begins to be
comparable to the adsorption flux. Accordingly, the error associated with neglecting the desorption
flux as compared to the adsorption flux increases with time. Note that the sub-surface and the
surface are in local equilibrium when the desorption flux is equal to the adsorption flux. Now,
consider the following two adsorption cases: (i) 8 is finite (corresponding to mixed-controlled
adsorption), and (ii) A is infinite (corresponding to diffusion-controlled adsorption). When g is
finite, o is also finite according to Eq.(2.6) , and consequently, adsorption and desorption take
place at finite rates, and it takes a finite time for the sub-surface and the surface to reach local
equilibrium. On the other hand, when § is infinite, « is also infinite according to Eq.(2.6) , and
as a result, adsorption and desorption take place at infinite rates, such that the sub-surface and
the surface reach instantaneous equilibrium (corresponding to diffusion-controlled adsorption).
Considering these two cases, one can expect that the assumption involving a negligible desorption
flux as compared to the adsorption flux is least valid for the case of a diffusion-controlled adsorption
process. Accordingly, the error associated with assuming a negligible desorption flux for the case of
a diffusion-controlled adsorption process can be expected to provide an upper bound to the error
corresponding to cases when g is finite (mixed-controlled adsorption). Consequently, the time
below which the negligible desorption flux assumption can be considered valid for the diffusion-
controlled adsorption case (¢},) should provide a lower limit for ¢* 3.In view of this, in Appendix 2.B,
I determine the time below which the assumption of negligible desorption flux can be considered
valid, as well as the associated error, for the case of a diffusion-controlled adsorption process.
Based on the results presented in Appendix 2.B, I conclude that assumption (i) is valid to at most
2% error when ¢ < 4.0 x 10~% (%"), where h = ( gb—)e, with ' given in Eq.(2.4) , and e denoting
equilibrium, that is, t* = 4.0 x 10~¢ (%2-) .

Recall that I have defined I'* based on assumption (ii), such that, for I' < I'*, one can neglect

3A detailed mathematical proof of this proposition is presented in Appendix 2.D.
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the restriction imposed by the finiteness in the number of free-sites at the surface on adsorption.
I then implemented this assumption in the desorption-free mixed-controlled model (Eq.(2.13)) to
obtain Eq.(2.14). In Appendix 2.C, I determine I'* by comparing the short-time behavior derived
in Eq.(2.16) with the exact numerical solution of the desorption-free mixed-controlled model us-
ing Eq.(2.13). Specifically, I compare the dynamic surfactant surface concentrations predicted by
the short-time formalism (T';;) and by the exact numerical solution of the desorption-free mixed-
controlled adsorption model (I'ezqc:). 1 find that the maximum error between the new formalism

and the exact solution, AI*, in the region I'(t) < I'* = 0.25T',, is given by:

It is noteworthy, that the value of I'* = 0.25T', is consistent with the results of Adamczyk and
Petlicki [24], who concluded that one can neglect the restriction imposed by the finiteness in the

number of free-sites at the surface on adsorption for I" < 0.25I',.

Combining the results in Appendices B and C, I conclude that the new short-time formalism
provides a suitable description of the short-time behavior of mixed-controlled adsorption when:

(@)t <40x10~* (%), and (b) T(t) < 0.25Tcc.

Note that both conditions (a) and (b) above, which define the applicability of assumptions (i)
and (ii), respectively, need to be satisfied for the new short-time formalism to be valid. Therefore,
the assumption that breaks down first should limit the applicability of the new formalism to ap-
proximate the short-time adsorption behavior. Which of the two assumptions ((i) or (ii)) limits the
applicability of the new formalism depends on the initial surfactant bulk solution concentration Cj.
At low C, values, the driving force for adsorption from the bulk solution to the surface is relatively
small, and as a result, it takes a longer time for the surfactant molecules to adsorb at the surface.
Over longer times, the desorption of the surfactant molecules from the surface is no longer negli-
gible, and therefore, assumption (i) breaks down before assumption (ii) does. On the other hand,
at higher C} values, the driving force for surfactant adsorption is larger, and as a result, it takes
less time for surfactant adsorption to take place. Therefore, the surfactant surface concentration in-
creases faster, and the limitation on the available number of free-sites at the surface on adsorption

begins to play an important role in determining the rate of surfactant adsorption.
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2.3 Discussion

This section is organized as follows. In Section 2.3.1, I use the new short-time formalism to rec-
oncile the apparent contradiction between theory and experiment regarding the rate-controlling
surfactant adsorption kinetics mechanism at short-times. In Section 2.3.2, I discuss how the results
of the chapter affect the interpretation of the physical basis underlying the existence of the energy

barrier.

2.3.1 Mechanism of Short-Time Surfactant Adsorption

First,I provide some background on the apparent contradiction by reviewing the theoretical pre-

diction and experimental observations with respect to the short-time behavior of DST, and subse-

quently, I analyze the prediction of the short-time formalism derived in Section 2.2 to reconcile the

apparent contradiction.

The Contradiction: Is the Adsorption at Short Times Barrier-Controlled or Diffusion-Controlled?
At asymptotic short times, the diffusion-controlled (dc) adsorption model predicts the following

change in the surfactant surface concentration with time [18, 24-27] (see also Eq.(2.26)):

Ta(t) = 205\/ %, short ¢ (2.28)

Using Eq.(2.28), along with the ideal surface EOS (II(I") = RTT), the diffusion-controlled adsorp-

tion model predicts a /¢ variation of the DST at asymptotic short times [18, 24-271:

I(t) = 2RTCb\/ %, short ¢ (2.29)

However, the diffusion-controlled adsorption model is not valid at asymptotic short times, since the
model predicts an unphysical infinite surfactant flux at the surface as t — 0 [21, 24, 30, 31]. Indeed,
differentiating Eq. (2.28) with respect to ¢, one obtains the following expression for the surfactant

adsorption flux at the surface at short times:

dch(t) _ D1
pramk Cy - \/Z, short ¢ (2.30)
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Equation (2.30) clearly shows that the surfactant adsorption flux at the surface tends to infinity as
t— 0.

An asymptotic short-time analysis of the more general mixed-controlled (mc) adsorption model
predicts that the adsorption is purely barrier-controlled at asymptotic short times, and that the sur-

factant surface concentration varies with time as follows [18, 24-27] (see also Eq.(2.24)):

Using Eq.(2.31), along with the ideal surface EOS, the mixed-controlled adsorption model predicts

a linear ¢ variation of the DST at asymptotic short times:
IIne(t) = RTBCht, short ¢ (2.32)

The prediction of the short-time surfactant adsorption flux by the mixed-controlled adsorption

model is obtained by differentiating Eq.(2.31) with respect to ¢. This yields:

Al me(t)

pram BCy, short ¢ (2.33)

Equation (2.33) shows that the mixed-controlled adsorption model predicts a more realistic finite
value for the short-time adsorption flux at the surface.

Interestingly, experimental DST data for many nonionic surfactants show a v/ behavior at short
times [8, 9, 26, 32-37]. The linear ¢ variation of TI(¢) predicted by the mixed-controlled adsorption
model in Eq.(2.32) contrasts with the /% variation of II(t) predicted by the diffusion-controlled
adsorption model in Eq.(2.29) to such an extent that a v/¢ behavior of the experimental II(t) at
short times is considered as a fingerprint for the existence of diffusion-controlled adsorption. As a
result, in spite of the unphysical behavior of the surfactant adsorption flux at the surface ast — 0
predicted by the short-time asymptotic behavior of the diffusion-controlled adsorption model (see
Eq.(2.30)), short-time experimental DST data for these surfactant systems have been interpreted in
the context of Eq.(2.29) [8, 9, 26, 32-37]. Indeed, it is typical to plot the short-time experimental
DST as a function of /%, and to extract D values from the resulting slope using Eq.(2.29). However,

as stressed above, the asymptotic short-time behavior of DST in Eq.(2.29) cannot possibly be valid
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in view of the unphysical behavior predicted by Eq.(2.30) as ¢t — 0.
Reconciliation of the Apparent Contradiction

The new short-time formalism sheds light on the existence of a length scale (¢;) and of a
time scale (7,), associated with £,, that govern the short-time adsorption Kinetics in the context
of the mixed-controlled model (see Eq.(2.18)). The development of a physical understanding of
the length scale, as well as of the associated time scale, provides insight into the relative signifi-
cance of diffusion and the energy barrier in governing the overall rate of surfactant adsorption at
the surface at short-times. In order to understand the existence of the length scale, let us compare
mixed barrier-diffusion controlled adsorption with diffusion-controlled adsorption: the presence of
an energy barrier for adsorption at the surface slows down the overall rate of surfactant adsorp-
tion as compared to purely diffusion-driven adsorption. Since diffusion and barrier adsorption take
place sequentially, I compare the additional time required for the surfactant molecules to adsorb at
the surface, due to the presence of the energy barrier after reaching the sub-surface, to a situation
where the surfactant molecules diffuse through an additional liquid layer of thickness £, before
instantaneously adsorbing at the surface. Note that considering the effect of the energy barrier as
being equivalent to diffusion over an additional length £, provides a convenient strategy to com-
pare the relative magnitudes of the two steps (diffusion-driven and barrier-driven adsorptions) in
determining the overall rate of surfactant adsorption at the surface. I calculate ¢, by equating the
flux due to diffusion through a layer of thickness Z, to the flux due to barrier adsorption. The flux
of surfactant molecules at the surface in the presence of the energy barrier (g.), at short times, is
given by (see Eq. (2.33)):

ge = BCy (2.34)

The scale value for the surfactant flux associated with diffusion of the surfactant molecules through

a layer of thickness ¢, () is given by Fick’s Law as:

Ga = DE- (2.35)

When the diffusive flux through ¢, equals the rate of surfactant adsorption at the surface in the

presence of the energy barrier, that is, when ¢; = ¢., one can use Eqs. (2.34) and (2.35) to
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estimate ¢,. Specifically, recalling that ¢, = D/ (see Eq.(2.18)), one obtains:
D
by = E =4, (2.36)

Equation (2.36) reveals that the length scale, £,, can be interpreted as the additional distance that
the surfactant molecules have to diffuse across before reaching the surface. Consequently, 75 = % in
Eq.(2.18) can be interpreted as the characteristic time associated with the diffusion of the surfactant
molecules across this additional layer of thickness £;. When the adsorption is diffusion controlled,
B — oo, and the surfactant molecules adsorb instantaneously at the surface as soon as they reach
the sub-surface. In this case, £; — 0, implying that the surfactant molecules do not have to diffuse
any additional distance from the sub-surface in order to reach the surface. Also, note that when the
length scale associated with diffusion in the bulk solution is much greater than /;, then the effect

of the energy barrier in determining the overall rate of surfactant adsorption at the surface can be

neglected. In that case, the adsorption process becomes diffusion controlled.

In the short-time limit, specifically, in the desorption-free adsorption regime, the length scale
over which diffusion takes place (¢p) varies with time. Using the diffusion scaling of the length

and time scales, £p can be expressed as follows [54]:
¢p ~ VDt (2.37)

Therefore, as adsorption takes place, £p increases progressively from zero. At asymptotic short-
time limits, t — 0 and £p < £, indicating that the adsorption kinetics is barrier controlled, a
prediction which is consistent with the short-time asymptotic analysis of the mixed-controlled ad-
sorption model (see Eq.(2.31)). As ¢t increases, £p increases according to Eq.(2.37), and one can
expect that diffusion in the bulk solution becomes as significant as the energy barrier in controlling
the overall rate of surfactant adsorption. As ¢ increases further, {p becomes much greater than ¢,
and therefore, one can expect that the adsorption kinetics becomes diffusion controlled. From the
length scale analysis presented here, I see that mixed-controlled adsorption behaves like diffusion-
limited adsorption as t increases! While this observation is interesting, some questions still remain:

With time, as diffusion becomes more important in controlling the rate of surfactant adsorption,
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what is the resulting adsorption behavior? How would this behavior compare with the short-time
asymptotic v/t behavior predicted by the diffusion-controlled adsorption model? I address these
questions by performing a quantitative analysis of the new short-time formalism.

In Figure 2-1, I compare the short-time mixed-controlled adsorption behavior onto a flat surface
(see Eq. (2.19)) with the short-time asymptotic behavior predicted by the diffusion-controlled
adsorption model (see Eq. (2.28)) in terms of non-dimensional variables. Specifically, the non-
dimensional surfactant surface concentration, I' = I'/(£;C}), is plotted as a function of the square

root of the non-dimensional time, \/7 = /t/7, (see Eq.(2.18)). One can see that I corresponding
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Figure 2-1: Comparison of the prediction of the short-time mixed-controlled model (solid line)
with the prediction of the short-time diffusion-controlled model (dotted line), where the non-
dimensional surfactant surface concentration, T, is plotted as a function of the square root of the
non-dimensional time, /7. The dashed line indicates the approach of the mixed-controlled model
to a /7 behavior.

to diffusion-controlled adsorption (the dotted line in Figure 2-1) is higher than " corresponding to
mixed-controlled adsorption (the solid line in Figure 2-1) at all 7 > 0, indicating greater adsorption
in the diffusion-controlled case relative to the mixed-controlled case. In Figure 2-2, I plot the slopes
of T with respect to /7 (dl'/d+/7) as a function of /7 predicted by the mixed-controlled adsorption
model using Eq.(2.19) (solid line) and by the diffusion-controlled adsorption model using Eq.(2.28)
(dashed line). I find that when /7 >~ 7, there is less than 1% difference between the slopes

predicted by the mixed-controlled and the diffusion-controlled models: that is, the mixed-controlled
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Figure 2-2: Comparison of the prediction of the short-time mixed-controlled model (solid line) with
the asymptotic prediction of the diffusion-controlled model (dashed line), where the differential
of the non-dimensional surfactant surface concentration with respect to /7, d‘%, is plotted as a

function of the square root of the non-dimensional time, /7.

adsorption model predicts a /T variation for /7 >~ T.

In other words, for 7 >~ 50, the slope of Eq. (2.19), for all practical purposes, is equal to
2//m, the slope predicted by the short-time asymptotic diffusion-controlled adsorption behavior.
Note that this result is in agreement with the results of the length-scale analysis discussed above.
If t* denotes the time until which the short-time formalism is valid, then, Figure 2-1 reveals that in
order to observe an overall v/t dependence of I'(t), t* should be greater than about 1007,. Using

the definition of 7, in Eq.(2.18), this condition translates into:

5 > 10\/2 = ﬁmin (238)

Similarly, if I'* denotes the maximum dynamic surfactant surface concentration until which the
short-time formalism is valid, then, Figure 2-1 reveals that in order to observe an overall v/t depen-
dence of I'(t), I* should be greater than about 10¢,C}, . Using the definition of £; in Eq.(2.18), this

condition translates into:
r'*g
10D

Cy < = Cb,maz (2.39)
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Combining the conditions in Egs.(2.38) and (2.39) , I conclude that an overall +/# dependence of
I'(t) can be observed even for a mixed-controlled adsorption process whenever (a) 8 > Bmin , and
(b) Cp < Ch maz-

The region where T, given by Eq. (2.19), approaches a /7 behavior (that is, the region /7 > 7)

can be approximated by a linear fit, as shown by the dashed line in Figure 2-1, given by:

/Dt 0.92C,D
T'me(t) ~ 200 — ~ ﬁ" (2.40)

In Ref.[26], Fainerman et al. derived the following approximate short-time mixed-controlled

adsorption behavior for cases where the effect of the barrier is significant as compared to that of

diffusion::

2Cyy/ 2 [

= —i, for B D (2.41)
1+2/2 mt

Although Eq.(2.41) is not valid whenever 3 > 10\/tzi ( see Eq.(2.38)) , it is interesting to note that

Eq.(2.41) also reduces to a form similar to Eq.(2.40) when a series expansion for (1+2)" !~ 1—2z

is used to approximate the denominator of Eq.(2.41):

I = 2C) / % - 4(7’:”; (2.42)

Note that Eqs.(2.40) and (2.42) differ by a constant factor in the second term ( 0.92 in Eq.(2.40)

Vs. % in Eq.(2.42)). This is probably because Eq.(2.41) was derived specifically for conditions
when § « \/g , and here it is used to approximate the adsorption behavior in the range when
B >10y/2.

Combining Eq.(2.40) with the Ideal surface EOS, which is expected to be valid for small values

of II, one obtains:

o 0.92
Tno(t) ~ 2RTChy ']73? - &C;% (2.43)

An important implication of Eq.(2.43) is that one can expect to observe a v/t variation of the DST
at short times even in the case of mixed-controlled adsorption. From the above analysis, it follows

that an apparent /% variation of the DST at short times does not necessarily imply the applicability
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of Eq.(2.29), or the conclusion that adsorption is diffusion-controlled at asymptotic short times.
As stressed earlier, the diffusion-controlled adsorption model predicts an unphysical infinite fiux at
t = 0, and the mixed-controlled adsorption model is expected to be closer to reality at short times.
Therefore, the observed /% behavior of the experimental DST should be interpreted in the context
of the mixed-controlled model in Eq.(2.43) rather than in the context of the diffusion-controlled
adsorption model in Eq.(2.29). For many surfactant systems, the 75 values can be extremely small,
and as a result, the DST behavior of the mixed-controlled adsorption model may result in a v/#
behavior at the time scales where experimental DST measurements are possible.

Interestingly, the slope of the DST corresponding to the v/t behavior predicted by the mixed-
controlled adsorption model (see Eq.(2.43)) is the same as the slope of the DST corresponding to
the v/# behavior predicted by the diffusion-controlled adsorption model (see Eq.(2.29)). This obser-
vation implies that, although the applicability of Eq.(2.29) to analyze the short-time experimental
DST is questionable, the D values obtained using Eq.(2.29) can be expected to be reasonable. Con-
sequently, my analysis does not affect the D values obtained in the past using Eq.(2.29). Moreover,
Eq.(2.43) reveals that while D values can be obtained from the slope (S) of the v/t behavior of
the experimental DST data, 3 values can be estimated from the intercept (Allp) of the linear v/t
fit at short times. In other words, if II(t) = Sv/t — All, is the best fit equation obtained from the

experimental DST data at short times, then D and 3 values can be obtained using Eq. (2.43) as

S \? 0.92RTC,D
_ = (Z2et L e 2.
D=nr ( SFT Cb) and B ( ATL, ) (2.44)

follows:

The ability to extract 8 values from the short-time experimental DST data using Egs. (2.43) and

Egs.(2.44) can be very useful from a practical viewpoint.

2.3.2 On the Nature of the Energy Barrier

Although the effect of the energy barrier on surfactant adsorption at the surface has been accounted
for in the mixed-controlled model in terms of the model parameter 3, the physical basis underlying
the existence of the energy barrier is still unclear [2, 3, 8, 55, 56].

Some of the current notions for the existence of the energy barrier associate its physical basis

to high surfactant surface concentrations [8, 20, 33, 34]. This conclusion is based primarily on the
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interpretation that the observed /¢ behavior of the short-time DST of many nonionic surfactants
corresponds to a diffusion-controlled adsorption at asymptotic short-times (see Eq.(2.29)). This, in
turn, has been interpreted as implying that adsorption onto a clean surface corresponds to diffusion-
controlled adsorption. Combining this interpretation, along with the fact that the effect of the energy
barrier is more pronounced at higher initial surfactant bulk solution concentrations Cj [13, 16] ,
the origin of the energy barrier has been associated with the high surfactant concentrations that
exist at the surface at high values of C,. In fact, energy barrier values have been estimated by
analyzing the long-time experimental DST behavior, where the surfactant surface concentrations
are expected to be high [33-35, 57, 58]. However, in Section 2.3.1, I demonstrated that mixed-
controlled adsorption also results in an apparent /¢ behavior of the DST at short times for /7 >~ 7
(or t >~ 507;). Therefore, an apparent /% variation of the experimental DST at short times does
not necessarily imply that the adsorption is purely diffusion controlled at asymptotic short-times.
In view of these important new findings, it appears necessary to re-evaluate the physical basis

underlying the existence of the energy barrier.

It is noteworthy, that the mixed-controlled model predicts that at asymptotic short-times, when
a clean surface is exposed to a bulk surfactant solution, the adsorption is barrier-controlled [18, 24—
27]. At short-times, when the surface is clean and when the surfactant concentration in the bulk
solution is uniform, the surfactant molecules near the surface adsorb. Therefore, it is reasonable
that, at short-times, surfactant adsorption at the surface constitutes the rate-limiting step. Note
that at asymptotic short-times, the surface is relatively clean and the interactions between the
adsorbed surfactant molecules are expected to be negligible. Moreover, the mixed-controlled model
predicts that at asymptotic long-times, the adsorption is diffusion-controlled for any C;, value [18, 25—
27, 59]). At long-times, as the system nears equilibrium, the surfactant concentration in the sub-
surface approaches the surfactant concentration in the bulk solution interior. Since the diffusive
flux is proportional to the gradient of the surfactant concentration, the driving force for diffusion
decreases progressively to zero as the system approaches equilibrium. It is important to note that,
while the driving force for diffusion is proportional to the gradient of the surfactant concentration,
the driving force responsible for the kinetic process of adsorption is proportional to the absolute

value of the surfactant concentration (see Eq.(2.5)). Therefore, it is reasonable that this asymptotic
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decrease in the driving force associated with the diffusive flux makes diffusion the rate-limiting step
for adsorption at long-times, and that the kinetic process of adsorption at the surface is not rate
limiting at long-times. Accordingly, the long-time asymptotic prediction of the mixed-controlled
model implies that the energy barrier for adsorption has no effect on the long-time DST behavior,
irrespective of how high is the surfactant surface concentration.

Based on the prediction of the mixed-controlled model that adsorption is always barrier-controlled
at asymptotic short-times, one may conclude that the energy barrier for adsorption corresponding
to the energy barrier associated with the adsorption of a single surfactant molecule onto a clean
surface. The prediction of the mixed-controlled model that the energy barrier is associated with
a single surfactant molecule adsorbing onto a clean surface is consistent with the reported obser-
vation of an energy barrier in several molecular dynamics simulation studies. Indeed, in these
simulation studies, the adsorption of various single nonionic solute molecule onto a clean water-
vapor surface were investigated. Specifically, potential of mean force (PMF) calculations modeling
the adsorption of: (i) a n-decanol molecule at a water-air surface [55], (ii) a phenol molecule at
a water-vapor surface [60], (iii) a p-n-pentylphenol molecule at a water-vapor surface [61] , (iv)
an ethanol molecule at a water-vapor surface [62], and (v) a methanol molecule at a water-vapor

surface [63], all predict the existence of an energy barrier close to the interfacial region.

2.4 Conclusions

In this chapter, I have reconciled the apparent contradiction between theoretical prediction and ex-
perimental observations on the nature of the adsorption kinetics mechanism at short-times: while
the more general mixed-controlled adsorption model predicts a purely barrier-controlled adsorp-
tion process at asymptotic short times, experimental DST data for many nonionic surfactants have
been interpreted in the context of a purely diffusion-controlled adsorption process at asymptotic
short times. This is because, at asymptotic short times, the mixed-controlled adsorption model
predicts a linear variation of IT with time ¢, the diffusion-controlled adsorption model predicts a Vit
variation of II with ¢, and the experimental DST of many nonionic surfactants display a v/t behav-
jor. 1 resolved this apparent contradiction by deriving a new non-asymptotic short-time formalism

for the mixed-controlled adsorption model, including determining the ranges of time ¢ values and
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of dynamic surfactant surface concentration I'(¢) values for which the formalism is applicable. I
find that the mixed-controlled adsorption model, while predicting barrier-controlled adsorption at
asymptotic short-times, also predicts a /¢ behavior of TI when ¢t >~ 507;, where 7; is the time
scale associated with mixed-controlled adsorption at short times. Accordingly, the experimentally
observed /¢ behavior of the DST does not necessarily imply the existence of purely diffusion-
controlled adsorption at asymptotic short times. I have also discussed how this finding affects some
of the current notions of the physical basis underlying the existence of the energy barrier. I con-
cluded that the energy barrier is associated with the adsorption of a single surfactant molecule onto
a clean surface, and is not related to high surfactant surface concentrations.

Recall that the new short-time formalism introduced here was found to be applicable over a
range of ¢ and I' values where reliable experimental DST measurements can be carried out. In
Chapter 3, I develop a new methodology where the new formalism is used to estimate the kinetics
parameters, D and 3, from short-time experimental DST data measured using a pendant-bubble

apparatus.
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Appendix 2.A: Solution of the Partial Differential Equation
(PDE) Using Laplace Transforms

In this Appendix, I derive the solution of the governing PDE corresponding to the mixed-

controlled model where assumptions (i) and (ii) are applicable (Eqs.(2.1) and (2.14)) using the

method of Laplace Transforms.

Before the Laplace Transformation was applied to the governing PDE, the equations were writ-

ten in terms of the following non-dimensional variables:

L s="""  ad =21 (2.A.1)

o po L
¢ ’ Cbes, es Ts

Sl

where 7, and 4, are the time and length scales associated with the kinetics of adsorption at short-
times. For the case of mixed-controlled adsorption at short-times at conditions where assumptions

(i) and (ii) are valid, 7; and ¢, can be determined from a scaling analysis of Eqs.(2.1) and (2.14)

as follows:
_4

D
n=3 amd L=z (2.A.2)

The mixed-controlled model equations after implementing assumptions (i) and (ii) (Egs.(2.1)
and (2.14)) , as well as the boundary and initial conditions in Egs. (2.2), (2.7), and (2.8), can be

written in terms of the non-dimensional variables in Eq.(2.A.1) as follows:

oC 1 o) ,0C
- - -— > > 2.A.3
or (Az+1)20x [(Aa:+1) 31:}’ z20, 720 ( )
dr
(@) _& (2.A5)
oz dr
z=0
C(r>0,z > o0)=1 (2.A.6)
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f(r=0=0, C(r=0,2>0)=1 (2.A.7)

where A = £;/ry.

Laplace Transforms of the governing equations, Egs. (2.A.3) and (2.A.4), using the initial con-

dition in Eq.(2.A.7), yields:
- 24 dC, d*Cs
sCs—1= (Az +1) dx t a2 (2.4.8)
and
sf‘s = C_'sl_q;:o (2.A.9)

where C, and T'; are the Laplace variables of C and T, respectively, and s is the Laplace domain

variable.

Laplace Transforms of the boundary conditions, Eqs. (2.A.5) and (2.A.6), yields:

dCs = sf‘s (2.A.10)
dz
=0
and
~ 1
Cslz=00 = 3 (2.A.11)

The second-order ODE (Eq.(2.A.8)) can be solved for C; using the boundary conditions given
in Egs.(2.A.11) and (2.A.10). This yields:

_ e~V sT, 1
Cs(x)_Ax+1 _\/§+A +; (2.A.12)

From Eq.(2.A.12) with x = 0, if follows that the Laplace Transform of the non-dimensional surfac-

tant sub-surface concentration is given by:

sh',
Vs+A

CO=Cy(z=0)=

w

(2.A.13)

Solving for C? (or for T's) by taking an inverse Laplace Transform of Eq.(2.A.13) requires an ad-
ditional relation between C? and T';. In the case of diffusion-limited adsorption, T's and C? are

related by the Laplace Transform of the equilibrium adsorption isotherm. In the case of mixed-
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controlled adsorption, T'; and C? are related by the Laplace Transform of the mixed-controlled
model (Eq.(2.5)). Specifically, for the case of mixed-controlled adsorption at short-times where

assumptions (i) and (ii) are valid, Eq.(2.A.9) can be used with Eq.(2.A.13) to obtain:

R 2.A.14)

==

Taking the inverse Laplace Transform of Eq.(2.A.14), and then substituting the expressions for T'
and C in Eq.(2.A.1), yields:

L) _ gr, 05, 0) (2.A.15)
Gy
where
m(r, s, A) = % {)\27'()\ —1)+ 2,\\/2 + erfe (A7) exp (X7) — 1} (2.A.16)
and
)\=1+A=1+f—z (2.A.17)

Equation (2.A.15) describes the variation of T as a function of non-dimensional time, 7, for given

values of Cy, r9, D, and 3 (see Egs.(2.A.2) and (2.A.17)).
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Appendix 2.B: Determination of ¢7,

In this Appendix, I determine t},, defined as the time until which the assumption of negligible
desorption is applicable for the case of diffusion-controlled adsorption, by comparing the exact
solution of the diffusion-controlled adsorption model to the case where desorption is considered
negligible.

Recall that Eq.(2.A.13) relates the Laplace image of the non-dimensional surfactant sub-surface
concentration (C?) to the Laplace image of the instantaneous non-dimensional surfactant surface
concentration (I';). In the case of the diffusion-controlled adsorption model, '; and C? are related
by the Laplace Transform of the equilibrium adsorption isotherm, after the equilibrium adsorption
isotherm is expressed in terms of the non-dimensional surfactant surface concentration, T, and,
the non-dimensional surfactant sub-surface concentration, C°. Therefore, given an equilibrium
adsorption isotherm, T'; can be determined using Eq.(2.A.13) , and subsequently, taking the inverse
Laplace Transform yields the time evolution of T'. Note that an exact solution of T" using Eq.(2.A.13)
requires knowledge of an equilibrium adsorption isotherm. Since one is interested in the short-time
adsorption behavior where C? is small, I will assume a linear Henry’s Law relation between I" and
CO, that is,

T = hC° (2.B.1)

where h is a measure of the surface activity of the nonionic surfactant. Note that for a real system,
h may not be constant, and may change as a function of C°. Using the definitions of the non-

dimensional variables in Eq.(2.A.1), Eq.(2.B.1) can be written as follows:

r=hr,C° where h,= g— (2.B.2)
8

Taking a Laplace Transform of Eq.(2.B.2) yields:
Ly = hnC? (2.B.3)

Using Eq.(2.B.3) in Eq.(2.A.13) and rearranging yields:

Vs+ A
(8hn + /5 + A)s
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The inverse Laplace Transform of Eq.(2.B.4) gives the time evolution of the non-dimensional sur-

factant surface concentration in the case of diffusion-controlled adsorption:

() _,, —VErexp(sin)erfe(—yBiT) + /53 exp(syr)erfe(—y/57)

2.B.
P —V @85
where /57 and /s are the roots of the following quadratic equation:
shn+Vs+A=0 (2.B.6)

Using the definitions of the non-dimensional variables in Eq.(2.A.1), Eq.(2.B.5) can be written as

follows:
2 1/2 2 1/2
[(mp) 14 m exp(ritp)erfe(—ri7y ) + roexp(rirp)erfe(—rory ) (2B.7)
hC, —ro+11 -
where:
r = b y Ty = B , TD—_—ﬁ, and hr:’r‘_g
(2.B.8)

Equation (2.B.7) represents the dynamic surfactant surface concentration (I') for the case of a
diffusion-controlled adsorption process. The predicted dynamic surfactant surface concentration
('?), assuming a negligible desorption flux, for the case when 8 — oo is given by Eq.(2.25) .
In order to facilitate the comparison between I' and I'?, Eq.(2.25) is first written in terms of the

nondimensional variables defined in Eq.(2.B.8):

1P ™D

1 92 . 2.B.

oA 2 - + 1ph (2.B.9)
The percentage error () associated with assuming a negligible desorption flux can be defined as

follows:

P _
€= (F T F) 100 (2.B.10)
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where I'? is given in Eq.(2.B.9) and ' is given in Eq.(2.B.7).

Equations (2.B.10) and (2.B.8) show that the percentage error associated with assuming neg-
ligible desorption is a function of the non-dimensional diffusion time-scale, 7p, and of the non-
dimensional curvature, h,. In Figure 2-3, I plot ¢(7p) in Eq.(2.B.10) for three values of h, : the
solid line corresponds to h, = 0, the dashed line corresponds to h, = 5, and the dotted line corre-
sponds to h, = 10. Figure 2-3 shows that for the values of k, considered, ¢ = 2 when 7p is about
1x 10734, This implies that the error associated with assuming negligible desorption in the case
of diffusion-controlled adsorption is at most 2% when 7p < 7}, = 4.0 x 10~*, or using Eq.(2.B.8),
whent < t}, = 4.0x 10—4 ( %) The maximum nondimensional surface concentration for ¢ < th
can be estimated using Eq.(2.B.7) to be about 0.02hC}. Or equivalently, using the existence of
equilibrium between the sub-surface and the surface (see Eq.(2.B.1)) , the surfactant sub-surface

concentration C° changes from 0 to 0.02C}.

0.3r :
.'. j I‘
0.2r S
o
10
0.1f
O 1 1 1 L 1
-5 -4.5 -4 -3.5 -3 -25 -2

log(mp)

Figure 2-3: Time evolution of the percentage error associated with assuming a negligible desorp-
tion, e, for the diffusion-controlled adsorption model, plotted as a function of the non-dimensional
time, log(7p) , for three values of the non-dimensional curvature, h, = 0 (solid line), A, = 5
(dashed line), and h, = 10 (dotted line).

For the purpose of estimating t}, for a typical nonionic surfactant, consider the adsorption
kinetics of the alkyl ethoxylate nonionic surfactant Cy5E4 having an initial surfactant bulk solution

concentration Cy. The equilibrium adsorption isotherm for the Cy2E, surfactant was found to be
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described well by the Generalized Frumkin (GF) adsorption isotherm [64], which is given by:

2 Cs (2.B.11)
Fo  Cy+aexp (K[%]") o

The GF parameter values for C12E, have been reported in Ref. [64] to be: Ty, = 6.585 x 10710
mol/cm?, a = 2.942 x 10~ %mol/cm3, K = 4.105, and n = 0.717. The variation of h = CL,, as a
function of Cj, corresponding to Eq.(2.B.11) is plotted in Figure 2-4, which shows that 4 decreases

as Cp increases. Recall that I had assumed a constant value for 4 in the derivation of Eq.(2.B.7),

0

10
5 107}
L
-2
10 :
T 107 1o
Cb (mol/cm3)

Figure 2-4: Plot of h = (c%) as a function of the initial surfactant bulk solution concentration Cj,
e

for the nonionic surfactant Cy5F, using the Generalized Frumkin equilibrium adsorption isotherm
(see Eq.(2.B.11)).

and that the maximum surfactant surface concentration for ¢ < t}, = 4.0x 1074 (%2—) was given
by C° = 0.02C,. Therefore, as the surfactant sub-surface concentration increases from C° = 0 to
C° = 0.02C,, h decreases from h; to hy, where: (i) hy = (I'/CP). is evaluated at C° = 0, (ii)
hy = (I'/CY), is evaluated at C° = 0.02C}, and (iii) ho < hi. Note that for a case where h remains
constant at a value of h;, the formalism will be valid until ¢ < th; = 4.0x i (%), and for
a case where h remains constant at a value of hy, the formalism will be valid until ¢ < tha =
40x107* (ED%) Note that, since hy < h, it follows that ¢}, , < t}, ;. Accordingly, when h changes

from h; to ho for a real surfactant system, one can expect the formalism to be valid until at least
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t < t} 5. In other words, a lower limit for t}, corresponding to an actual surfactant is given by
tha =40x107* ().

The estimated value of the lower limit for ¢}, is plotted as a function of Cj, in Figure 2-5, where
a diffusivity value of D = 6.4 x 105 cm?/s [64] was used in the estimation. Considering that DST
measurements corresponding to C1oE4 have been carried out for time values as small as a fraction
of a second [65], Figure 2-5 shows that ¢}, spans a sufficiently broad time range where reliable DST

measurements may actually be carried out.
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Figure 2-5: Plot of the lower limit of the time until which assumption (i) can be considered valid,
denoted as Lower Limit for t},, as a function of the initial surfactant bulk solution concentration Cj,

for the nonionic surfactant C12E4 using the Generalized Frumkin equilibrium adsorption isotherm(
see Eq.(2.B.11))
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Appendix 2.C: Determination of [™*

In this Appendix, I determine I'*, the range of surfactant surface concentrations for which the
effect of the restriction imposed by the fact that there is a finite number of sites for adsorption
at the surface can be neglected (see assumption (ii) in Section 2.2.2). Keeping in mind that I
implemented assumption (ii) in the desorption-free mixed-controlled model in Eq.(2.13) to derive
the new short-time formalism, I will determine I'"* by comparing the short-time behavior derived in
Eq.(2.16) with the exact numerical solution of the desorption-free mixed-controlled model using

Eq.(2.13).

First, I summarize all the governing equations for the desorption-free mixed-controlled model:

8C _D 9,00

= —— > > .C.

ot TzarraT)’ T 2T, t_o (ZC].)

Ct>0,r—00)=0Cp (2.C.2)
dr’ r

i BCro(1 — I-\;) (2.C.3)

I't=0)=0 and Ct=0,r>rg)=0Cp (2.C.4)
oC dl’

- = — 2.C.5
b or lp=y, dt ( )

Second, I rewrite Egs. (2.C.1)-(2.C.5) in terms of the non-dimensional variables defined as

follows:

c=¢ p_L L,_r-r .4 ,=1 2.C.6)
Cn

r's Ly Tn

where C,, Ty, %n, and 7, are the normalizing scale values for the surfactant bulk solution con-
centration, the surfactant surface concentration, the length, and the time, respectively. In order
to facilitate comparison of the predictions of the desorption-free mixed controlled model and the

predictions of the short-time formalism (Eq.(2.16)), I choose the normalizing scale values for time
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(7,) and for length (£,,) to be the same as the time (7,) and length (¢;) scale values of the short-time

formalism (Eq.(2.18)). Specifically, I choose:

2
= %, and by =45 = D 2.c.7)

Tn = Ts

Recall that the assumption of neglecting the finiteness in the number of free-sites for adsorption
leads to the assumption that the term (1 — -1%) in the desorption-free mixed-controlled model (see
(Eq.(2.13))) is approximately equal to 1 (see Eq.(2.14)). Therefore, it is appropriate to choose the

normalizing scale value for I' as .. That is, I choose:
I, =T (2.C.8)

Considering that the initial surfactant bulk solution concentration is Cj, (see Eq.(2.C.4)), I choose
the normalizing scale value for the surfactant bulk solution concentration, Cy,, to be equal to Cj,
that is, I choose:

Cn=0Cp (2.c.9)

The desorption-free mixed-controlled model equations (Egs. (2.C.1) - (2.C.5)) can be written
in terms of the non-dimensional variables in Eq.(2.C.6), with the normalizing scale values defined

in Egs.(2.C.7) - (2.C.9), as follows:

%g _ @ITW«% [(Aw + 1)2g} . 220, 730 2.C.10)
C(r >0,z — 00) = 1 @.C.11)

g = kCyo(1 —T) 2.C.12)

Fr=0=0, C(r=0z20)= 2.C.13)



k (@) _dar (2.C.14)
ox dr
=0
where

£y

_ _G _ LB
A= o’ k= .’ and Ce = D (2.C.15)

I find that the non-dimensionalization of the desorption-free mixed-controlled model presented
above identifies two independent non-dimensional quantities, A and k, that affect the short-time
surfactant adsorption kinetics. The quantities A - the non-dimensional curvature of the pendant
drop and k - the non-dimensional initial surfactant bulk solution concentration, reflect the impor-
tance of the pendant-bubble curvature and of the initial surfactant bulk solution concentration,
respectively, on the short-time adsorption kinetics. Below, I will find that the concentration scale
C. in Eq.(2.C.15) indicates the initial surfactant bulk solution concentration at which the effect of
the energy (e) barrier in controlling the adsorption kinetics becomes significant. For typical values
of 8 ~ 0.004 cm/s [41], D ~ 7 x 108 cm?/s [64], and T's, ~ 5 x 1071% mol/cm? for C;E; surfac-
tants [64], C. has a value of the order of 1 x 10~7 mol/cm? (see Eq.(2.C.15)), and ¢, has a value
of the order of 0.001 cm (see Eq.(2.C.7)). For typical values of the critical micelle concentration of
CiE; surfactants (of the order of 1 x 10~7 mol/cm3 [38]), the maximum value of k is of the order

of 1. For typical values of the radius of the pendant bubble (rg & 0.1 cm [64]), the quantity A has

a value of the order of 0.01.

In Figure 2-6, for the case of a flat surface (rp — oo, A — 0), I compare the exact numerical
solution of the desorption-free mixed-controlled model (solid lines) with the predictions of the
short-time formalism using Eq.(2.16) (dashed lines) for ¥ = 0.01, 0.1, and 1. In Figure 2-6, I
also compare the predictions of the short-time diffusion-controlled adsorption model in Eq.(2.26)
(dotted lines) for & = 0.01, 0.1, and 1 to the short-time formalism in Eq.(2.16) and to the exact
numerical solution.

The following observations follow from Figure 2-6:

1. The short-time formalism provides a good approximation of the short-time behavior of the
desorption-free mixed-controlled model for T' = I'/T's, < 0.25, and a better approximation as

compared to the short-time diffusion-controlled adsorption model.
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log(7)

Figure 2-6: Comparison of the predictions (T vs. log(7)) of the short-time formalism for the mixed-
controlled model (dashed lines) and for the diffusion-controlled model (dotted lines) with the exact
numerical solution of the desorption-free mixed-controlled model (solid lines) for three values of
the non-dimensional initial surfactant bulk solution concentration, k = 0.01, k = 0.1, and k = 1, in
the case of adsorption onto a flat surface (A = 0).

2. The diffusion-controlled adsorption model provides a better approximation of the desorption-
free mixed-controlled adsorption model at smaller surfactant bulk solution concentrations
(k = 0.01) than at higher surfactant bulk solution concentrations (k = 0.1 and 1). This is in
agreement with the known observations [13-16] that: (i) the diffusion-controlled adsorption
model describes well the kinetics of surfactant adsorption at lower surfactant bulk solution
concentrations, and (ii) the effect of the energy barrier is more pronounced at higher surfac-
tant bulk solution concentrations. This implies that an analysis of short-time DST measure-
ments conducted at lower surfactant bulk solution concentrations is not suitable for the accurate
determination of the barrier parameter (3. This finding is also consistent with the conclusions

of Ref. [21].

3. The non-dimensional concentration, k, serves as a good indicator of the initial surfactant bulk
solution concentration for which the effect of the energy barrier on the kinetics of surfactant
adsorption at short times becomes significant. Specifically, for k¥ = 0.01, Figure 2-6 shows that
the overall adsorption behavior corresponds essentially to diffusion-controlled adsorption,

and that the effect of the energy barrier is not significant. On the other hand, for £ = 0.1
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and 1, significant deviations are observed between the predictions of the diffusion-controlled
adsorption model and the desorption-free mixed-controlled adsorption model. Accordingly,
when C}, <« C,, diffusion controls the overall rate of surfactant adsorption, when Cj, ~ C,, the

energy barrier controls the overall rate of surfactant adsorption, and at intermediate values

of Cy, the adsorption is mixed-controlled.

In Figure 2-7, I compare the exact numerical solution of the desorption-free mixed controlled
model (solid lines) with the short-time formalism (dashed lines), and with the short-time diffusion-
controlled formalism in Eq.(2.25) (dotted lines) for a curved surface (A = 0.01) for £ = 0.01, 0.1,

and 1. Again, I find that the short-time formalism provides a good approximation of the desorption-

free mixed controlled model for I" < 0.25T" .
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Figure 2-7: Comparison of the predictions (T vs. log(7)) of the short-time formalism for the mixed-
controlled model (dashed lines) and for the diffusion-controlled model (dotted lines) with the exact
numerical solution of the desorption-free mixed-controlled model (solid lines) for three values of

the non-dimensional initial surfactant bulk solution concentration, k = 0.01, k = 0.1, and k = 1, in

the case of adsorption onto a spherical surface (A = 0.01).

Comparing the dynamic surfactant surface concentrations predicted by the new short-time for-
malism (T's;) and by the exact numerical solution of the desorption-free mixed-controlled adsorp-
tion model (Tezqet), One finds that the maximum error between the new formalism and the exact

solution, AT, in the region I'(t) < 0.25I', occurs for k = 0.01, A = 0.01, and [(t) = 0.25T s, and
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is given by:

AT* = max (I's; — Tegact) = 0.02T (2.C.16)

Overall, Figures 2-6 and 2-7 indicate that, the new short-time formalism provides a good ap-
proximation to the exact numerical solution of the desorption-free mixed-controlled model until a
surface coverage of about I'* = 0.25Ty, is reached.

One can also express the limit of applicability of assumption (ii) in terms of the measured sur-
face pressure, I1(¢), rather than in terms of I'(¢), since I'(¢) is typically not measured experimentally.
The II limit of applicability of the new short-time formalism, referred to as IT*, can be obtained by
substituting I' = I'* = 0.25I'y, in Eq.(2.11). This yields:

II* = II(T*) = ToRT {0.2877 + i /O " (‘—1%) rdr] (2.C.17)
For the special case of the Generalized Frumkin adsorption isotherm, for which &(T") = K (%)n,
Eq.(2.C.17) reduces to:

(2.C.18)

n+1
IT* = T RT [0.2877 + KnLQﬁL}

+1
For example, consider again the case of the Cj2E, nonionic surfactant. The IT* value for which
the new short-time formalism is valid was estimated using Eq.(2.C.18) and the GF parameters
appearing in Eq.(2.B.11) to be 7.3 mN/m. Recalling that reliable DST measurements can be carried
out to measure changes in surface tension as small as 0.2 mN/m [66], one finds that the IT* value

spans a range of experimentally relevant DST values.
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Appendix 2.D: Proof of the Proposition

In this Appendix, I state and prove the proposition that the error associated with assuming a

negligible desorption flux is maximum when the adsorption kinetics is diffusion-controlled.

Proposition

If T'*(¢; 3, D) denotes the actual (a¢) dynamic surfactant surface concentration for a process in-
volving adsorption-desorption and diffusion , and I'?(¢; 3, D) denotes the predicted (p) dynamic
surfactant surface concentration for a process involving only adsorption and diffusion (that is, des-
orption is assumed to be negligible), then, the error associated with this assumption can be defined

as follows:

AT(t; 8, D) = IP(t; 8, D) — T(t; 8, D) (2.D.1)

Equation (2.D.1) indicates that the time evolutions of AT, I'?, and I'* depend on the parameters 3
and D. Note that the error in Eq.(2.D.1) is defined after recognizing that I'’(¢; 3, D) is expected to
be larger than I"*(¢; 8, D).

The proposition that the error associated with assuming a negligible desorption flux is maxi-

mum when the adsorption kinetics is diffusion-controlled (corresponding to 5 — oc) takes on the

following mathematical form:
max|AL(t; 8, D)] = AT(t; D)oo 2D.2)

Proof

To prove the proposition, I will first demonstrate that the error AT is a non-decreasing function of
3, that is, that

E%Aﬂ—r >0 (2.D.3)
where the inequality holds for any finite value of 3, and the equality is satisfied only when 8 — oo.
While the inequality for finite values of 3 ensures that the error is larger for a higher value of , the
equality at 3 — oo ensures that the error saturates at a finite value. From Eq.(2.D.3), I will show

that the error is maximum in the case of a diffusion-controlled adsorption process.

Consider the following form for the change of I'* with time based on the generalized mixed-
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controlled model (see Eq.(2.5)):

dre a
— = AC% — ae®T)r (2.D.4)

where Cf) denotes the sub-surface surfactant concentration for the case where adsorption-desorption
and diffusion take place. Note that the factor (1 — %) has not been included in the adsorption term
in Eq.(2.D.4). Considering that one is interested in the short-time behavior where the effect of the
term (1— {:) will be neglected in view of assumption (ii) in Section 2.2.2, I will assume the validity
of Eq.(2.D.4) in the remainder of the proof. This form of Eq.(2.D.4) is also convenient, because if

this term were included, the algebra associated with the proof becomes intractable.

Recall that « and 3 are not independent, but instead, are related by the equilibrium adsorption

isotherm (see Eq.(2.6)). With this in mind, using Eq.(2.6) and the definition a = agl', yields:

a = Bag (2.D.5)

Using Eq.(2.D.5) in Eq.(2.D.4), I obtain:

[/

— = AlCl — age®TIr] (2.D.6)
Using the definition of I'?, the change of I'? with time can be written based on the mixed-controlled

model as follows:
dre »
o = BCro (2.D.7)
where C¥%; denotes the sub-surface surfactant concentration for the case where only adsorption and
diffusion take place. The flux balances at the interface for the two cases (adsorption-desorption-

diffusion and adsorption-diffusion) are given by:

oce dre

D B e, = (2.D.8)
oC? dre

D ? rr = E (2.D9)
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While the adsorption process at the interface reduces the surfactant sub-surface concentration
Cro, the resulting diffusive flux from the bulk solution tends to increase Cro. Consequently, deter-
mining the exact behavior of C,q will involve solving diffusion partial differential equations. In the
analysis here, I will use the concept of a diffusion penetration depth [4] to approximate the solution
of the diffusion equation, due to its analytical simplicity, in order to obtain expressions for C¢%, and
CPF,- According to this concept, the depth of penetration of any disturbance at the boundary of a
semi infinite flat surface into the bulk is given by 6p(t) = v/ Dt, and the flux at the surface (s) can

be approximated as follows [4]:
8_0 _Cpy—Cs
0z s ~ ép (t)

(2.D.10)

where z denotes the direction normal to the flat surface and C; is the sub-surface surfactant concen-
tration. Note that dp(t) = V7Dt is applicable only for a flat surface [4]. The existence of curvature
at the surface could possibly influence dp(t). Considering this possibility, let ép ,,(t) be the dif-
fusion penetration depth for the case of a curved surface, where r( is the radius of the surface.
Using the diffusion penetration depth formulation in Egs.(2.D.8) and (2.D.9), and substituting the
resulting equations in Egs.(2.D.6) and (2.D.7), I obtain:

Co— Cro

D om®) BIC% — age®TIT] (2.D.11)
,T0
Cy— CP
Dﬁ = BCP, (2.D.12)
,T0

Solving for C%, and C¥, in Eqs.(2.D.11) and (2.D.12) yields:

o _ DO+ Bagopr(t)e® )T (2.D.13)
r0 D + B0p o (t)
DC,
ch, = —— 2 (2.D.14)
r0 D + B3p.4,(t)
Using Egs.(2.D.13) and (2.D.14) in Egs.(2.D.6) and (2.D.7), I obtain:
dre Dg (%) a
— = ——" ___(Cy~ r 2.D.15
T = Drpaonm (@0 r) (2D.1%)
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dre DB
— = —F ¢ 2.D.16
dt D+ Bop . (t) ° ( )

One should note that use of the concept of diffusion penetration depth has reduced the problem to
solving two Ordinary Differential Equations (ODEs) in Egs.(2.D.15) and (2.D.16).
Next, I subtract Eq.(2.D.15) from Eq.(2.D.16) in order to obtain a single ODE which governs

the propagation of the error AT with time. Specifically:

dAT _ DB
dt D+ Bps,(t)

Since I'*(t = 0) = 0 and I'?(t = 0) = 0, it follows that AT'(¢ = 0) = 0. Note that surfactant

ace®T)re (2.D.17)

molecules adsorb at the surface as t increases, and therefore, I'* > 0 for all ¢ > 0. Equation (2.D.17)
indicates that the error AT increases with time.
Since one is interested in -4(%{33 (see Eq.(2.D.2)), I next differentiate both sides of Eq.(2.D.17)

with respect of 3. This yields:

d (dAT D? (%) DB de®*T™)1e]\ dre
= - re
( a ) (D + o)) C° T DB C\” a8

Y
(2.D.18)

Using the commutative property of mixed second-order derivatives, I can write the left-hand side

of Eq.(2.D.18) as follows:

d (dAT d (dAT
2, (_dt ) -2 (__dﬂ ) (2.0.19)
Combining Eqs.(2.D.19) and (2.D.18), I obtain the following ODE that governs how 4T varies
with time:
d [(dAT D? o(r Dg d[e®T)T9]\ dre
ol = e o 27
dt ( B ) (D + Bop ()2 °C° T DT B0 ( dra dp
(2.D.20)
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Next, I make the following three important observations about Eq.(2.D.20):

(i) When g is finite and I'* > 0, the first term on the RHS is greater than 0. When g is infinite,

(ii)

this term is equal to 0.

The derivative % indicates how the actual surfactant surface concentration changes as 3
changes. Recalling that 3 represents the rate constant for the adsorption of the surfactant
molecules from the sub-surface onto the surface, with a higher value of 3 indicating a weaker
effect of the energy barrier in controlling the rate of adsorption, one can anticipate that I'®
increases as g increases. In the limiting condition, when 3 is infinity, I'* should correspond

to the value resulting from a diffusion-controlled adsorption process. Consequently,

dre oo Es
rr >0, if §is finite
dr e e s
v 0, if B is infinite

(iii) I will assume that the interaction term ®(I'?) is such that it satisfies the following condition:

1+T° (dfgf)) >0 (2.D.21)

The condition in Eq.(2.D.21) ensures that:

d[e®T*)T9] 0

e (2.D.22)

Note that the condition in Eq.(2.D.21) can be expected to be valid for most nonionic surfac-
tants. In the case of surfactants that experience a net repulsive interaction at the interface,
like the C;E; nonionic surfactants, ®(I'*) is positive, and an increasing function of I'* [64].
Consequently, these surfactants satisfy Eq.(2.D.21). For surfactants that involve a net attrac-
tive interaction at the interface, like C1oOH and CyOH [64], Eq.(2.D.21) was found to be
satisfied for I' < T™* = 0.25 .
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Combining (i)-(iii) above, I conclude that:

d (dAT e s pes
pr (75) >0, if 3is finite (2.D.23)
d (dAT

E ('d_IB-> =0, lfﬂ is infinite

Equation (2.D.23) indicates that 43T is an increasing function of ¢ for any finite value of 3.

Note that the initial condition that AT'(¢ = 0) = 0 is independent of (. Therefore,

dAT

t=0

Combining Egs.(2.D.23) and (2.D.24) one may conclude that:
(i) When 3 is finite and ¢ > 0, %%—F is greater than zero, and it increases with time.
(ii) When 2 is infinite, d—dAﬁ—F is equal to zero.

Statements (i) and (ii) above indicate that AI' is maximum when g is infinite, which in turn,
corresponds to the diffusion-controlled process. Therefore, the proposition in Eq.(2.D.2) has been

proven.
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Chapter 3

New Methodology to Determine the
Rate-Limiting Adsorption Kinetics
Mechanism from Experimental Dynamic

Surface Tension Data

3.1 Introduction

In order to develop a mechanistic understanding of the various factors that affect the kinetics of
nonionic surfactant adsorption, recall that, traditionally, the adsorption process has been viewed as
consisting of the following three steps [1-11](see Section 1.2.1): Step 1: Diffusion of the surfactant
molecules from the bulk solution to the sub-surface!, Step 2: Adsorption of the surfactant molecules
from the sub-surface onto the surface, and Step 3: Reorientation of the surfactant molecules at the
surface leading to a further reduction of the surface tension. In order to physically understand
the effect of Step 2 on the adsorption kinetics, it has been hypothesized that Step 2 involves ad-
sorption across an energy barrier [13-20], whose fundamental origin has not been explained to
date. Based on this understanding, two different classes of kinetics models have been advanced:

(i) Diffusion-controlled adsorption models, which assume that Step 1 controls the overall rate of

The sub-surface is the zone of a few angstroms thickness adjacent to the surface, according to Ward and Tordai [12].
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surfactant adsorption, and (ii) mixed diffusion-barrier controlled adsorption models?, which as-
sume that Steps 1 and 2 control the overall rate of surfactant adsorption. The specific form of the
kinetics model depends on the equilibrium adsorption isotherm model of the surfactant, since the
kinetics model should reduce to the equilibrium adsorption isotherm model at equilibrium condi-
tions. While a diffusion-controlled adsorption model contains one kinetics parameter: D, the bulk
solution diffusion coefficient of the surfactant molecule, a mixed-controlled adsorption model con-
tains two kinetics parameters: D and 3, where 3 is the energy-barrier parameter representing the
rate constant for the adsorption of surfactant molecules from the sub-surface onto the surface. As
I have shown in Section 2.3.2, 3 is related to the adsorption of a single surfactant molecule onto a
clean surface.

The existing procedure used to determine the rate-limiting adsorption kinetics mechanism
(diffusion-controlled vs. mixed-controlled), as well as to determine the values of the kinetics pa-

rameters, D and 3, involves the following three steps [20-30]:

Step 1: Choosing a model for the equilibrium adsorption isotherm.

Step 2: Assuming a diffusion-controlled adsorption mechanism, and using the experimental Dy-
namic Surface Tension (DST) data corresponding to the entire surface tension relaxation
profile, measured at a single initial surfactant bulk solution concentration, C;, to regress for
the value of D. This step is then repeated for experimental DST data measured at different
C} values. If the regressed value of D is found to decrease as C), increases, then this trend is
interpreted as indicating the existence of a mixed-controlled adsorption mechanism.

Step 3: If there are indications of the existence of mixed-controlled adsorption, the regressed
value of D obtained by analyzing the experimental DST data measured at lower C;, values
is considered as the actual diffusion coefficient of the surfactant molecules, and the entire

experimental DST data measured at the higher Cj, values is used to regress for 3.

After implementing this three-step procedure, one can determine: (a) if the adsorption is
diffusion-controlled or mixed-controlled, and (b) the values of 8 (if the adsorption is mixed-
controlled) and D. Note that this procedure involves choosing a specific model for the equilib-

rium adsorption isotherm (Step 1 above). Consequently, the accuracy of the equilibrium adsorption

21 shall refer hereafter to the mixed diffusion-barrier controlled model as the mixed-controlled model.
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isotherm model affects the regressed values of the kinetics parameters, D and (3 [31, 32]. In fact,
the regressed values of D and 3 are found to be quite sensitive to the choice of the equilibrium
adsorption isotherm model [31-34]. For example, consider the adsorption kinetics of the nonionic
surfactant C12Eg [26]. While three different equilibrium adsorption isotherm models, namely, the
Langmuir, the Frumkin, and the Generalized Frumkin adsorption isotherms, all appear to describe
the experimental equilibrium adsorption behavior (that is, the equilibrium surface tension vs. sur-
factant bulk solution concentration data) reasonably well, they result in very different values of
the regressed kinetics parameters when analyzing the experimental DST behavior. Specifically, the
Langmuir model results in a D value of 21 x 106 cm?/s, the Frumkin model results in a D value
of 11 x 10~% cm?/s, and the Generalized Frumkin model results in a D value of 8.0 x 10~% cm?/s.
In view of the observed high sensitivity of the regressed values of the kinetics parameters to the
chosen equilibrium adsorption isotherm model, Lin et al. [25] and Pan et al. [20] proposed car-
rying out surface expansion measurements, in addition to performing equilibrium surface tension
measurements, to further validate the equilibrium adsorption isotherm model chosen to analyze
the experimental DST data. These authors concluded that surface expansion measurements can
be useful in testing various equilibrium adsorption isotherm models, and hence, in obtaining more

reliable estimates of the kinetics parameters, D and 3.

Note that the equilibrium adsorption isotherm models differ in the manner in which they ac-
count for the interactions between the adsorbed surfactant molecules (see Section 2.2.1), and as
such, they should not affect the value of D, the bulk solution diffusion coefficient of a surfactant
molecule, and §, which as I have shown in Section 2.3.2, is related to the adsorption of a single
surfactant molecule onto a clean surface [35]. Moreover, note that the existing procedure uses the
entire experimental DST data measured at all values of Cj, to regress for the values of D and 3, and
therefore, it does not allow for an independent testing of its predictive capabilities. Recognizing that
a fundamental physical understanding of the energy barrier is still lacking, a reliable determina-
tion of the rate-limiting adsorption kinetics mechanism, including extracting reliable values of the
kinetics parameters, D and S, for various nonionic surfactant systems, is of great fundamental and

practical value.
With the background provided above in mind, in this chapter, I develop a new methodology,
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which does not make use of a model for the equilibrium adsorption isotherm, and can be utilized
to determine the rate-limiting adsorption kinetics mechanism and to obtain reliable values of the
kinetics parameters, D and 3, from experimental DST data. Specifically, the new methodology
is based on the short-time analysis of the mixed-controlled model that I derived in Chapter 2, an
analysis which requires only the experimental short-time DST data measured at two initial surfactant
bulk solution concentrations. The new methodology involves extracting adsorption kinetics-specific
information from the experimental DST data, and then regressing for the values of the kinetics
parameters, D and 3. I utilize the new methodology presented here to determine the rate-limiting
adsorption kinetics mechanisms, and to obtain the kinetics parameters, D and g, for various alkyl
poly(ethylene oxide), C;E;, nonionic surfactants, namely, C12E4, C12Es, C12Es, and CyoEg. Since
the new methodology requires only the short-time DST data measured at two initial surfactant bulk
solution concentrations, I test the results by predicting the short-time DST behavior at other initial
surfactant bulk solution concentrations, and subsequently, by comparing these predictions with the
corresponding experimentally measured DST data. I also compare the results obtained utilizing the
new methodology with those obtained utilizing the existing procedure, and find that assuming the
applicability of an equilibrium adsorption isotherm model may affect not only the deduced values
of the kinetics parameters, D and 3, but also the determination of the underlying rate-limiting
adsorption kinetics mechanism (diffusion-controlled vs. mixed-controlled).

The remainder of the chapter is organized as follows. In Section 3.2, I present the new method-
ology to extract purely adsorption kinetics-specific information from the experimental DST data,
and to regress for the D and (3 values. In Section 3.3, I: (i) utilize the new methodology to deter-
mine the rate-limiting adsorption kinetics mechanism (diffusion-controlled vs. mixed-controlled),
to deduce the values of the corresponding kinetics parameters, D and §, and to test the results
against experiments, for various C;E; nonionic surfactants (Section 3.3.1), and (ii) compare the
results obtained utilizing the new methodology with those obtained utilizing the existing procedure
(Section 3.3.2). Finally, in Section 3.4, I summarize the main results of the chapter. In addition, in
Appendix 3.A, T demonstrate the reliability of the new methodology, and in Appendix 3.B, I validate

the range of experimental short-time DST data used in the new methodology.
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3.2 The New Methodology

The experimentally measured DST data contains information about both the adsorption kinetics
and the equilibrium adsorption isotherm. Specifically, while the rate of surfactant adsorption at the
surface is governed by various factors affecting the kinetics, the resulting reduction in the surface
tension depends on the equation of state, which in turn, depends on the equilibrium adsorption
isotherm through the Gibbs adsorption equation [36]. As discussed in Section 3.1, traditionally,
one assumes the applicability of a model for the equilibrium adsorption isotherm, and then extracts
the adsorption kinetics information from the experimental DST data. In this section, I develop a
new methodology to regress reliable values of the kinetics parameters, D and 8, which does not
make use of a model for the equilibrium adsorption isotherm. The methodology involves transforming
the mixed-controlled model and the experimental DST data into a form that is purely adsorption

kinetics-specific, and then performing a suitable regression to determine the values of D and 3.

Transforming the Mixed-Controlled Model

Recall that in Section 2.2.2, I derived a non-asymptotic short-time formalism for a generalized
mixed-controlled adsorption model, involving the adsorption of nonionic surfactant molecules onto
a spherical surface. According to this formalism, at short-times, the Dynamic Surface Coverage

(DSQ), I'(¢), is given by the following expression (Egs.(2.16)-(2.18)):

F(ta Cb) _
G = m(t) 3.1)
where
m(t) = ] Az(A—1)1+2A 4 erfe (a2 exp (,\21) -1 (3.2)
A3 Ts TTs Ts Ts )
and
A ot 2 D
'\—1+r0’ T—;;, Ts =y and es—E (3.3)

In Eq.(3.1), Gy is the initial surfactant bulk solution concentration at which the DST measurement
is conducted. In Eq. (3.3), the non-dimensional ) reflects the effect of the surface curvature, 7o,
on the adsorption kinetics, 7 is the non-dimensional time, 7, is the time scale associated with the

mixed-controlled adsorption process at short (s) times, and ¢; is the corresponding length scale.
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Recall that Eq.(3.1) was shown to provide an acceptable description of the short-time adsorption

kinetics behavior over the following range of ¢ and I'(t) values (see Section 2.2.2):

trange: t<t*=4x10"* (%)

T'(t)range: T'(t) <T™* =025 3.4)

where h = (C%)e’ with e denoting the equilibrium conditions, and T, is the maximum surface
coverage of the surfactant molecules.

It is noteworthy that m(t) in Eq. (3.2): (i) is independent of the surfactant bulk solution con-
centration C, (ii) is independent of the model used to describe the equilibrium adsorption behavior,
and (iii) depends only on the kinetics parameters, D and (3, of the surfactant molecule for a speci-
fied value of the pendant-bubble radius, ro (see Eq. (3.3)). In other words, Eq.(3.2) reveals the
existence of a function m(t), which is specific to every individual surfactant and which directly re-
flects the kinetics aspect of its adsorption, and which is independent of the surfactant bulk solution
concentration or its surface properties.

Theoretically, Eqs.(3.1) - (3.3) can used to estimate the values of D and 3 from adsorption
kinetics measurements carried out at a single surfactant bulk solution concentration, Cj, in the two

cases discussed below:

Case 1: If the DSC, I'(t), were measured experimentally instead of the DST, then, Eq.(3.1) shows
that m(t) can be extracted simply by dividing the experimental I'(t) by C,. Once m(t) is
determined experimentally in this manner, the kinetics parameters, D and f, can be regressed
using Eq.(3.2). In that case, one would only require the short-time DSC measured at a single
initial surfactant bulk solution concentration to estimate the values of D and 3. However,

unfortunately, I'(t) is not typically measured experimentally.

Case 2: If the ‘real’ equilibrium adsorption isotherm (referred to hereafter as the ‘real’ isotherm)
was known, then, Eq.(3.1) could be used along with the ‘real’ isotherm to predict the short-
time DST, which would be a function of the two kinetics parameters, D and . In that case, the

predicted short-time DST expression, parameterized in terms of D and 3, could be used along
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with the experimentally measured DST to regress for thé values of D and . Again, in this
case, one would, theoretically, require only the experimental short-time DST data measured
at a single initial surfactant bulk solution concentration to estimate the values of D and 3.
However, as already stated, this requires knowledge of the ‘real’ isotherm, and obtaining a
reliable approximation of the ‘real’ isotherm to describe changes in surface tension of about a

few mN/m is extremely difficult [37].

Keeping cases 1 and 2 above in mind, I transform Egs.(3.1) - (3.3) to a form which will enable us
to extract the values of D and 8 from experimental short-time DST data measured at two initial
surfactant bulk solution concentrations. The specific transformation is discussed below.

First, I assume the existence of an (unknown) equation of state relating the reduction in surface

tension, or the surface pressure, II, to the surfactant surface concentration, I, given by:
II=f(I) (3.5)

where f(T") is an unknown function. The existence of an equation of state implies that there is a
unique value of the surface pressure for a specific value of the surfactant surface concentration.
Next, I assume that the function f(I') is one-to-one, that is, that for any given value of the surface
pressure, II, there exists a unique value of the surfactant surface concentration, I'. This assumption

implies that the function f(I') is invertible, that is, that:
I= ;-1 (3.6)

Note that the assumption embodied in Eq.(3.6) may not be valid for surfactants that undergo a
phase change at the surface. This is because, when a phase change takes place at the surface, IT has
the same value for two different values of T. In that case, it is not possible to assign a unique value
of T for a given value of I1. For example, the assumption underlying Eq.(3.6) is not applicable for
surfactants [29, 38—43] and proteins [44-49] that have been shown to undergo a Gas(G)-Liquid
Expanded(LE) surface phase transition at small values of IT < 1 mN/m.

Let C; and C, be the two initial surfactant bulk solution concentrations at which the DST

experiments are conducted. Using Egs.(3.1) and (3.2), the short-time DSC, I'(¢), at these two
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conditions are given by:

I'(t,Cy) = e_3 {)@(,\ - 1)— + 2,\,/ —+ erfc ( \/g exp (v%) - 1} C1 3.7)
T(t,Cs) = {,\2(,\ 1)— + 2,\,/ —+ erfc ( \/;ﬁ;) exp (,\2%) ~ 1} Cy (3.8)

Using Eq.(3.6) along with Egs.(3.7) and (3.8), the short-time Dynamic Surface Pressure (DSP),

and

I1(¢), at the two conditions can be written as follows:

i, c)) = = {/\2(,\ - 1)— + 2)\\/_‘ + erfc ( \/Tz) exp (/\271) - 1} o (3.9)
I, C,)) = = {,\2(,\ - 1)— + 2,\\/—‘ + erfc ( \/Tz) exp (,\ZTi) - 1} Cy (3.10)

Note that the EOS in Eq.(3.6) can be used to relate II(¢) and I'(¢) (in Egs.(3.7) - (3.10)),

and

since after the surfactant molecules adsorb at the surface, they require negligible time to reduce
the surface tension as compared to the time scale associated with the adsorption process itself.
Indeed, molecular dynamics simulations of surfactant molecules adsorbed at air/water surfaces are
performed for a duration of about 4 ns in order to study equilibrium surface properties [S0-55].
On the other hand, typical time scales associated with the surfactant adsorption kinetics vary from
milliseconds to tens of hours depending on the surfactant and its initial bulk solution concentration

[8]. Accordingly, it is appropriate to relate the DSC, I'(t), and the DSB II(¢), using Eq.(3.6).
Consider next an arbitrary (a) DSP value of IT = II,. If ¢; and ¢, are the times at which the DSP
reaches the value of II, at conditions where C, = C; and C = Cs, respectively, then:
II(t1,Cy) =11, (3.11)
and
TI(ty, Co) =11, (3.12)
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Using Egs.(3.9) and (3.10), along with Egs.(3.11) and (3.12), yields the following relationship
between ¢; and t,, such that the reductions in the surface tension attained at these two conditions

are the same:

b Iyt / ! zt_l) _ _

bE {)\ (A 1) + 2\ + erfc ( Ts) exp (A = 1} C,=
b Iy2n— 1) 2420 [t erfe 2) exp (,\233) _1l¢ (3.13)
23 Ts Ts Ts 2 )

Note that Eq.(3.13) corresponds to the theoretical prediction of the relationship between ¢; and
t2 such that the surface pressure at t = ¢; measured when C, = C] is the same as the surface
pressure at t = t; measured when C, = C,. Moreover, using the definitions of A and 7, in Eq.(3.3),
it follows that Eq.(3.13) depends only on the two kinetics parameters, D and 3, and on the radius
of the spherical surface, ¢, and is independent of the equilibrium adsorption isotherm model. In other
words, by transforming the short-time behavior in Eq.(3.1) into the predicted relationship between
t, and t; given in Eq.(3.13), I am essentially filtering out information which is specific only to the

adsorption kinetics mechanism.

Transforming the Experimental DST Data

The experimentally observed relationship between t; and ¢, can be obtained by: (i) plotting ¢
as a function of the measured DSB II(t), at the two conditions, C;, = C; and C, = C, (instead of
utilizing the traditional way of plotting the measured DST as a function of ¢), (ii) choosing arbitrary
values of II,, and (iii) finding the corresponding times at the two conditions of measurement. As
an illustration, in Figure 3-1, the short-time DSP data (¢ vs. II(¢)), calculated from the experimental
short-time DST data measured at two C}, values, are represented by the solid and the dotted lines,
where the solid line corresponds to Cj, = C; and the dotted line corresponds to Cj, = Cs. Figure
3-1 shows that it takes a longer time for the surface pressure to reach a specific value on the solid
line as compared to the time that it takes for the surface pressure to reach the same specific value
on the dotted line. In other words, the dotted line exhibits a higher rate of surfactant adsorption
as compared to the solid line. Considering that the driving force for adsorption increases as Cj
increases, the solid line corresponds to experimental DST data measured at a lower surfactant bulk

solution concentration, that is, C; < C,. The resulting ¢, vs. t; relationship for the illustrative
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experimental DST data shown in Figure 3-1 is presented in Figure 3-2 as the solid line. A 45

degree dotted straight line is drawn in Figure 3-2 to indicate that ¢, is always greater than t,, since

Ci1 < Cs.

10 T . T T

-----
......
.............
......
........
........

TI(t) (mN/m)

Figure 3-1: Illustration of the short-time DSP data measured at two surfactant bulk solution con-
centrations: C, = C; (solid line) and C, = Cs (dotted line).

10

t, (s)

Figure 3-2: The solid line is the ¢; vs. t, variation corresponding to the DST lines shown in Figure
3-1. The 45 degree dotted straight line indicates that ¢; is always greater than ¢,, since C; < C5 in
Figure 3-1.

Performing the ¢; vs. ¢, Regression
The parameters D and [ can now be obtained by regressing the predicted relationship be-

tween ¢; and ¢, given in Eq.(3.13) with the illustrative experimentally observed t; vs. ¢, relation-
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ship shown in Figure 3-2. This involves performing non-linear regression of an implicit equation
(Eq.(3.13)) in the two-parameter (D, ) space. Due to the scatter in the DST measurements (typ-
ically ~ 0.2 mN/m), it is likely that this regression could result in a large confidence region in
the (D, ) parameter space. In such cases, in order to obtain a tighter estimate of the D and 3
parameter values, ‘trimming’ of the confidence region obtained at the end of the ¢; vs. t; regression

needs to be performed as described next.

Trimming of the Confidence Region

Note that the parameters D and 3 completely define the kinetics aspect of the adsorption pro-
cess. From the known values of D and 3, the experimental DST data can, in fact, be used to obtain
equilibrium adsorption isotherm information, specifically, the surface Equation Of State (EOS) of
the surfactant. For any given combination of D and 3 values, Eq.(3.1) can be used to separately pre-
dict the time variation of the surface surfactant concentration, I'(t), at the two conditions, C, = C;
and C, = C,. Keeping in mind that, at any given time, I is related to II by a unique surface
EOS, one can use I'(¢) obtained from the theory, along with II(t) obtained from the experimentally
measured DST, to find the EOS: II = f(I'). Note that, in this manner, it is possible to obtain the
EOS separately by analyzing the DST data measured at C; and Cs, for every combination of D and
B values in the confidence region of the ¢; vs. t; regression. Recalling that any valid EOS should
reduce to the Ideal EOS (II = RTT) at small values of II, trimming of the (D, 3) confidence region
can be achieved by imposing the condition that the resulting EOS should tend to the Ideal EOS
(with a slope value equal to RT) at small values of II. The combination of D and 3 values that
results in a slope value that is closest to RT is then considered as the best-fit combination of D and
B values of the regression analysis.

Overall, the #; vs. t; regression, together with the EOS-based trimming of the confidence region,
should identify the combinations of D and 8 values that: (a) best fit the observed experimental
short-time DST behavior, and (b) result in an EOS which behaves ideally at small values of II. I
next analyze the regression results to determine the rate-limiting adsorption kinetics mechanism

(diffusion-controlled vs. mixed-controlled) and its dependence on the surfactant bulk solution

concentration.
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Analyzing the Regression Results

Theoretically, the adsorption kinetics of nonionic surfactants is purely diffusion-controlled only
when 3 = oco. Note that 3 is related to the velocity with which the surfactant molecules strike
the surface [15]. Consequently, in practice, 3 should have a finite value for any nonionic surfactant
molecule. With this in mind, the adsorption of any nonionic surfactant at any of its premicellar surfac-
tant bulk solution concentrations® should be mixed diffusion-barrier controlled. However, the relative
effect of the energy barrier vs. diffusion on the overall rate of surfactant adsorption does depend on
the surfactant bulk solution concentration* [20]. Specifically, the effect of the energy barrier on the
overall rate of surfactant adsorption becomes increasingly important as the surfactant bulk solution
concentration, Cj, increases . At lower Cp values, characterized by negligible effect of the energy
barrier on the overall rate of surfactant adsorption, the rate-limiting adsorption kinetics mechanism
is diffusion-controlled. In such cases, the relevant kinetics parameter is the surfactant bulk solution
diffusion coefficient, D. At higher C, values, characterized by a significant effect of the energy
barrier on the overall rate of surfactant adsorption, the rate-limiting adsorption kinetics mechanism
is mixed-controlled. In such cases, both D and 3 need to be specified to completely characterize
the kinetics aspect of the surfactant adsorption. Therefore, whenever the diffusion-controlled ad-
sorption model is found to satisfactorily explain the experimentally observed adsorption kinetics
behavior, it effectively implies that the C, values probed experimentally are not sufficiently high
to observe any significant effect of the energy barrier on the overall rate of surfactant adsorption
[20]. According to the results presented in Refs.[20] and [35], the effect of the energy barrier (e)

on the overall rate of surfactant adsorption can be neglected when:

Cpy < Ce= QII—‘;—O (3.14)

Specifically, the numerical solution of the mixed-controlled adsorption model presented in Refs.

3Note that I focus only on C, values below the Critical Micelle Concentration (CMC), since, when Cy, > CMC, the
surfactant molecules kinetically self-assemble in the aqueous bulk solution to form micelles, whose existence significantly
affects the dynamic adsorption behavior of the surfactant molecules [56-60]. Since the mixed-controlled model does
not account for the effect of the kinetics of micelle formation on the kinetics of surfactant adsorption, it is not applicable
when C, > CMC.

“Recently, Jin et al. [61] demonstrated theoretically that when ro is of the order of micrometers, then, the adsorption
process is mixed-controlled at all surfactant bulk solution concentrations. Since DST measurements typically involve ro
values which are of the order of millimeters or higher [62], the results of Ref.[61] are not applicable in the analysis of
typical experimental DST measurements.
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[20] and [35] indicates that the effect of the energy barrier can be neglected when C;, < 0.01C,.
Accordingly, the maximum (max) surfactant bulk solution concentration below which the rate-
controlling adsorption kinetics mechanism can be considered to be diffusion (d ) controlled, cr,

is given by:
_0.018T,

max
Ci D

(3.15)

With the observations above in mind, and considering that the Critical Micelle Concentration
(CMC) is the highest premicellar surfactant bulk solution concentration, I analyze the regression
results to determine if the CMC of the surfactant studied is sufficiently high to observe a significant
effect of the energy barrier. 1 accomplish this by first estimating CJ*#*, using the 8 and D values
deduced by the regression analysis, and subsequently, by comparing the estimated C'®* value with
the known CMC of the surfactant studied. Note that estimating C** using Eq.(3.15) requires
knowledge of I ,, which can be estimated from the known surfactant molecular structure following
the method described in Ref. [63]. Specifically, if a is the cross-sectional area of the surfactant
molecule, then I'y, can be estimated as 1/(alN4), where N, is Avogadro’s number. If q is the
surfactant polar head cross-sectional area, and a; is the surfactant hydrocarbon tail cross sectional
area, then a = ap when a;, > a;, and a = a; when ay, < a; [63]. Use of this molecular framework to
estimate I'y, is convenient, since it requires only knowledge of the surfactant molecular structure,
and does not make use of any experimentally measured inputs.

If the estimated value of C** > CMC, then I conclude that the rate-limiting adsorption
kinetics mechanism is diffusion-controlled at any premicellar Cy, value of the surfactant studied.
On the other hand, if the estimated value of C[** < CMC, then, I conclude that the rate-limiting
adsorption kinetics mechanism is diffusion-controlled for C;, < CJ**, and that it is mixed-controlled

for CMC > C, > CIa,

Testing the Regression Results

Since the new methodology uses only the experimental short-time DST data measured at two
Cy values, the regression results can be tested for internal consistency using the experimentally
observed DST data at other C, values. Specifically, short-time DST can be predicted at other C,
values using the regressed values of D and 8 and the EOS, and these predictions can be compared

with the experimentally observed DST behavior at these C}, values.
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Demonstrating the Reliability of the New Methodology

I demonstrate the reliability of the new methodology by: (i) artificially generating experimental
short-time DST data corresponding to specific values of D and 3 and a specific EOS, (ii) applying
the new methodology to the generated experimental DST data, including determining the D and
(3 values and the EOS, and (iii) comparing the D and £ values and the EOS, determined using the
new methodology in (ii), with those that were used to generate the DST data in (i). A detailed
description of: (a) the artificial generation of the experimental short-time DST data, and (b) the
various steps associated with implementing the new methodology to analyze the DST data, in-
cluding a description of the regression procedure used, are provided in Appendix 3.A. Based on the
results presented in Appendix 3.A, I find that the new methodology is able to reliably determine the
values of D and 3, as well as the EOS, using the short-time DST data measured at two surfactant

bulk solution concentrations as the only inputs.

3.3 Discussion

I utilize the new methodology presented in Section 3.2 to analyze the experimental DST data of
the following C;E; nonionic surfactants: Cia2E4, C12Fs, C12Es, and CioEg. Lin and co-workers
have conducted extensive DST measurements for these four surfactants using the pendant-bubble
apparatus at T = 298 K and have published their data, including an analysis using the existing
procedure, in the following references: (i) for CioE4 in Ref. [21], (ii) for C12Es in Ref. [23], (iii)
for Ci2Es in Ref. [26], and (iv) for C1oFs in Ref. [24]. The new methodology presented in Section
3.2 is used below to analyze the DST data published in the above references.

Recall that the effect of the energy barrier has been shown to be more pronounced at higher Cj
values [17, 20, 24, 26, 35, 64]. However, at extremely high C,, values, the DST may vary very fast,
which could limit the availability of reliable DST data at small II values. This is important to rec-
ognize, since the new methodology uses only the experimental short-time DST data corresponding
to small II values. With these observations in mind, the DST measured at sufficiently high surfac-
tant bulk solution concentrations, C; and C,, where reliable short-time DST measurements were
possible, were chosen for the regression analysis. Figures 3-3(a - d) show the experimental short-

time DSB TI(t), as a function of the square root of time, ¢, corresponding to the experimental DST
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Figure 3-3: Regression of the experimental short-time dynamic surface pressure, I1(t), as a function of the square root of time, t,
data usmg the new methodology for: (a) Cy2E,, (b) Cr2Es, (¢) C12Eg, and (d) CioFEs. In these figures, the dashed lines regress
tbe experlmental data corresponding to the open squares, and the solid lines regress the experimental data corresponding to the
filled circles. The surfactant bulk solution concentrations corresponding to the open squares and the filled circles, respectively, are:
(a) 1.5 x 107 mol/cm? and 2.0 x 10~ mol/cm3, (b) 1.0 x 10~ mol/cm? and 1.3 x 10-8 mol/cm3, (c) 0.6 x 10~8 mol/cm?i and
1.0 x 1078 mol/cm?, and (d) 1.0 x 10~8 mol/cm3 and 3.0 x 10-8 mol/cm3. :



data, for C12E4, C12Eg, C12Es, and CjoEs, respectively, used for the regression analysis. The open
squares and the filled circles in Figures 3-3(a - d) correspond, respectively, to the experimental DST
data measured at: (a) 1.5 x 10~ mol/cm?® and 2.0 x 108 mol/cm?, (b) 1.0 x 10~8 mol/cm? and
1.3 x 108 mol/cm3, (¢) 0.6 x 10~ mol/cm? and 1.0 x 10~ mol/cm?3, and (d) 1.0 x 10~8 mol/cm?
and 3.0 x 10~8 mol/cm3. A ry value of 0.1 cm [62] was used in the regression analysis. A detailed
account of the various steps associated with implementing the new methodology to analyze the
experimental DST data, including a description of the regression procedure used, is provided in
Appendix 3.A (Section 3.A.2). In Figures 3-3(a - d), the dashed lines regress the experimental data
corresponding to the open squares, and the solid lines regress the experimental data corresponding
to the filled circles. The R? values for all the regressed lines were found to between 0.95 and 0.99,
indicating good fits.

Note that the short-time DST data used for the regression needs to satisfy the conditions set by
Eq.(3.4), since the ranges of ¢ and I" values specified by Eq.(3.4) defines the range of applicability
of Eq.(3.13). In Eq.(3.4), since the evaluation of t* requires knowledge of h, which depends on the
equilibrium adsorption isotherm, it is not possible to estimate ¢* accurately for these surfactants.
Nevertheless, it is possible to estimate lower bound values for t* without using any equilibrium
adsorption isotherm model. On the other hand, Eq.(3.4) also shows that I'™* depends on T,
which can be estimated from the known molecular structure of the surfactant [63]. Appendix
3.B discusses the evaluation of I'* and of the lower bound values of ¢* for the four C;E; nonionic
surfactants considered. Results presented in Appendix 3.B indicate that the DST data used for the
regression satisfy the conditions specified in Eq.(3.4).

In the remainder of this section, I present the results of the regression analysis (Section 3.3.1),

and compare my results with the results obtained using the existing procedure (Section 3.3.2).

3.3.1 Results of the Regression Analysis

The best-fit combinations of D and 3 values, as well as the 90% confidence regions obtained at
the end of the EOS-based trimming, for C12E4, C12FEs, C12Es, and CioEg, are shown in Figures
3-4(a - d), respectively. In the case of Ci2E4 and C12Fp shown in Figures 3-4(a) and 3-4(b),

respectively, all the points on the dark horizontal lines correspond to the best-fit combinations of
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Figure 3-4: Regression results for: (a) C12Ey4, (b) C12Fs, (¢) Ci2Es, and (d) CyoFs. The best-fit combinations of D and 0 values
are indicated by the dark horizontal lines in Figures 3-4(a) and 3-4(b), and by the filled circles in Figures 3-4(c) and 3-4(d). The
grey regions in the four figures indicate the 90% confidence regions. The units of 3 are cm/s.



D and g values. On the other hand, in the case of C13Eg and CjEg, unique best-fit combinations
of D and S values were identified, and are shown in Figures 3-4(c) and 3-4(d) as the filled circles.
In the four figures, the grey regions indicate the 90% confidence regions obtained at the end of the
EOS-based trimming. Figures 3-5(a) and 3-5(b) show the surface equation of state obtained for the
four nonionic surfactants. In this section, I discuss the results of the regression analysis in terms of:
(i) the rate-limiting adsorption kinetics mechanism, (ii) the regressed values of D and 3, and (jii)
the surface EOS. Following this, I test the results for internal consistency.
Rate-Limiting Adsorption Kinetics Mechanism

For each of the four C;E; nonionic surfactants studied, I first determine the rate-limiting ad-
sorption Kkinetics mechanism at the surfactant bulk solution concentrations used in the regression
analysis, and then predict the mechanism at other premicellar surfactant bulk solution concentra-

tions.

Results for C12E4 and C12E¢

Note that the regression results for C1oF; and Ci2Es, shown in Figures 3-4(a) and 3-4(b),
respectively, while indicating a very narrow range for the D values, allow orders of magnitude
variability in the 3 values. Specifically, note that the best-fit combinations (indicated by the dark
horizontal lines), as well as the confidence regions (indicated by the grey regions), both allow 3 to
vary by orders of magnitude. The confidence regions in Figures 3-4(a) and 3-4(b) also reveal the
existence of a lower () bound for the value of 3 (denoted by §;). For example, in Figure 3-4(b),
B, ~ 10713 em/s = 0.05 cm/s for C12Fs. The large variability in the 8 values in both the best-
fit combinations, as well as in the confidence regions, observed in the case of C12E4 and CiyFs,
indicates that 3 is not as critical as D in determining the short-time DST behavior of these two
surfactants over the range of Cj, values used in the regression analysis. This finding indicates that
the rate-limiting adsorption kinetics mechanism is diffusion-controlled for C12E,4 and Ci2E¢ at the

Cp values used in the regression analysis.

Results for Cj2Es and CyoEg
In contrast to Cj3FE, and Ci2Eg, Figures 3-4(c) and 3-4(d) show that for C12Eg and CyoFs,
the regression identifies unique combinations of best-fit D and J values (indicated by the filled

circles), and specifies associated confidence regions that are bounded in both the D and the 8
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values (indicated by the grey regions). This implies that the regression, and therefore, the short-
time DST behavior, are sensitive to the specific values of both D and 3 for these two surfactants.
This indicates that the adsorption of C;2Eg and CjoEs is mixed-controlled at the C, values used in

the regression analysis.

Rate-Limiting Adsorption Kinetics Mechanism at Other C, Values

In order to determine the rate-limiting adsorption kinetics mechanism at other surfactant bulk
solution concentrations of interest, I first estimate the maximum surfactant bulk solution concentra-
tion below which the rate-limiting adsorption kinetics mechanism can be considered to be diffusion-
controlled, C**, using Eq.(3.15), for each of the four C;F; nonionic surfactants studied, and then
compare the estimated C*** values with the respective CMC values of these surfactants.

Note that the estimation of the C7'** values using Eq.(3.15) requires estimating ', D, and
B, for each of the four C;E; nonionic surfactants studied. Regarding I, following the procedure
described in Ref.[63], I'x = 1/(anNa), since, for C;E; nonionic surfactant molecules, the polar
(E;) groups are typically bulkier as compared to the hydrocarbon (C;) tails (that is, a, > a;) [63].
For the C;E; nonionic surfactant polar (E;) heads considered here, the following correlation has
been developed [63]:

nj

() = ano () (3.16)

where ay, is the head cross-sectional area in A2, n; denotes the number of ethylene oxide units in the
E; head, apo = 36.3 A? denotes the cross-sectional area of a hexa(ethylene oxide) head (n; = 6),
and z = 0.5 [63, 65-67] models the scaling of the head cross-sectional area with n;. Regarding
D, the best-fit D values identified by the regression analysis are used as estimates for the four
nonionic surfactants studied. Regarding 3, considering that the confidence regions of C12E4 and
C12Eg specify only the lower bounds for 3, for consistency, I use the lower bound (3, values identified
by the regression analysis as estimates for the 3 values for all the four nonionic surfactants studied.
Using the estimated values of T'w, and D, along with the lower bound 3, values in Eq.(3.15), one
can estimate the lower bound for the CjP** values for the four C;F; nonionic surfactants studied.
Table 3.1 summarizes the results of the estimations in terms of: (i) the values of ', estimated
using Eq.(3.16), (ii) the values of D and §; obtained from Figures 3-4(a-d), (iii) the lower bound

values of C7®* estimated using Eq.(3.15), and (iv) the experimentally reported CMC values from
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Table 3.1: For the four C;E; nonionic surfactants studied, the table lists: (i) the values of '
estimated using Eq.(3.16), (ii) the values of D and 3; obtained from Figures 3-4(a-d), (iii) the
lower bound values of Ci** estimated using Eq.(3.15), and (iv) the reported experimental CMC
values from Ref.[36].

Ci:E; ' x 109 | Dx10% | 8x 102 | Lower Bound CMC
Nonionic | (mol/cm?) | (cm2/s) | (cm/s) of C2* (mol/cm3)
Surfactant (mol/cm3)

Ci2E,4 5.60 3.9 11.2 1.6x10~7 | 6.4x1078

C12F 457 3.8 5.6 6.8x10°% | 89x10°8

Ci2E3 3.96 4.3 0.5 48x107° |1.0x1077

C1oEs 3.96 3.6 1.4 1.5x10°% | 1.0x10°6

Ref.[36]. Comparing the estimated lower bound values of C** with the corresponding CMC
values, I have reached the following conclusions regarding the rate-limiting adsorption kinetics

mechanism of the four C; E; nonionic surfactants studied:

For C12E,: Since the estimated lower bound of C** > CMC, it follows that the rate-limiting

adsorption kinetics mechanism of Cy3E is diffusion-controlled at all premicellar C;, values.

For C12E¢: Note that while the estimated lower bound of CJ** < CMC, it is of the same order of
magnitude as the CMC. Based on the estimated lower bound of C*®*, it follows that the rate-
limiting adsorption kinetics mechanism of C12Fs is diffusion-controlled when Cp < 6.8 x 10-8
mol/cm3. In the remaining very narrow range of relevant C, values, 8.9 x 108 mol/cm?® >
C, > 6.8 x 10~8 mol/cm3, it is possible that the energy barrier may begin to affect the
overall rate of C;2Eg adsorption. However, because 6.8 x 10~8 mol/cm3 corresponds to the
estimated lower bound of CF**, and because this estimate is of the same order of magnitude
as the CMC, 1 speculate that it is reasonable to consider the rate-limiting adsorption kinetics
mechanism of C1,Es to be diffusion-controlled even when 8.9 x 10~8 mol/cm?® > Cj > 6.8
x 10~8 mol/cm3. With this in mind, I conclude that the rate-limiting adsorption kinetics

mechanism of Cy2Eg is diffusion-controlled at all premicellar Cj, values.
For C15Es: Since the estimated lower bound of CJ#* is about two orders of magnitude lower
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than the CMC, I conclude that the rate-limiting adsorption kinetics mechanism of C;5Es is
diffusion-controlled when Cy, < 4.8 x 10~° mol/cm3, and that it is mixed-controlled when 1.0 x
10~7 mol/cm3 > Cp >4.8 x 10~ mol/cm3. Note that the above conclusion is consistent with
the observed unique best-fit combination of D and g values when the DST data measured at
the C, values of 1 x 1078 mol/cm? and 0.6 x 1078 mol/cm?® was used in the regression anal-
ysis. Since the two C, values used in the regression analysis are greater than the estimated
lower bound value of CJ*** = 4.8 x 10~ mol/cm3, it is reasonable that the regression analysis
detected the existence of the effect of the energy barrier, and identified a unique best-fit 3

value.

For CoEg: Since the estimated lower bound of C®* is about two orders of magnitude lower
than the CMC, I conclude that the rate-limiting adsorption kinetics mechanism of C,¢FEs is
diffusion-controlled when Cj, < 1.5 x 10~8 mol/cm3, and that it is mixed-controlled when 1.0 x
106 mol/cm3 > C}, > 1.5 x 10~8 mol/cm3. Note that the above conclusion is consistent with
the observed unique best-fit combination of D and 3 values when the DST data measured
at the Cj, values of 1 x 10~ mol/cm3 and 3.0 x 10~8 mol/cm? was used in the regression
analysis. Since at least one of the two C}, values used in the regression analysis (3.0 x 10~8
mol/cm?) was greater than the estimated lower bound value of C** = 1.5 x 10~8 mol/cm3,
it is reasonable that the regression analysis detected the existence of the effect of the energy

barrier, and identified a unique best-fit 3 value.

The Regressed D and 3 Values

(i) D Values: The regressed diffusion coefficient values for the four C;E; nonionic surfactants
studied, along with their 90% confidence intervals which were calculated based on the confidence
regions in Figures 3-4(a-d), are summarized in Table 3.2. Note that in Table 3.2, the uncertainties
in the regressed D values are between 0.6 x 10~® cm?/s and 1.6 x 10~6 cm?/s. Considering that an
accuracy in the diffusion coefficient to within +1 x 10~® cm?/s has been sufficient to predict the
adsorption kinetics behavior of nonionic surfactants [21, 22, 25, 68, 69], it follows that the new
methodology is able to determine the best-fit D values within an acceptable degree of accuracy.
Note that the diffusion coefficient of C12Fs reported in Table 3.2 (about 4.3 x 10~¢ cm?2/s) is

consistent with the value of about 5 x 107% cm?/s at 306 K reported in Ref.[70]. The D values
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Table 3.2: Regressed values of the kinetics parameters, D and 3, obtained using the new method-
ology to study the experimental DST behavior of the four C;E; nonionic surfactants studied, and
comparison with the values obtained using the existing procedure. Dy ¢ denotes the diffusion co-
efficient predicted using the Wilke-Chang correlation. Superscripts in the results using the existing

procedure refer to the following references: a. Ref.[21], b. Ref. [23], c. Ref. [26], and d. Ref.
[68].

CiE; Results using the Correlation | Results using the
Nonionic New Methodology Results Exiting Procedure
Surfactant | D x 10° log(3) Dy x10° | Dx 10° log(3)
(cm?/s) | Bin (cm/s) (cm?2/s) (cm?/s) | Bin (cm/s)

CpEy |39+06| >-095 3.77 6.4° NA
Ci2Es |3.84+06| >-1.25 3.37 7.3b -2.7°
CioEs | 43+1.6| -240.50 3.07 7.3¢ -2.7¢
CioEs |3.6+1.5]-1.63+0.35 3.18 6.5¢ -2.64

corresponding to the other three C; E; nonionic surfactants have not been measured experimentally,
and therefore, a direct validation of the regressed D values is not possible. In view of this, I
compare the regressed D values with D values obtained using correlations, as well as with D values
measured for related solutes. Diffusion coefficient values can be estimated using the Wilke-Chang

(WC) Correlation given below [71]:

-8 T\/oMp

D =74x1
wc 74X UBVS'G

(3.17)

where Dy is the predicted diffusion coefficient in cm?/s, Mp is the molecular weight of solvent
B (water, in this case) in g/mol, T is the absolute temperature in K, 7p is the viscosity of solvent
B in cB V, is the solute molal volume at the normal boiling temperature in cm?/g-mol, and ¢ is
the dimensionless association factor of solvent B. For water, ¢ = 2.6. For the four C;E; nonionic
surfactants studied, the V4 values were estimated using the La Bas’s group-contribution method,
which has been demonstrated to predict V4 for different solutes with an accuracy of 3% [72],
and are equal to: V4(C12E4) = 528.6 , V4(Ci2Es) = 639.4, V4(C12Es) = 750.2, and V4(C1oFE3)

= 705.8 (all in units of cm3/g-mol). Using Mp = 18 g/mol for the molecular weight of water,
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T = 298 K, and g = 0.89 cB Eq.(3.17) was used to predict the diffusion coefficient values for the
four C;E; nonionic surfactants studied, and the predicted Dy ¢ values are reported in Table 3.2.
Considering that the Wilke-Chang correlation has been shown to be accurate to within about 10
to 15% [72], the regressed D values obtained using the new methodology are in good agreement
with the correlation results. Moreover, Schonhoff and Sodermann have measured the diffusion
coefficient of C12 E5 using NMR, and obtained a value of D = 3.9 x 10~6 ecm?/s [73], which is again

in close agreement with the D values regressed for the four C; E; nonionic surfactants studied.

(ii) B Values: Since the regression analysis of C12F; and C12Eg did not result in a unique best-fit
value of 3, shown by the dark horizontal lines in Figures 3-4(a-b), respectively, I am not able to
assign specific values of 3 to these two surfactants. I could only estimate the lower bound 3; values
for these surfactants based on the confidence regions in Figures 3-4(a-b), and these values are
listed in Table 3.2. Fortunately, this does not limit the utility of the new methodology, since, based
on the regression results, I concluded that: (i) the rate-limiting adsorption kinetics mechanism of
C12E4 is diffusion-controlled at all its premicellar surfactant bulk solution concentrations, and (ii)
the rate-limiting adsorption kinetics mechanism of Cy3FEg is diffusion-controlled until a C, value
close to its CMC. These conclusions imply that 3 is not a relevant kinetics parameter for C12E4, and
that the relevance of 3 is less important for C12Es. In the cases of Cy15Eg and CyoEs, the regression
analysis identified unique best-fit values of 3, as shown by the filled circles in Figures 3-4(c-d), and
these values are listed in Table 3.2. The uncertainties in the 3 values for C;2Eg and CoFEg reported
in Table 3.2, are calculated based on the 90% confidence regions in Figures 3-4(c-d), respectively.
Specifically, Figure 3-4(c) identifies that the 3 value of C;,Ej is in the range of 107228 cm/s = 0.5
x 1072 cm/s and 1071 cm/s = 5.1 x 10~2 em/s, and Figure 3-4(d) identifies that the 8 value of
C1oFE3 is in the range of 1071%6 ¢cm/s = 1.4 x 10~2 cm/s and 10116 cm/s = 6.9 x 1072 cm/s.
Note that the lower bound 3, value of C12E4 = 107%% cm/s = 11.2 x 10~2 cm/s is higher than
the upper bound j3 value of Cj3Eg = 5.1 x 102 cm/s. Accordingly, it follows that 3 decreases as the
size of the surfactant E; head group increases for the same C}5 hydrocarbon tail. On the other hand,
since the 90% confidence regions of C12Es and CyoEg overlap, it is not possible to determine how

f3 varies with the length of the C; hydrocarbon tail for the same surfactant Eg head group.
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The Equation of State

In Figure 3-5(a), I plot the surface Equation Of State (EOS) (II vs. I'), determined using the
new methodology, for C12E4, C12Es, and Cj3Eg. Note that these three nonionic surfactants have
the same hydrocarbon tail (C;3), but have different poly (ethylene oxide) heads (E4, Eg, and Eg).
In Figure 3-5(b), I plot the EOS, determined using the new methodology, for C1oEg and CiaE3.
Note that these two nonionic surfactants have the same poly (ethylene oxide) head (E3), but have
different hydrocarbon tails (C;¢ and C2). The ideal EOS is also plotted in Figures 3-5(a) and 3-5(b)
as the dotted lines. Obtaining reliable experimental EOS data for small values of II has been difficult
due to the presence of trace impurities, and due to the long equilibration times associated with the
measurements, as well as due to significant surfactant depletion effects involving the reduction of
the surfactant bulk solution concentrations due to the adsorption process[37]. Surface expansion
measurements have been used in Refs. [21, 23, 24, 26] to obtain EOS data for several C;E;

nonionic surfactants. These measurements relate II to I'/T" ¢, Where I, is an unknown constant

ref>
value. In Ref. [62], Lin et al. suggested applying the Gibbs adsorption equation to the experimental
equilibrium surface tension vs. Cj data to evaluate I' ., and reported the resulting EOS (Il vs. I')
for several C;E; nonionic surfactants. In Figures 3-5(a) and 3-5(b), I also compare the reported
EOS for Ci2E4 and CyoFEg [62] with the EOS determined using the new methodology. The open
squares in Figure 3-5(a) correspond to the experimental EOS data for C12E4 [62], and the open
circles in Figure 3-5(b) correspond to the experimental EOS data for CyoEg [62]. A comparison
of the predicted EOS profiles for Cj5Eg and CjoEs was not possible due to the absence of reliable
EOS data for the small II values involved. Figures 3-5(a) and 3-5(b) show that the equations of
state of C1oE, and C;oFEjg obtained using the new methodology are both consistent with the results

of the surface expansion measurements reported in Ref.[62]. In addition, I carried out additional

qualitative validation of the EOS predicted using the new methodology. Specifically,

(i) As shown in Figures 3-5(a) and 3-5(b), the predicted EOS of the four C;E; nonionic surfactants
studied exhibit positive deviations from the ideal behavior. This indicates that net repulsive in-
teractions operate between the adsorbed C; E; surfactant molecules. This finding is consistent

with those reported in Refs.[62, 63].
(ii) Figure 3-5(a) reveals that C;2F3 exhibits the strongest nonideal behavior, followed by C12FEg,
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Figure 3-5: Comparison of the surface equation of state (EOS) obtained for C3E4, C12Eg, C12F3,
and CyoEg using the new methodology with the experimental data obtained from surface expansion
measurements for C19E; and CygFg. Figure 3-5(a) compares the EOS of the three surfactants
having the same tail (C;2) and shows the experimental EOS data for C12E, as the open squares.
Figure 3-5(b) compares the EOS of the two surfactants having the same poly (ethylene oxide) heads
(E3s), and shows the experimental EOS data for CyFg as the open circles. The dotted lines in both
figures correspond to the ideal EOS.
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and then by C12F;. In addition, Figure 3-5(b) reveals that CioFg exhibits a stronger non-
ideal behavior than Ci3Fg. The findings in Figures 3-5(a) and 3-5(b) are consistent with
the expected trends based on the nature of the interactions between the adsorbed C;E; non-
ionic surfactant molecules. Specifically, consider the molecular-based framework to model the
equilibrium adsorption isotherm behavior of the adsorbed C; Ej nonionic surfactant molecules
presented in Ref. [63] . According to this theoretical framework, the interactions between
the surfactant C; hydrocarbon tails are modeled in terms of attractive van der Waals interac-
tions, and the interactions between the surfactant E; heads are modeled in terms of repulsive
hard-disc interactions. In this description, as the size of the E; head increases, for a given C;
tail, the repulsive interactions between the C;E; surfactant molecules become stronger. As a
result, this leads to larger deviations from the ideal behavior, consistent with the results in
Figure 3-5(a). On the other hand, as the length (¢) of the C; tail increases, for a given E;
head, the attractive interactions between the C;E; surfactant molecules become stronger. As
a result, this leads to smaller deviations from the ideal behavior, consistent with the results in

Figure 3-5(b).

Testing the Validity of the New Methodology

Since the new methodology requires only experimental short-time DST data measured at two
initial surfactant bulk solution concentrations, one can test its validity by predicting the DST at
other initial surfactant bulk solution concentrations, and subsequently, by comparing these predic-
tions with the corresponding experimentally measured DST data. For each C; E; nonionic surfactant
studied, Eq.(3.1) was used to predict ['(¢) at different Cj, values using the regressed best-fit D and
( values reported in Table 3.2. Since I concluded that the rate-limiting adsorption kinetics mech-
anisms for Cy2F, and Cy2Eg are diffusion-controlled, th 3 values for these surfactants were set to
0o. Subsequently, the DST was predicted using the predicted I'(t) in conjunction with the predicted
EOS (II vs. T") shown in Figures 3-5(a) and 3-5(b). In Figures 3-6(a-d), I compare the predicted
TI(¢t) vs. /% with the experimentally observed DST behavior for: (a) C12E4, (b) C12Es, (¢) Cr2Es,
and (d) CyoEs. In these figures, the dashed lines are the predicted behaviors corresponding to the
experimental data represented by the open squares, and the solid lines are the predicted behaviors

corresponding to the experimental data represented by the filled circles. The surfactant bulk solu-
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Figure 3-6: Comparison of the predicted dynamic surface pressure, I1(¢), as a function of the square root of time, ¢, using the new
methodology with the experimentally observed DST behavior for: (a) C12E4, (b) C12Es, (¢) C12FEs, and (d) CioFEs. In these figures,
the dashed lines show the predicted behaviors corresponding to the experimental data represented by the open squares, and the
solid lines show the predicted behaviors corresponding to the experimental data represented by the filled circles. The surfactant
bulk solution concentrations corresponding to the open squares and the filled circles, respectively, are: (a) 0.6 x 10~ mol/cm? and

1.0 x 10~® mol/cm3, (b) 3.0 x 108 mol/cm3 and 4.0 x 10~ mol/cm3, (¢) 0.4 x 10~ mol/cm? and 0.73 x 108 mol/cm3, and (d)
0.4 x 1078 mol/cm? and 0.6 x 10~% mol/cm?.



tion concentrations corresponding to the open squares and the filled circles, respectively, are: (a)
0.6 x 10~® mol/cm3 and 1.0 x 108 mol/cm3, (b) 3.0 x 10~8 mol/cm3 and 4.0 x 108 mol/cm?,
(c) 0.4 x 10~8 mol/cm? and 0.73 x 10~8 mol/cm?, and (d) 0.4 x 108 mol/cm?3 and 0.6 x 10~
mol/cm?3. Figures 3-6(a-d) show that the predictions agree well with the experimentally observed
DST behaviors for the four C;E; surfactants studied at the concentrations studied. Accordingly,

Figures 3-6(a-d) serve to validate the results of the new methodology.

3.3.2 Comparison of the New Methodology with the Existing Procedure

In Table 3.2, I summarize the values of D and 3, obtained using the existing procedure to analyze
the same set of experimental DST data used in this chapter for the four C;E; nonionic surfactants
studied. Note that the results obtained by implementing the existing procedure reported in Table
3.2 correspond to the Generalized Frumkin adsorption isotherm model for the four C;E; nonionic
surfactants studied.

Several differences can be observed between the results obtained using the new methodology
and those obtained using the existing procedure. The D values regressed using the existing pro-
cedure are consistently higher than the D values regressed using the new methodology for the
four C;E; surfactants studied. Also, the § values of C12Es and CioEs regressed using the exist-
ing procedure are about an order of magnitude lower than the 3 values regressed using the new
methodology.

The differences in the D values obtained using the two methods may be associated with the use
of a specific model for the equilibrium adsorption isotherm by the existing procedure. Consider, for
example, the case of C12Es [26]. Use of the Langmuir adsorption isotherm predicts a D value of
21 x 10~8 cm2/s, use of the Frumkin adsorption isotherm predicts a D value of 11 x 106 cm?/s,
and use of the Generalized Frumkin adsorption isotherm predicts a D value of 8 x 10~5 cm?/s. The
observed trend of obtaining a reduced value of D as the equilibrium adsorption isotherm model
becomes increasingly refined has been observed for almost all the C;E; surfactants studied [62].
Therefore, the higher values of D obtained using the existing procedure may be related to the use
of a specific model for the equilibrium adsorption isotherm in the existing procedure.

The differences in the 3 values obtained using the two methods may be associated with the
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higher estimates of D obtained using the existing procedure. Note that a higher value of D implies
a faster adsorption. Therefore, in order to fit the predicted DST with the experimentally observed
DST, the regression algorithm may have reduced the values of 3 in order to slow down the overall

rate of surfactant adsorption to compensate for the higher values of D used.

In order to quantitatively assess the reliability of the two methods, I next compare the two methods
with respect to their predictive capabilities. For this purpose, consider, the case of C12Fg: the new
methodology predicts that the rate-limiting adsorption kinetics mechanism of Cj3FEg is diffusion-
controlled until a Cp, value of at least 5.2 x 10~8 mol/cm?® (close to its CMC), and does not provide
a specific value for 3, while the existing procedure predicts that the effect of the energy barrier is
significant for C, > 3 x 10~2 mol/cm? [23], and provides a specific value for 8 shown in Table 3.2.
In Figures 3-7(a-c), I compare the predictions of the two methods with the experimental short-time
DST data measured at three C}, values: (a) Cj, = 1.3 x 1078 mol/cm3, (b) C, = 3.0 x 108 mol/cm3,
and (¢) Cp = 4.0 x 10~8 mol/cm3. In these figures, the predictions based on the new methodology
correspond to the solid lines, the predictions based on the existing procedure correspond to the
dashed lines, and the filled circles correspond to the experimental data points. Note that all the
three C}, values considered are less than 5.2 x 10~® mol/cm3. Figures 3-7(a-c) clearly show that at
the three Cj, values studied, the predictions based on the new methodology compare much more
favorably with the experimental short-time DST data than those based on the existing procedure. In
other words, the observed experimental short-time DST behavior can be explained more adequately
based on a diffusion-controlled adsorption model, as predicted by the new methodology, than based
on the reported mixed-controlled adsorption model, as predicted by the existing procedure. This
example clearly shows that assuming a specific model for the equilibrium adsorption isotherm can
lead not only to different values of the kinetics parameters, D and 3, but that it can also result in a
completely different determination of the underlying rate-limiting adsorption kinetics mechanism.
Note that this finding is also in agreement with the observed high sensitivity of the regression
analysis results to the specific model used to describe the equilibrium adsorption isotherm in the
existing procedure [31, 32]. Since the new methodology does not use a model for the equilibrium
adsorption isotherm, it should provide a more reliable computational framework to determine the

rate-limiting adsorption kinetics mechanism, and the associated kinetics parameters, D and §.
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Figure 3-7: Comparison of the results obtained using the new methodology and those obtained using the existing procedure with
the dynamic surface pressure, I1(t), of C12Fg as a function of the square root of time, ¢, measured at three conditions: (a) C, =
1.3 x 10~® mol/cm?, (b) C, = 3.0 x 108 mol/cm3, and (¢) C = 4.0 x 10~8 mol/cm®. In these figures, the solid lines correspond
to predictions based on the new methodology, the dashed lines correspond to predictions based on the existing procedure, and the
filled circles correspond to the experimental data points.
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3.4 Conclusions _~

In the absence of a fundamental physical understanding of the energy barrier for the adsorp-
tion of surfactant molecules from the sub-surface onto the surface, reliable determination of the
rate-limiting adsorption kinetics mechanism (diffusion-controlled vs. mixed diffusion-barrier con-
trolled), including extracting reliable values of the kinetics parameters (namely, D, the diffusion
coefficient of the surfactant molecule, and S, the energy barrier parameter), for various surfactant
systems, is of great fundamental and practical value. Although the rate-limiting adsorption kinetics
mechanism, and the values of the kinetics parameters, D and 3, should not depend on the equi-
librium adsorption isotherm behavior of the surfactant, the existing procedure of extracting this
information from the experimentally measured DST data uses a model for the equilibrium adsorp-
tion isotherm, and it has been shown that the results obtained are quite sensitive to the specific
choice of the model for the equilibrium adsorption isotherm[31-34].

In this chapter, I presented a new methodology to determine the rate-limiting adsorption ki-
netics mechanism, including determining the values of the kinetics parameters, D and 3, from
the experimental DST data, that does not use a model for the equilibrium adsorption isotherm.
In addition, the new methodology has the following advantages over the existing procedure used
to analyze the experimental DST data: (i) it requires as input only the experimental short-time
DST data measured at two initial surfactant bulk solution concentrations, and (ii) the results of
applying the new methodology can be tested independently for internal consistency. 1 applied the
new methodology to analyze the experimental short-time DST data of the following C; E; nonionic
surfactants: CioEy4, C12Fg, C12Fs, and CigEg. 1 found that the rate-limiting adsorption kinetics
mechanism of C12E4 and Ci2Es is diffusion-controlled at any of their respective premicellar sur-
factant bulk solution concentrations. On the other hand, for C;2FEg and CyoEs, I found that their
respective CMC values are large enough to begin to observe a significant effect of the energy barrier
on the overall rate of surfactant adsorption. Accordingly, I concluded that, for C;5Es and C;oEjg, the
rate-limiting adsorption kinetics mechanism shifts from diffusion-controlled to mixed-controlled as
the premicellar surfactant bulk solution concentration increases.

I determined the relevant kinetics parameter values for the four C;E; nonionic surfactants stud-

ied. Results of applying the new methodology for C12E; (j = 4,6, and 8) nonionic surfactants
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indicated that the 3 value decreases as the size of the surfactant polar head group (E;) increases.
On the other hand, based on the results of applying the new methodology for C19Fg and Ci2Es,
no conclusion could be reached on the specific dependence of 3 on the length of the surfactant
hydrocarbon tail (C;). Note that the observed dependence of 3 on the size of the surfactant polar
head group (E;) is based on analyzing the behavior of a few C; E; nonionic surfactants. Therefore,
in order to develop a complete understanding of the dependence of 5 on the surfactant polar head
groups and on the hydrocarbon tail groups, 3 values need to be determined for different classes of
nonionic surfactants, including n-alcohols and n-phosphine oxide surfactants. A fundamental un-
derstanding of the dependence of 5 on the nonionic surfactant head and tail groups could provide
valuable insights on the nature of the energy barrier. In this regard, the new methodology pre-
sented in this chapter can be useful for extracting reliable § values for various nonionic surfactant
systems from the experimental DST data.

I tested the new methodology by predicting the short-time DST profiles at other initial surfactant
bulk solution concentrations, and subsequently, by comparing the predicted DST profiles with those
measured experimentally using the pendant-bubble apparatus. Very good agreement was obtained
for the four C;E; nonionic surfactants studied. I also compared the results of implementing the
new methodology with those of implementing the existing procedure, and concluded that using a
model for the equilibrium adsorption isotherm can lead not only to different values of D and 3,
but it can also lead to a completely different determination of the rate-limiting adsorption kinetics
mechanism. Since the new methodology proposed here does not require using a model for the
equilibrium adsorption isotherm, I concluded that it should provide a more reliable determination
of the rate-limiting adsorption kinetics mechanism, including the deduced kinetics parameters, D
and 8.

In Chapter 4, I analyze the experimental pendant-bubble DST data of C12E, and C12E¢ corre-
sponding to the entire relaxation process, and demonstrate that these nonionic surfactants appear
to adsorb at a rate which is faster than that predicted by the diffusion-controlled model, specifically
when t > 100 — 200 s. I hypothesize the onset of natural convection in order to rationalize the

apparent faster rate of adsorption.
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Appendix 3.A: Reliability of the New Methodology

In this Appendix, I demonstrate the reliability of the new methodology by: (i) artificially gen-
erating experimental short-time DST data corresponding to specific values of D and 8 and to a
specific EOS (Section 3.A.1), (ii) applying the new methodology to the artificially generated data
(Section 3.A.2), and (iii) comparing the results ( the D and 3 values and the EOS) obtained us-
ing the new methodology with those that were used to artificially generate the DST data (Section
3.A.2).

3.A.1 Generation of the Artificial Experimental Short-Time DST Data

To artificially generate the experimental short-time DST data, consider the mixed-controlled ad-
sorption of a nonionic surfactant characterized by ‘representative’ values of D = 4 x 107 cm?/s
and B = 1 x 1072 cm/s. Let the surface EOS of the nonionic surfactant satisfy the Generalized
Frumkin EOS:

Kna™t! r

== (3A1)

IIT'") = —-TRT |log(1 — z) — T | T
o+

where K = 3.0,n = 1.0, and I's, = 6.0 x 1071° mol/cm?. Note that these EOS parameter values are
chosen such that the resulting EOS displays nonideal behavior for small values of II (~ 6 mN/m).
For the chosen values of 8, D, and I',, the maximum surfactant concentration below which the
overall adsorption kinetics can be considered to be diffusion-controlled, CF#*, can be evaluated
using Eq.(3.15) to be 1.5 x 108 mol/cm®. With this value of C** in mind, I choose the two
surfactant bulk solution concentrations at which the DST data is generated artificially to be C; = 1
x 1078 mol/em?® and C; = 3 x 10~8 mol/cm3, such that : (a) one of the surfactant bulk solution
concentration values (C, = C;) is smaller than C,‘fmx, while the other (C, = C5) is larger than
C;‘,‘m, and (b) the surfactant bulk solution concentration that is larger than C,‘fm (Cy = C3) is not
much larger than CZ,,. These two considerations ensure that there is a non-negligible effect of the
energy barrier in at least one of the Cj, values chosen in the regression analysis, but that this effect
is not pronounced. These conditions were chosen to test if the new methodology can detect the
effect of the energy barrier, and if it can provide a reasonable estimate of the 3 value, even when

the effect of the energy barrier is not as pronounced.
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First, with the D and g values selected above, and with o = 0.1 cm, short-time dynamic sur-
factant surface concentrations profiles, I'(t)’s, are generated at the chosen values of C; and Cs
using Eq.(3.1). Subsequently, the generated I'(t) profiles are used in conjunction with Eq.(3.A.1)
to generate the short-time DST profiles at C; and C,. Since the measurement of DST typically
involves measuring the surface tension at specific time ¢ values, short-time DST values are obtained
for specific ¢ values from the generated short-time DST profiles. The values of ¢ used to generate
the experimental DST data are obtained by generating random numbers satisfying a uniform distri-
bution in the range O - 40 s. This range of ¢ values is chosen such that the DST decreases to about
at least 6 mN/m at the surfactant bulk solution concentrations considered. In order to generate
a realistic representation of the actual experimental DST data, random errors were introduced in
the generated DST values. For this purpose, random numbers were generated that satisfy a normal
distribution with a mean value of 0, and a standard deviation value of 0.1. A value of 0.1 was
chosen since the typical error associated with the DST measurements using the pendant-bubble
apparatus has been reported to be about 0.1 mN/m [74]. The artificially generated experimental
short-time DST data is shown in Figure 3-8, where the short-time dynamic surface pressure, II(t),
is plotted in the x-axis and time ¢ is plotted in the y-axis. The open squares correspond to C; = 1x
10~8 mol/cm3, and the filled circles correspond to C; = 3 x 10~8 mol/cm3. For a discussion of the

various lines in Figure 3-8, see Section 3.A.2.

3.A.2 Regression Methodology

The following steps are involved in implementing the new methodology to analyze the artificially

generated experimental DST data:

Step 1: Approximating the Experimental DST Data

Recall that, by definition, ¢; and ¢, correspond to the two times at which the dynamic surface
pressure, II, attains the same value. Also, recall that in a typical pendant-bubble experiment,
the surface tension is measured at specific time values. Therefore, it is rare to find exactly the
same value of the surface pressure reported at different times for experiments conducted at two
different surfactant bulk solution concentrations. Accordingly, I first approximate the artificially

generated experimental data points (¢ vs. II(t)) in Figure 3-8 with polynomial best-fit curves, and
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Figure 3-8: Artificially generated experimental short-time DST data at two surfactant bulk solution
concentration values, C; = 1 x 1078 mol/cm? and C; = 3 x 10~ mol/cm3, and the polynomial
approximations for the experimental data points at these two conditions. The open squares corre-
spond to C; and the filled circles correspond to Cs. The polynomial approximations correspond to
the solid lines. The dotted lines on either side of the solid lines represent the 90% prediction bands
for the polynomial approximations.

their associated 90% prediction bands. Note that the prediction bands reflect the scatter in the
experimental DST data. Approximating the experimental DST data with a polynomial best-fit curve
enables us to obtain ¢; and t, for any arbitrary value of the surface pressure, and the prediction
bands enable us to estimate the errors in the values of ¢; and ¢y (see Step 2 below). For the
artificially generated experimental DST data points in Figure 3-8, the polynomial best-fit curves
are shown as the solid black lines that pass through the data points. The 90% prediction bands
associated with the polynomial approximations are also shown in Figure 3-8 as the dotted lines on

either side of each approximation.

Step 2: Obtaining ¢; and ¢

Having represented the artificially generated experimental data points measured at two surfac-
tant bulk solution concentrations, C; and Cs, in the form of polynomial best-fit lines (¢ vs. II(t))
with the associated 90% prediction bands, I then plot ¢; vs. to by identifying the two times at which
IT has the same value at these two conditions. The resulting ¢, vs. ¢; relationship corresponding to

the artificially generated data shown in Figure 3-8 is plotted as the solid line in Figure 3-9. Note
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Figure 3-9: The observed relationship between ¢; and ¢, for the artificially generated experimental
short-time DST data shown in Figure 3-8 is represented as the solid line. The x-axis error is deter-
mined by the error in the estimation of ¢;, and the y-axis error is determined by the error in the
estimation of t5. Together, these error bars represent the 90% confidence interval envelope, which
in the figure, is bounded by the two dashed lines.

that the error associated with ¢; in Figure 3-8 becomes the x-axis error in Figure 3-9, and the error
associated with t, in Figure 3-8 becomes the y-axis error in Figure 3-9. Together, the two errors
generate the 90% confidence interval envelope in t; vs. t1, shown in Figure 3-9 as being bounded
by the two dashed lines. Accordingly, the confidence interval envelope reflects the scatter in the

experimental DST data.

Step 3: Regressing for D and 3

Having represented the artificially generated experimental DST data in the form of ¢, vs. t; with
the associated confidence interval envelope, I then regress Eq.(3.13) for D and 3. The regression is
carried out by generating the sum of squared errors surface over a 2-d (D, () parameter space. The
combinations of D and 3 values, which result in a ¢, vs. ¢; line that falls within the 90% confidence
interval envelope, are then determined. Accordingly, these combinations of D and 3 values form
the 90% confidence region of the regression in the (D, §) parameter space. The 90% confidence
region, corresponding to the ¢, vs. t; relationship in Figure 3-9, is shown in Figure 3-10 as the light
grey region. One can clearly see that the 90% confidence region, while significantly reducing the

possible combinations of D and 3 parameter values in the (D, ) parameter space, does not yield
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Figure 3-10: The confidence region in the D - 3 parameter space corresponding to the artificially
generated experimental short-time DST data shown in Figure 3-8. The units of § are cm/s. The
light grey region corresponds to the 90% confidence region at the end of the ¢; vs. ¢, regression, and
the dark grey region corresponds to the confidence region obtained after the EOS-based filtering of
the D and g values. The filled circle indicates the best-fit combination of the D and § values.

the parameter values with the desired level of accuracy. For example, in Figure 3-10, the light grey
region indicates an uncertainty in the D value between 1 x 1076 cm?/s and 10 x 10~% cm?/s, which
is very high when compared to the acceptable error of about + 1 x 1075 cm?/s. In order to obtain
a tighter estimate of the D and [ parameter values, trimming of the confidence region is carried

out, as described in Step 4 below.

Step 4: Using the EOS to Filter the D and [ Values

In Section 3.2, I stressed that for any combination of D and 3 values, it is possible to determine
the EOS using the experimental DST data in conjunction with Eq.(3.1). Accordingly, EOS curves
were generated for each of the combinations of D and § values identified at the end of Step 3.
Trimming of the (D, () region is then carried out using the fact that the resulting EOS should
approach the Ideal EOS at very small values of the surface pressure. In other words, for IT — 0, the
EOS should reduce to:

II=RIT (3.A.2)

Accordingly, for each combination of the D and § values in the light grey region in Figure 3-10,we
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estimate: (i) the slope of the EOS at small values of II, and (ii) the 90% confidence bands for the
estimated slope values. Subsequently, trimming of the light grey region in Figure 3-10 is carried
out by imposing the requirement that the ideal slope value of RT needs to lie within the estimated
90% confidence bands of the estimated slope values. Imposing this constraint on the combinations
of D and 3 values results in a significant reduction of the confidence region identified at the end
of Step 3, which is shown in Figure 3-10 as the dark grey region. The combination of the D and 3
values that resulted in an EOS whose slope at small values of II was closest to the ideal EOS slope
value of RT is considered as the best-fit combination of D and g values. The best-fit combination
corresponding to the artificially generated experimental data, indicated by the filled circle in Figure
3-10, is found to be: D* = 4.1 x 10~¢ cm?/s and 8* = 10~186 ¢cm/s = 1.4 x 10~2 cm/s.

At the end of the EOS-based filtering of the D and 8 parameter values, considering the best-
fit combination of D and (3 values and the associated 90% confidence region (see the dark grey
region in Figure 3-10), the regressed values of the kinetics parameters are reported as: D* = 4.1
+ 0.9 x 1075 ecm?/s, and log(3*) = —1.86 &+ 0.24 (3 in cm/s). In other words, §* is regressed
to be between 107210 = 0.8 x 1072 cm/s and 107163 = 2.3 x 1072 cm/s. Note that these D*
and $* values are consistent with the D and 3 values that were used to artificially generate the
experimental short-time DST data, that is, D = 4 x 1076 cm?/s, and 3 = 1 x 10~2 cm/s. The EOS
corresponding to D* and 3* was determined by separately using the generated DST data at the two
concentrations, C; and C,. The EOS obtained by this procedure is compared with the EOS used
to artificially generate the DST data in Figure 3-11. In Figure 3-11, the open squares are the EOS
data points obtained using the short-time DST data corresponding to Ci, the filled circles are the
EOS data points obtained using the short-time DST data corresponding to Cs, the solid line is the
EOS that was used to artificially generate the experimental short-time DST data in Eq.(3.A.1), and
the dotted line is the ideal EOS. Figure 3-11 clearly shows that the EOS determined using the new
methodology is consistent with the EOS used to artificially generate the short-time DST data.

Based on the results of the analysis presented in this Appendix, I conclude that the new method-
ology can be used to reliably determine the values of D and 3, and of the EOS, using the exper-
imental short-time DST data measured at two surfactant bulk solution concentrations as the only

inputs.
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Figure 3-11: Comparison of the EOS obtained using the new methodology to analyze the artifi-
cially generated experimental short-time DST data shown in Figure 3-8, with the actual EOS that
was used to generate the data. The open squares are the EOS data points obtained using the experi-
mental short-time DST data corresponding to C1, the filled circles are the EOS data points obtained
using the experimental short-time DST data corresponding to Cs, and the solid line is the EOS that
was used to artificially generate the experimental short-time DST data in Eq.(3.A.1). The dashed
straight line denotes the ideal EOS.
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Appendix 3.B: Validating the Range of Experimental Short-Time DST
Data Used in the New Methodology

The conditions set by Eq.(3.4) define the ranges of ¢ values (¢ < t*) and of I'(¢) values (I'(t) <
I'™*) over which the new methodology can be applied. In this Appendix, I confirm that the experi-
mental short-time DST data used to perform the regression for the four C;E; nonionic surfactants
considered do satisfy the conditions set by Eq.(3.4).

Equation(3.4) shows that the evaluation of t* involves evaluating h = (T'/C})., which depends
on the equilibrium adsorption isotherm. Considering that the maximum surfactant sub-surface
concentration for ¢ < t* is about 0.02C, [35], I estimate lower bound values for h by dividing
the I" obtained using the EOS by 0.02C,. Using this estimated lower bound values for 4, along
with the regressed estimates for D, I estimate lower bound values for t* (see Eq.(3.4)) for the four
C;E; nonionic surfactants considered at the two C; values used in the regression. Note that the
evaluation of I'* requires knowledge of I',,, which can be estimated using the known molecular
structure information of the surfactants utilizing the method described in Ref.[63].

For the four C;E; nonionic surfactants considered, in Table 3.3, I have listed: (i) the maximum
value of I'(t) involved in the regression analysis, 'SP , determined using the EOS in Figures 3-
5(a) and 3-5(b), (ii) I'™* estimated using the method described in Ref.[63], (iii) the values of the
two surfactant bulk solution concentrations, Cj, used in the regression analysis, (iv) the maximum
value of t used in the regression analysis, &2, , corresponding to each of the two C}, values, and
(v) the estimated lower limit of t* at the two C}, values. We find that for all the cases considered,
t&P < lower limit values of t* and 'y, < I'™.

Based on the results presented in this appendix, I conclude that the experimental short-time

DST data used in the new methodology do satisfy the requirements specified by Eq.(3.4).
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Table 3.3: For the four C; E; nonionic surfactants considered, the table lists: (i) the maximum value
of I'(¢) involved in the regression analysis, [P, , determined using the EOS in Figures 3-5(a) and 3-
5(b), (ii) I'"* estimated using the method described in Ref.[63], (iii) the values of the two surfactant
bulk solution concentrations, Cp, used in the regression analysis, (iv) the maximum value of ¢ used
in the regression analysis, t&P,, corresponding to each of the two C}, values, and (v) the estimated
lower limit of ¢* at the two C}, values.

CiE; ree x101°0 | ™ x 100 | Cpx10% | &P | Lower Bound
Surfactant | (mol/cm?) | (mol/cm?) | (mol/cm3) | (s) of t* (s)
2.0 7.4 104
Ci2Ey 1.28 1.40
1.5 12.7 18.5
1.3 14.1 20.1
CioFEg 1.13 1.14
1.0 23.0 34.0
1.0 13.5 17.6
CioEg 0.87 0.99
0.6 33.6 48.8
3.0 1.7 2.0
CioFs 0.80 0.99
1.0 13.1 17.8
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Chapter 4

‘Super Diffusive’ Adsorption Kinetics
Behavior in Pendant-Bubble
Experimental Dynamic Surface Tension

Data

4.1 Introduction

An important experimental method to study the adsorption kinetics behavior of surfactants in-
volves conducting Dynamic Surface Tension (DST) measurements of surfactant solutions using the
pendant-bubble apparatus [1]. In a typical pendant-bubble experiment, an air bubble is created at
the tip of an inverted needle that is immersed in a quartz cell filled with the surfactant solution. As
surfactant molecules adsorb from the bulk solution onto the freshly formed bubble surface, the sur-
face tension of the bubble decreases as a function of time. Digital images of the bubble profile are
taken at regular time intervals, and the instantaneous surface tension is calculated by numerically
matching the solution of the Young-Laplace equation to the measured bubble profile. A detailed
description of the manner in which DST measurements are conducted using the pendant-bubble
apparatus can be found in Ref.[2].

Experimental pendant-bubble DST data has been used to investigate the adsorption kinetics
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behavior of several alkyl poly(ethylene) oxide, C;FE;, nonionic surfactants in the context of both
the diffusion-controlled model and the mixed-controlled model[3-8]. In addition to determining
the rate-limiting adsorption kinetics mechanism (diffusion-controlled vs. mixed-controlled), ex-
perimental DST data has been used to determine the values of the kinetics parameters, D, the
diffusion-coefficient of the surfactant molecule, and 3, the energy barrier parameter. Specifically,

the existing procedure to analyze the experimental pendant-bubble DST data involves the following

three steps [3-13]:

Step 1: Choosing a model for the Equilibrium Surface Tension vs. bulk solution Concentration
(referred to hereafter as ESTC) behavior.

Step 2: Assuming a diffusion-controlled adsorption mechanism, and using the experimental DST
data measured at a single initial surfactant bulk solution concentration, Cj, to regress for the
value of D. This step is then repeated for experimental DST data measured at different Cy
values. If the regressed value of D is found to decrease as C, increases, then this trend is

interpreted as indicating the existence of a mixed-controlled adsorption mechanism.

Step 3: If there are indications of the existence of mixed-controlled adsorption, the regressed
value of D obtained by analyzing the experimental DST data measured at lower C; values
is considered as the actual diffusion coefficient of the surfactant molecules, and the entire

experimental DST data measured at the higher C, values is used to regress for the value of 3.

In Refs.[14, 15], it was pointed out that the accuracy of the chosen ESTC model significantly
affects the deduced adsorption kinetics rate-limiting mechanism, including the regressed values
of the kinetics parameters, D and 3. In view of the observed high sensitivity of the regressed
values of the kinetics parameters to the accuracy of the chosen ESTC model, Lin et al. [9] and
Pan et al. [6] proposed conducting surface-expansion measurements, in addition to conducting
equilibrium surface tension measurements, to further validate the ESTC model chosen to analyze
the experimental DST data. These authors concluded that surface-expansion measurements can be
extremely useful in testing various ESTC models, and hence, in obtaining more reliable estimates
of the kinetics parameters, D and §.

It is noteworthy that one of the key assumptions made in the existing procedure to analyze

experimental pendant-bubble DST data is that the transport of surfactant molecules in the bulk so-
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lution occurs purely by diffusion. In this chapter, I present an analysis of the experimental pendant-
bubble DST data of C12E4 and C12Es, originally published in Refs.[3] and [5], respectively, which
indicates an apparent ‘super-diffusion’ kinetics adsorption behavior of these two nonionic surfac-

tants. Specifically, the analysis presented here involves the following steps:

1. Identifying an ESTC model that fits both the equilibrium surface tension measurements and
the surface-expansion measurements.

2. Choosing a D value that best estimates the diffusion coefficient of the surfactant molecule
based on the D values measured for structurally similar solutes.

3. Predicting the DST behavior at several C, values corresponding to the diffusion-controlled
adsorption model using the ESTC model identified in Step 1 and the D value chosen in Step
2. Note that I have chosen the diffusion-controlled adsorption model since it leads to the
fastest decrease of the DST with time when surfactant molecules adsorb from a quiescent
fluid onto a stagnant surface[1].

4. Comparing the predicted DST profiles with the corresponding experimental pendant-bubble

DST data measured at these C}, values.

A comparison of the DST profiles predicted following steps 1-4 above with the experimental pendant-
bubble DST data reveals systematic deviations, where the experimental DST values decrease faster
with time than the predicted DST values over the time range, ¢ >~ 100 - 200 s, for both CioF4
and C12Es at all the C,, values considered. With this apparent ‘super diffusion’ kinetics adsorption
behavior in mind, I investigate possible causes for the observed systematic deviations, including
analyzing possible inaccuracies in the model input specifications, and the breakdown of key as-
sumptions underlying the diffusion-controlled model. The analysis presented here reveals that a
breakdown of the assumption of diffusive transport of the surfactant molecules in the bulk solution
may explain the observed systematic deviations. Specifically, I hypothesize the onset of natural con-
vection in the bulk solution, resulting from the evaporative cooling of water at the pendant bubble
surface, and demonstrate that this hypothesis can be used to rationalize the observed systematic
deviations.

The remainder of the chapter is organized as follows. In Section 4,2, I: (i) review the diffusion-

controlled model, including emphasizing the key underlying modeling assumptions, (ii) predict
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DST profiles corresponding to the diffusion-controlled model for Ci2E4 and C12FEg at several Cp
values, and (iii) compare the predicted DST profiles with the experimental pendant-bubble DST
data of these two nonionic surfactants published in Refs.[3] and [5]. In Section 4.3, I investigate
possible causes for the observed systematic deviations between the DST profiles predicted in Section
4.2 and the experimentally observed DST behavior, hypothesize the onset of natural convection in
the bulk solution, and show that this hypothesis can be used to rationalize the observed systematic
deviations. In Section 4.4, I summarize the main results of this chapter. Finally, in Appendix 4.A, I
estimate the time for the onset of natural convection when a spherical air bubble is introduced into

an aqueous solution.

4.2 Predictions of the Diffusion-Controlled Model

In this section, I: (i) review the diffusion-controlled model (Section 4.2.1), (ii) identify an input
ESTC model for C12E, and an input ESTC model for C;2Fg that fit their respective equilibrium
surface tension measurements and surface-expansion measurements (Section 4.2.2), (iii) choose
input D values for C12E4 and Cj2Fg that best estimate the respective diffusion-coefficient values
(Section 4.2.3), (iv) choose an input value for the radius of the pendant-bubble, ro, and (v) predict
the DST behavior corresponding to the diffusion-controlled model for the chosen value of r( using
the ESTC models identified and the chosen D values for C12E, and Ci2FEg at several Cj, values

(Section 4.2.4).

4.2.1 Diffusion-Controlled Adsorption Onto the Pendant-Bubble Surface

Recall that, traditionally, the surfactant adsorption process is viewed as consisting of the following

three steps (see Section 1.2.1):

Step 1: Transport of the surfactant molecules from the bulk solution to the sub-surface.
Step 2: Adsorption of the surfactant molecules from the sub-surface onto the surface.

Step 3: Possible reorganization of the surfactant molecules at the surface.

Macroscopically, the kinetics associated with the surfactant adsorption process results in a time-

dependent surface tension behavior, which is referred to as the Dynamic Surface Tension (DST).
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Accordingly, the experimentally observed DST behavior represents the net effect of the three steps
listed above.
In the context of the above mechanistic understanding of the surfactant adsorption process, the

classical diffusion-controlled model involves the following key assumptions[1]:

Assumption 1: Transport of the surfactant molecules in the bulk solution is governed by Fickian
diffusion.

Assumption 2: Adsorption of surfactant molecules from the sub-surface onto the surface is instan-
taneous. In other words, the sub-surface and the surface reach equilibrium instantaneously.

Assumption 3: The adsorbed surfactant molecules either do not undergo any reorganization at

the surface or the reorganization is instantaneous.

In addition to these three key modeling assumptions, the following fourth assumption is typically

made in the analysis of the pendant-bubble DST data [2]:

Assumption 4: Adsorption of the surfactant molecules onto the pendant-bubble surface can be

modeled as adsorption onto a spherical surface.

A detailed analysis of the diffusion-controlled model describing the dynamics of surfactant adsorp-
tion onto a spherical surface can be found in Ref.[16]. Below, I summarize the key governing

equations and the associated boundary and initial conditions:

o The surfactant diffusive transport along the radial direction, r, towards the spherical surface

is given by:

%_fzgg (ﬁ%g), r>re t >0 4.1)

where C is the surfactant concentration, and ry is the radius of the pendant bubble.

e The rate of surfactant adsorption at the surface is equal to the net flux of surfactant molecules

leaving the sub-surface towards the surface, that is,

dr’ oC

P = Br e 4.2)

where I' is the surfactant surface concentration.
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e With the far field (r — oo) surfactant concentration being uniform at a value C;, the boundary

condition for Eq.(4.1) is given by

C(t,r — o00) = Cp, t>0 4.3)

e For a surfactant surface concentration, I'y, and a homogeneous bulk solution at the begin-
ning of the adsorption process, the initial conditions associated with the governing equations

(Egs.(4.1) and (4.2)) can be expressed as follows:

[(t=0)=Cy and CEt=0r)=Cp 1270 (4.4

Equations (4.1) - (4.4) can be solved using the method of Laplace Transforms to yield [16]:

I'(t) =To+ % [c,,t - /0 t Cs(t)dt] + 2@ [c,,\/z - /0 v Cy(t — n)dﬁ] (4.5)

where C;(t) is the instantaneous surfactant sub-surface concentration (C(¢,r = ro)) and is related
to the instantaneous surfactant surface concentration, I'(t), through the Equilibrium Adsorption

Isotherm (EAI):
re= g(C,f) (4.6)

where T, is the equilibrium surfactant surface concentration and Cf is the equilibrium surfactant
bulk solution concentration. Specifically, since the diffusion-controlled model assumes that the
sub-surface and the surface reach equilibrium instantaneously (see Assumption 2 above), Cs(t) is

related to I'(¢) through the EAI in Eq.(4.6), that is,
I'(t) = g(Cs(2)) (4.7)

Solution of the diffusion-controlled model involves solving Eqgs.(4.5) and (4.7) simultaneously
to predict I'(). Once T'(t) is known, the following equilibrium Equation Of State (EOS) is used to
predict the DST, ~(¢):

Yw/a — Ve = .f(Fe) (4.8)
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where ,,/, is the pure water/air surface tension, -y, is the equilibrium surface tension, and the func-
tion f(T,) is the EOS. Specifically, since the diffusion-controlled model assumes that any reorienta-
tion of the adsorbed surfactant molecules at the surface occurs instantaneously (see Assumption 3

above), I'(t) is also related to (¢) through the equilibrium EOS in Eq.(4.8), that is,

Ywfa — 7(t) = f(F(t)) “4.9)

Note that the EAI, Eq.(4.6), is related to the equilibrium EOS, Eq.(4.8), through the Gibbs adsorp-

tion equation [17]:
1 dve

¢~ TRTdlnC; (4.10)

Typically, the equilibrium adsorption behavior of the surfactant is obtained by relating the Equi-
librium Surface Tension, ~., to the equilibrium surfactant bulk solution Concentration, C¢ (ESTC).
One then uses the obtained ESTC relation in conjunction with the Gibbs adsorption equation,
Eq.(4.10), to determine the EOS of the surfactant. The EAI, Eq.(4.6), is then determined by elimi-
nating -, between the specified ESTC behavior and the EOS determined through the application of
Eq.(4.10).

Accordingly, the diffusion-controlled model implemented to model the kinetics of surfactant

adsorption onto a pendant-bubble surface involves the following three specifications:

1. The surfactant ESTC model.
2. The diffusion coefficient of the surfactant molecule, D.
3. The radius of the spherical bubble, 7.

With the three specifications listed above, the diffusion-controlled model can predict the DST be-
havior at a given initial surfactant bulk solution concentration, C;, and at an initial surfactant

surface concentration, I'y.

4.2.2 Input Equilibrium Surface Tension vs. Bulk Solution Concentration (ESTC)
Model

Recall that in the diffusion-controlled adsorption model, the input ESTC model serves two purposes:

(a) it relates the instantaneous surfactant sub-surface concentration, Cs(t), to the instantaneous
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surfactant surface concentration, I'(t), through the equilibrium adsorption isotherm (Eq.(4.6)), and
(b) it relates the instantaneous surfactant surface concentration, I'(t), to the instantaneous surface
tension, (t), through the corresponding equation of state (Eq.(4.8)). The existing methods to test
the accuracy of the input ESTC model involve [18]: (a) comparing the ESTC model predictions
with the equilibrium surface tension measurements, and (b) comparing the predictions of the EOS
corresponding to the ESTC model to surface expansion measurements. Note that the equilibrium
surface tension measurements relate v, to Cf, and the surface expansion measurements relate .
to the normalized equilibrium surfactant surface concentration, I'c /T o, where I' ¢ is a reference
value of the surfactant surface concentration. Note that, typically, the equilibrium surface tension
measurements are used to fit the ESTC model, and the surface-expansion measurements are used
to test the fitted ESTC model. In Ref.[14, 15, 18], it was demonstrated that: (i) using only the
equilibrium surface tension measurements to fit the ESTC model can lead to significantly different
predictions of the equation of state, and (ii) the surface-expansion measurements can be extremely

useful to validate the accuracy of the fitted ESTC model.

Keeping all of the above in mind, I use both the equilibrium surface tension measurements and
the surface-expansion measurements in order to identify the ESTC models for C12E4 and C12Es. The
steps followed to identify the ESTC models for Ci3E4 and Ci2Eg involve:

1. Use the surface-expansion measurements to fit a polynomial relating I'e /T of tO Ve:

Te/Trof = P(Ye) (4.11)

such that the resulting polynomial passes through the point (I' = 0,ve = ¥,,/q = 72.0 mN/m),
corresponding to 7' = 298 K[3, 5].

2. Use the Gibbs adsorption equation (Eq.(4.10)) to determine the corresponding ESTC model.
Specifically, applying the Gibbs Adsorption equation to the polynomial EOS in Eq.(4.11)

yields:

1 dve

__1 12
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model, and with the specifications of p(v.) and T’

Rearranging Eq.(4.12) then yields:

1 dVe
e _ — ———
dInC¢ = RIT,o [p (%)} (4.13)

Integrating Eq.(4.13) between the limits: (Cj,~,) and (C§, 7.) yields:

1 e dve

InC§{ =InC§ —
b ° RIT ot Jy. (%)

(4.14)

where 7, is an arbitrary reference (r) value for v., and Cj is the surfactant bulk solution
concentration corresponding to . = .. Note that: (i) the ESTC behavior in Eq.(4.14) needs
to approach the Henry’s Law region as C; — 0, and (ii) -, cannot be chosen to be equal to
Yw/q Since in that case, C§ = 0 (corresponding to the pure water solution), and the value of
In C} diverges. Note that choosing v, <~ 7,4 €liminates the divergence problem in item (ii)
above, and enables the application of the Henry’s equation between C§ and v, when C§ < C}
[17]:

ce = (M‘_V_) cr, for CL<Cl (4.15)
Ywfa — Ir

In the analysis presented in this chapter, a v, value! of 71.5 mN/m is used for both C12E;
and Cy2Fs.

Note that equation (4.14) contains two unknown parameters, I ¢ and Cj. The values of
these parameters are fit using the known polynomial p(v,) and the experimental equilibrium

surface tension data.

With the specifications of p(7.), Lrefs and C], Eq.(4.14) corresponds to the surfactant ESTC

ref> EQ.(4.11) corresponds to the surfactant EOS.

I implemented the approach described above to identify ESTC and EOS models for C1oE4 and

C12FEg using the equilibrium surface tension measurements and surface-expansion measurements

reported in Refs.[3] and [5], respectively. Figure 4-1(a) shows the polynomial EOS fit obtained

with Eq.(4.11) using the surface-expansion measurements for C12 E4, and Figure 4-1(b) shows the

ESTC fit obtained with Eq.(4.14) using the equilibrium surface tension measurements for C;2E;.

IT have carried out the analysis presented in this chapter for several values of v, between 71.9 to 71.0 and observed
that the resulting equilibrium relation between C; and . is independent of the specific -y, value chosen.
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Figure 4-1: Comparison of: (a) the polynomial EOS fit obtained with Eq.(4.11) using the surface-
expansion measurements for Ci2FEy, and (b) the ESTC fit obtained with Eq.(4.14) using the equi-
librium surface tension measurements for C15Ey4. In these figures, the solid lines correspond to the
fits obtained following the approach described in Section 4.2.2, the dashed lines correspond to the
predictions of the best-fit Frumkin ESTC model reported in Ref.[3], the filled circles in (a) corre-

spond to the experimental surface-expansion measurements, and the filled circles in (b) correspond
to the experimental equilibrium surface tension measurements.
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Similarly, Figures 4-2(a) and 4-2(b) show the fitted EOS and ESTC for C13Es. For comparison, in
Figures 4-1 and 4-2, I also show the predictions corresponding to the Frumkin ESTC model that
was originally designed to fit only the equilibrium surface tension measurements [3, 5]. In Figures
4-1 and 4-2, the filled circles represent experimental data points, the solid lines correspond to the
best-fit obtained using the procedure described above, and the dashed lines correspond to the pre-
dictions of the best-fit Frumkin ESTC model. Figures 4-1 and 4-2 show that the agreement between
the ESTC and the EOS model fits using the procedure described above and the experimental data

is better than the agreement with the fit corresponding to the Frumkin adsorption isotherm model.

4.2.3 Input Diffusion Coefficient Value, D

The D values corresponding to C12E; and Ci9Eg have not been measured experimentally, and
therefore, a direct validation of the D values is not possible. Nevertheless, one can estimate the
D values using correlations as well as using the D values measured experimentally for structurally
similar solutes. Specifically, recall that applying the Wilke-Chang correlation [19] to C12E; and
C12Fg estimated their respective D values to be 3.77 x 10~% ¢cm?/s and 3.37 x 10~5 cm?/s (see
Table 3.2 in Chapter 3). In addition, recall that, in Chapter 3, the new methodology developed
to determine the rate-limiting adsorption kinetics mechanism [20] was used to analyze the DST
data of C12E4 and C12Eg, and the D values of these surfactants were determined to be 3.9 + 0.6
x 1075 cm?/s and 3.8 & 0.6 x 1075 cm?/s, respectively (see Table 3.2). Moreover, Schonhoff and
Sodermann have measured the diffusion coefficient of the structurally similar nonionic surfactant
C12E5 using NMR, and obtained a value of D = 3.9 x 1076 cm?/s [21], which is in close agreement
with the estimates of the Wilke-Chang correlation and with the values obtained using the new
methodology [20].

Keeping the above findings in mind, the D values of the two nonionic surfactants considered
were assumed to span the range: D = 3.9 %+ 0.6 x 10~6 em?/s for C13Es, and D = 3.8 + 0.6 x
10~% em?/s for C12Eg. Accordingly, diffusion-controlled model predictions were made separately

for the nominal, upper, and lower bound D values of C;3E; and C;2FEg.
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Figure 4-2: Comparison of: (a) the polynomial EOS fit obtained with Eq.(4.11) using the surface-
expansion measurements for C12Fg, and (b) the ESTC fit obtained with Eq.(4.14) using the equi-
librium surface tension measurements for C;5Fg. In these figures, the solid lines correspond to the
fits obtained following the approach described in Section 4.2.2, the dashed lines correspond to the
predictions of the best-fit Frumkin ESTC model reported in Ref.[5], the filled circles in (a) corre-
spond to the experimental surface-expansion measurements, and the filled circles in (b) correspond
to the experimental equilibrium surface tension measurements.
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4.2.4 Input Radius of the Spherical Bubble, r,

The radius, rg, of the spherical bubble corresponding to the pendant-bubble surface was taken as
the radius of curvature of the pendant-bubble measured at its apex [2]. In the pendant-bubble
experiments conducted for Cj3FE; [3], the initial value of ry was varied between 0.10 cm to 0.15
cm as Cy changed from 2 x 1078 mol/cm? t0 0.4 x 10~8 mol/cm3. Similarly, in the pendant-bubble
experiments conducted for C19Es[5], the initial value of r( varied between 0.10 cm to 0.15 cm as
C, changed from 2 x 10~ mol/cm3 to 0.2 x 10~8 mol/cm3. Note that the DST measurements at
the higher C, values were conducted at lower initial ro values to ensure that the bubbles remained
stable as the DST values decreased[22]. A constant value of ro = 0.10 cm, corresponding to the
lower limit of the experimental r value, was used in the analysis reported here. Note that the
rate of surfactant adsorption increases as the value of ro decreases [16] (see Eq.(4.5)). Therefore,

choosing the lower limit value of ¢ = 0.10 cm corresponds to a case of faster adsorption.

4.2.5 Predictions of Dynamic Surface Tension

For the two nonionic surfactants considered, C12E; and Ci3Eg, DST profiles were predicted at
several C}, values using the ESTC models which were shown to fit both the equilibrium surface
tension measurements as well as the surface-expansion measurements, for the range of D values
discussed in Section 4.2.3 and for a ro value of 0.10 cm.

Specifically, Figure 4-3(a-d) shows the predicted DST profiles for Cj2E, at: (a) 0.4 x 1078
mol/cm?, (b) 0.6 x 10~8 mol/cm?, (c) 1.0 x 10~8 mol/cm3, and (d) 2.0 x 10~8 mol/cm3. Similarly,
Figure 4-4(a-d) shows the predicted DST profiles for Cj2Eg at: (a) 0.2 x 10~8 mol/cm?, (b) 0.6 x
108 mol/cm3, (c) 1.3 x 1078 mol/cm3, and (d) 2.0 x 10~8 mol/cm3. The experimental DST data
measured using the pendant-bubble apparatus for Ci2E4 and C12Es [3, 5] at the corresponding
Cp values are also shown in Figures 4-3(a-d) and 4-4(a-d). In Figures 4-3(a-d) and 4-4(a-d),
the solid lines correspond to the predicted DST profiles at the nominal values of D, the dashed
lines correspond to the predicted DST profiles at the lower bound values of D, the dotted lines
correspond to the predicted DST profiles at the upper bound values of D, and the filled circles
correspond to the experimental DST data reported in Refs.[3] and [5].

Note that in Figures 4-3(d) and 4-4(d), DST predictions are reported only for v > 40 mN/m and
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Figure 4-3: Comparison of the predicted dynamic surface tension, v(t), as a function of time, ¢, using the diffusion-controlled
adsorption model with the experimentally observed DST behavior for C12F; at: (a) 0.4 x 10~8 mol/cm?, (b) 0.6 x 10~ mol/cm?,
(¢) 1.0 x 108 mol/cm?, and (d) 2.0 x 10~® mol/cm3. In these figures, the solid, dashed, and dotted lines correspond to the
nominal, lower, and upper bound values of D, respectively. The filled circles correspond to the experimental DST data reported in

Ref.[3].
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Figure 4-4: Comparison of the predicted dynamic surface tension, «(¢), as a function of time, ¢, using the diffusion-controlled
adsorption model with the experimentally observed DST behavior for C13Fg at: (a) 0.2 x 10~8 mol/cm?3, (b) 0.6 x 10~® mol/cm3,
(c) 1.3 x 108 mol/cm?, and (d) 2.0 x 108 mol/cm?. In these figures, the solid, dashed, and dotted lines correspond to the
nominal, lower, and upper bound values of D, respectively. The filled circles correspond to the experimental DST data reported in
Ref.[5].



~ > 43 mN/m, respectively, since reliable EOS data was available only over this range of « values
(see Figures 4-1(a) and 4-2(a)). Note also that in Figures 4-3(a-d) and 4-4(a-d), the experimental
DST data does not approach the expected pure water/air surface tension value of 72.0 mN/m
at 298 K as t — 0. This behavior is interpreted to indicate the presence of trace quantities of
adsorbed surfactant molecules at the beginning of the adsorption process. Accordingly, in order
to set the proper initial conditions for the predictions made that best represent the experimental
initial conditions, the initial surfactant surface concentration values, I'g, were chosen such that the
resulting predicted initial surface tensions agreed with the experimental DST data as ¢ — 0.

As can be seen from Figures 4-3(a-d) and 4-4(a-d), there are systematic deviations between the
predicted DST profiles and the experimentally observed DST behavior for both C12E4 and C12FEg,
where the experimental DST appears to decrease faster with time relative to the predictions of
the diffusion-controlled model. In Section 4.3 below, I analyze possible causes for the observed

‘super-diffusion’ adsorption kinetics behavior of Cy3E4 and C12FEs.

4.3 Analysis of Possible Causes for the Observed Systematic Devia-

tions

In this Section, I analyze possible causes for the systematic deviations observed between the pre-
dicted DST profiles and the experimental DST behavior for Ci2E4 and Ci2Eg reported in Figures

4-3(a-d) and 4-4(a-d). Based on these figures, the following four observations can be made:

Observation 1: While the predictions agree well with the experimentally measured DST behavior
at the higher Cj, values, systematic deviations occur at the lower Cy values. Figures 4-3(a-
d) and 4-4(a-d) clearly show that, for both Ci3E4 and C12FEs, the agreement between the
predicted DST profiles and the experimental DST data becomes progressively better as Cj
increases.

Observation 2: At low C, values, while the predictions agree well with the experimental DST
behavior at the initial times, they begin to deviate at the later times. Specifically, it appears
that the deviations become significant beyond a time of ¢ ~ 100 - 200 s for both C12E4 and
Ci2Es.
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Observation 3: For those deviations that occur beyond ¢ =2 100 - 200 s, the experimental DST data

is consistently lower than the predicted DST profiles.
Observation 4: Although the experimental DST behavior and the predicted DST profiles deviate

at low C values at later times, both the experimental DST behavior and the predicted DST

profiles approach the same equilibrium surface tension values.

My analysis of the observed systematic deviations considers two types of causes:(i) inaccuracies in
the model specifications (Section 4.3.1), and (ii) breakdown of key modeling assumptions (Section

4.3.2).

4.3.1 Inaccuracies in the Model Specifications

As discussed in Section 4.2.1, the diffusion-controlled model requires the following key specifica-

tions:

1. The surfactant ESTC model.
2. The diffusion coefficient of the surfactant molecule, D.
3. The radius of the spherical bubble, ;.

Below, I consider the effect of possible errors in specifications 1-3 in the context of the observed
systematic deviations.
The Surfactant Equilibrium Surface Tension vs. Bulk Solution Concentration (ESTC) Model
Recall that in Refs.[14, 15] it was demonstrated that the accuracy of the ESTC model used
significantly affects the DST predictions of the diffusion-controlled model. The observed high sen-
sitivity to the ESTC was attributed to using solely the equilibrium surface tension measurements
(e vs. C§) to fit the ESTC model, and then differentiating the fitted ESTC model to estimate T,
using the Gibbs adsorption equation (Eq.(4.10)). It is for this reason that surface-expansion mea-
surements were introduced to relate I', directly to +, using one unknown reference value, Lpef (see
Eq.(4.11)). On the other hand, in the approach proposed here to identify the ESTC models for
C12E, and C1»FEg, 1 first use the surface-expansion measurements to identify the surfactant EOS,
and then integrate the Gibbs adsorption equation (Eq.(4.10)) to determine the ESTC model (see
Section 4.2.2). Therefore, it is less likely that the input ESTC models used here contain significant

inaccuracies.
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In fact, if the input ESTC model was inaccurate, it would not have yielded good agreement
between the predicted DST profiles and the experimental DST behavior at any of the C; values
considered. This, in turn, is at odds with Observation 1, since one does observe good agreement

between the predicted DST profiles and the experimental DST behavior at all the high C; values

considered.

Moreover, since the ESTC model involves a relation between Cf and ., any inaccuracy of the
ESTC model would result in deviations that are characterized by a specific (¢) value which is
independent of the initial Cj, value. On the other hand, the observed systematic deviations appear

to be controlled by the time elapsed rather then by a specific v(¢) value (see Observation 2).

Keeping all of the above in mind, I conclude that it is unlikely that the systematic deviations
observed for both C12E,; and C12Eg are caused by inaccuracies in the surfactant ESTC models
identified.

The Diffusion Coefficient, D

Recall that the ranges of D values used to generate the DST predictions for C12E4 and C12Es
are consistent with independent measurements conducted for structurally similar surfactants like
C12Es. Figures 4-3(a-c) and 4-4(a-b) indicate that the DST predictions corresponding to the upper
and lower bound values of D do not explain the observed deviations occurring at large values of
t (> 100 - 200 s). In addition, it is noteworthy that any inaccuracy in the D value tends to shift
the entire predicted DST profile to the left (if the D value is higher) or to the right (if the D value
is lower) at all the Cj values. This is because when the D value is higher, it corresponds to faster
adsorption at all times and at all C,, values, and therefore, the entire predicted DST profile shifts to
the left. Similarly, when the D value is lower, it corresponds to slower adsorption at all times and
at all C,, values, and therefore, the entire predicted DST profile shifts to the right. This observation
is at odds with Observations 1 and 2, which state that the deviations occur only at low Cj, values,

and are more pronounced for ¢ > 100 - 200 s.
The Radius of the Pendant Bubble, r

As discussed in Section 4.2.1, Eq.(4.5) models surfactant adsorption onto a spherical pendant
bubble surface, where the term containing the factor D/rq models the effect of curvature (1/7o) on

the rate of surfactant adsorption. Equation (4.5) indicates that as the curvature increases, or as rg
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decreases, the rate of surfactant adsorption increases [16].

Recall that in the pendant-bubble DST measurements for Ci2FE; and Cj2Eg, the radius of the
pendant-bubble, rj, was varied between 0.10 cm to 0.15 c¢m for the range of Cj, values considered
(see Section 4.2.4). Therefore, the value of ry = 0.10 cm used here to predict the DST profiles
reported in Figures 4-3(a-d) and 4-4(a-d) corresponds to the lower estimate of the ry value. As a
result, the predicted DST profiles correspond to the limit of faster surfactant adsorption. However,
Observation 3 indicates that the experimental DST decreases at a rate which is even faster than the
rate at which the predicted DST profiles decrease. Consequently, I conclude that it is unlikely that
the observed systematic deviations are caused by inaccuracies in the r( value.

Based on the arguments presented in Section 4.3.1, I conclude that it is unlikely that the ob-
served systematic deviations are caused by inaccuracies in specifications 1-3 associated with the

diffusion-controlled model.

4.3.2 Breakdown of Key Modeling Assumptions

In this section, I investigate if the observed systematic deviations can be explained by the break-
down of any of the key modeling assumptions made in the development of the diffusion-controlled
model. For a discussion of the four key assumptions made in the development of the diffusion-
controlled model, see Section 4.2.1.

First, I will discuss why any breakdowﬁ of Assumptions 2 and 4 cannot explain the observed
systematic deviations. Subsequently, I will present arguments which indicate that Assumption 3
is valid for the two nonionic surfactants considered here. Finally, I will hypothesize the break-
down of Assumption 1, and demonstrate how this hypothesis may explain the observed systematic
deviations.

Analysis of Assumption 2

This assumption specifies that the adsorption of the surfactant molecules from the sub-surface
onto the surface is instantaneous. Breakdown of this assumption would imply that the surfactant
molecules at the sub-surface require a finite time to adsorb onto the surface. This, in turn, would
effectively reduce the rate of surfactant adsorption onto the surface, and result in a DST reduc-

tion which is slower than that predicted by the diffusion-controlled model. On the other hand,
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Observation 3 indicates that the experimental DST decreases at a rate which is faster than that
of the DST profiles predicted by the diffusion-controlled model. Therefore, I conclude that it is
unlikely that the observed deviations are caused by the breakdown of Assumption 2 underlying the
diffusion-controlled model.
Analysis of Assumption 4

This assumption specifies that the adsorption of the surfactant molecules onto the pendant-
bubble surface can be modeled as adsorption onto a spherical surface. Practically, this assumption
is clearly not valid in the case of the pendant-bubble experiment, since the very basis of measuring
the DST involves monitoring changes in the bubble shape with time [16]. However, here I attempt
to answer the question: can the breakdown of this assumption explain the observed systematic
deviations? First, using a qualitative argument, I show that, in general, the rate of surfactant
adsorption onto a spherical surface provides an upper bound to the rate of surfactant adsorption
onto the actual pendant-bubble surface. Subsequently, I discuss if this upper bound estimate is

consistent with the observed systematic deviations.

a

Needle Tip

Figure 4-5: Effect of the spherical approximation of a pendant-bubble surface: (a) Actual snapshot
of a pendant-bubble profile, and (b) spherical approximation of the pendant bubble in (a), where
the sphere radius is equal to the radius of curvature of the pendant bubble at the apex. The spherical
approximation corresponds to the green circle.

Note that the shape of the actual pendant bubble deviates from the energy-minimizing spheri-
cal shape due to the action of the buoyant force that elongates the bubble at the tip of the needle.
Figure 4-5(a) shows a typical shape of a pendant bubble [22]. Recall that the radius of the sphere,

ro, associated with the pendant bubble is computed as the the radius of curvature of the pendant
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bubble measured at the apex [2]. Figure 4-5(b) shows the spherical approximation of the actual
pendant bubble in Figure 4-5(a) as the green circle. Figure 4-5(b) reveals that the radius of curva-
ture of the pendant bubble at the apex represents a lower bound to the radius of curvature at other
sites on the pendant-bubble surface. Clearly, by modeling the actual pendant-bubble surface as a
spherical surface, one is assuming a constant value of the radius of curvature, r(, at all sites on
the pendant-bubble surface. Recall that the rate of surfactant adsorption increases as the radius of
curvature decreases (see Eq.(4.5)). Consequently, by assuming a constant (lower bound) value of
ro at all sites on the pendant-bubble surface, the predicted rate of surfactant adsorption provides a
higher estimate of the rate of surfactant adsorption onto the pendant-bubble surface. Therefore, the
predicted DST behavior corresponds to a faster reduction of the surface tension. On the other hand,
Observation 3 indicates that the experimental DST decreases at a rate which is faster than that of
the predicted DST profiles. Accordingly, I conclude that it is unlikely that the observed deviations

are caused by the breakdown of Assumption 4 underlying the diffusion-controlled model.
Analysis of Assumption 3

This assumption specifies that the adsorbed surfactant molecules either do not undergo any
reorganization at the surface or that the reorganization is instantaneous. This assumption is likely
valid, since molecular dynamics simulations of several C;E; nonionic surfactants at an air/water
surface are typically run for a duration of about 4 ns in order to study equilibrium surface properties.
Specifically, in Refs.[23] and [24], molecular dynamics simulations were conducted to study the
adsorption properties of CyoE5 and Ci2Eg, respectively. In these studies, the surfactants molecules
were initially placed at the water/air surface (to simulate adsorbed surfactant molecules), and
the simulation was run for about 4 ns. Based on the results gathered during this simulation time,
equilibrium adsorption structural properties, including the angle of orientation of the surfactant hy-
drophobic chains with respect to the water/air surface, were computed. These simulation studies
report good agreement between the predicted structural properties and the experimentally mea-
sured equilibrium structural properties. On the other hand, typical time scales associated with the
adsorption kinetics of the C12F4 and C12Fg nonionic surfactants considered here vary from sec-
onds to hours depending on their initial bulk solution concentration, C; (see Figures 4-3(a-d) and

Figures 4-4(a-d)). Therefore, Assumption 3 specifying instantaneous reorganization at the surface
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is likely valid for the C12E4 and C12Es nonionic surfactants considered. Therefore, I conclude that
it is unlikely that the observed systematic deviations are caused by the breakdown of Assumption
2 underlying the diffusion-controlled model.
Analysis of Assumption 1

This assumption specifies that transport of the surfactant molecules in the bulk solution is gov-
erned by Fickian diffusion. Keeping the analysis of Assumptions 2, 3, and 4 presented above in
mind, I hypothesize that the observed deviations are caused by the breakdown of Assumption 1.
Specifically, I hypothesize the onset of natural convection in the system driven by evaporative cool-
ing at the pendant-bubble surface, which in turn, invalidates Assumption 1. Note that evaporative
cooling is a physical phenomenon in which evaporation of a liquid, typically into the surrounding
air, cools the liquid surface [25]. In such cases, depending on the properties of the liquid, the result-
ing temperature gradients in the liquid can cause local density gradients that are sufficiently strong
to induce natural convection (nc) in the fluid. In such cases, there is a characteristic time scale, 7.,
after which the fluid ceases to be stagnant and after which natural convection sets in. The onset
of natural convection due to evaporative cooling when stagnant water is exposed to still air was
demonstrated experimentally by Spangenberg and Rowland in Ref.[26]. These authors observed
the onset of natural convection after about 70 s when stagnant water at an initial temperature of
25.9° C was exposed to still air and the water surface temperature decreased to about 25.5° C.

Below, I first discuss how the natural convection hypothesis is consistent with the four observa-
tions discussed in Section 4.3, and then provide additional independent evidence to demonstrate

the validity of this hypothesis.

Observation 1: This observation specifies that the agreement between the predicted DST profiles
and the experimental DST data becomes progressively better as C increases for both C12Ey

and C;oFg.

Recall that surfactant adsorption occurs faster at higher C, values and is slower at lower Cj,
values. Therefore, at higher C, values, it is possible that the adsorption process is close to
equilibrium even before natural convection sets in. As a result, one observes good agree-
ment between the DST predictions of the diffusion-controlled model and the experimental

DST behavior at the higher Cj, values. On the other hand, at lower C;, values, the adsorption
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process takes place during a longer time period, and therefore, during the hypothesized on-
set of natural convection, the system is significantly away from the equilibrium conditions.
Consequently, at lower Cj, values one observes deviations between the predicted DST profiles
(based on the premise that only diffusive transport of surfactant molecules occur in the bulk

solution) and the experimental DST behavior.

Observation 2: This observation specifies that at low Cj, values (see Figure 4-3(a-c) and Figure

4-4(a-b)), systematic deviations are observed when ¢ > 100 - 200 s.

This observation is consistent with the natural convection hypothesis which involves a char-
acteristic time scale 7,,.. Note that the observed time of 100 - 200 s beyond which deviations
between the experimental DST behavior and the predicted DST profiles become significant
is consistent with the observed time scale for the onset of natural convection when stagnant
water is exposed to still air, which is about 70 s [26]. To our knowledge, the onset of natural
convection when a spherical air bubble is introduced into a stagnant aqueous solution has
not been studied experimentally. With this in mind, in Appendix 4.A, I apply the theoretical
approach developed in Refs.[27, 28] to estimate the time scale, 7, in the case of a spherical
bubble in a stagnant aqueous solution. Specifically, I consider the case of a spherical air bub-
ble at temperature T, which is brought in contact with an aqueous solution at a temperature
T1, and apply the theoretical approach presented in Refs. [27, 28] to estimate 7,,.. The results
derived in Appendix 4.A clearly show that 7,. can vary between 250 s to 120 s seconds as
AT =Ty — T; varies between 0.5 to 1.0 ° C. Note that the estimated scale value of 7, is con-
sistent with the observed time scales of 100 - 200 s associated with the systematic deviations

observed in Figures 4-3(a-c) and 4-4(a-b).

Observation 3: This observation specifies that when systematic deviations occur at the later times
(t > 100 - 200 s) in Figures 4-3(a-c) and 4-4 (a-b), the experimental DST data is consistently
lower than the predicted DST profiles.

This observation is consistent with the natural convection hypothesis, since, similar to dif-
fusion, convection also helps create more uniformity in the bulk solution. Due to the com-

bined action of diffusion and convection, surfactant molecules are more readily available at
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the sub-surface to adsorb onto the surface after the onset of natural convection. This, in
turn, results in an increased rate of surfactant adsorption relative to that resulting from the
diffusion-controlled model. Accordingly, one observes a faster reduction of the experimental

DST relative to the predictions of the diffusion-controlled model.

Observation 4: This observation specifies that both the experimental DST behavior and the DST
profiles predicted by the diffusion-controlled model approach the same equilibrium surface

tension value.

This observation is consistent with the natural convection hypothesis since convection affects
solely the transport of the surfactant molecules within the bulk solution, and does not affect
the equilibrium state of the system. Consequently, the experimental DST behavior and the
DST profiles predicted by the diffusion-controlled model should yield the same equilibrium

surface tension value.

Note that the possible onset of natural convection in DST experiments has also been noted
in Ref.[29], where dynamic ellipsometry experiments were conducted, in addition to DST mea-
surements, in order to directly measure the dynamic surface concentration, I'(¢), for Ci2F5. The
authors in Ref.[29] observed that at lower C}, values, I'(t) measured using the dynamic ellipsome-
try experiment was higher than I'(¢) predicted by the diffusion-controlled adsorption model. These
authors commented that the observed high dynamic surfactant surface concentration was obtained
because of the onset of natural convection. Interestingly, the deviations between the predicted and
the experimental I'(t) values reported in Ref.[29] began at ¢t ~ 5 min (= 300 s). Note that this
time scale is consistent with the time scales at which systematic deviations are observed in the DST

analysis presented here (see Figures 4-3(a-d) and 4-4(a-d)).

4.4 Conclusions

In this chapter, I analyzed the experimental DST data of the two nonionic surfactants, C12E,4 and
C12Eg, measured using the pendant-bubble apparatus. Using ESTC models that fit both the equi-
librium surface tension measurements as well as the surface-expansion measurements, and using

a range of acceptable diffusion coefficient values, I predicted the DST profiles corresponding to
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the diffusion-controlled model at several initial surfactant bulk solution concentrations for the two
nonionic surfactants considered. Systematic deviations were observed when comparing the pre-
dicted DST profiles with the experimental DST data measured using the pendant-bubble apparatus
for both C12E4 and Ci2Fg. Specifically, the experimental DST behavior decreased at a rate that is
higher than the rate predicted by the diffusion-controlled model. Interestingly, this ‘super-diffusion’
adsorption behavior appeared to occur, consistently at later time values (¢ > 100 - 200 seconds)
for both C12E4 and C12E¢. 1 investigated possible causes for the observed systematic deviations,
including analyzing the effect of possible errors in the diffusion-controlled model input specifi-
cations, and the breakdown of key assumptions underlying the diffusion-controlled model. My
analysis pointed to the breakdown of the assumption of diffusive-transport of surfactant molecules
in the bulk solution as being the likely cause for the observed systematic deviations. Accordingly,
I hypothesized the onset of natural convection resulting from the evaporative cooling of water at
the pendant-bubble surface, including demonstrating that this hypothesis could explain all the fea-
tures associated with the observed systematic deviations. It is noteworthy that I was unable to find
any direct evidence in the literature to validate or invalidate this hypothesis. Clearly, additional
experimental analysis of the pendant-bubble technique is required to understand possible natural
convection effects. For example, analyzing the experimental DST results when the air bubble is
introduced at different temperatures and at different humidity conditions may shed light on the
existence of natural convection in the pendant-bubble apparatus, and if it does, experiments of this
type will also help to quantify the effect of natural convection on the adsorption kinetics behavior

of surfactant molecules.

It is important to recognize that one of the key applications of the pendant-bubble technique is
to investigate the adsorption kinetics behavior of surfactant molecules onto liquid/liquid interfaces,
and therefore, knowledge and characterization of the underlying transport mechanism is essential

in order to carry out a reliable analysis of the experimental DST data reliably.

In Chapter 5, I explore a novel approach to predict equilibrium adsorption properties from ex-
perimental DST data and the known adsorption kinetics rate-limiting mechanism. Specifically, I
develop a novel methodology to predict the ESTC behavior of C;E; nonionic surfactants from ex-

perimental pendant-bubble DST data when the adsorption kinetics is diffusion-controlled. Keeping

169



the results presented in Chapter 4 in mind, I only use experimental DST data corresponding to

t < 200 s to demonstrate the utility of the novel methodology developed in Chapter 5.
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Appendix 4.A: Estimation of time for the onset of natural
convection

In this appendix, I apply the theoretical approach developed by Tan and Thorpe in Refs.[27, 28]
to estimate the time for the onset of natural convection (nc) when a spherical air bubble of radius
ro and having a Fixed Surface Temperature (FST) T is introduced into an aqueous solution at
temperature T7.

The literature in the area of natural convection defines the Rayleigh number, Ra, as the nondi-
mensionless number that determines the onset of natural convection in a fluid. Specifically, when
Ra is smaller than a critical value, Ra,, the transfer of heat in the fluid is primarily in the form of
conduction, and when Rag is larger than Ra,, natural convection sets in the fluid. The theoretical
approach developed in Refs.[27, 28] to predict the time for the onset of natural convection involves

the following three steps:
1. Defining a transient (t) Rayleigh number (Ra;) for the system of interest.
2. Estimating the maximum value of Ra; (Raj"®*) at any given time instant.

3. Estimating the time when Ra["®* reaches the critical value, Ra,, corresponding to the onset

of natural convection in the system.

The theoretical approach outlined above has been implemented successfully to predict the onset of
natural convection when stagnant water is exposed to a flat air surface [27]. Since the pendant-
bubble measurement involves introducing an air bubble into an aqueous surfactant solution, it
is possible that the spherical nature of the bubble may affect the time for the onset of natural
convection. With the above in mind, in this Appendix, I predict the time for the onset of natural
convection, T,., when a spherical surface of radius, ro, is introduced into water by following the
three steps listed above. Note that the mole fractions of surfactants in the aqueous surfactant
solutions used for the DST experiments reported in Figures 4-3(a-d) and 4-4(a-d) are extremely
small (~ 10719). Therefore, I assume that the thermal properties of the surfactant solution are
similar to those of pure water. With this in mind, I consider pure water in order to estimate the

time scale for the onset of natural convection, 7.
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Step 1: Defining a Transient Rayleigh Number, Ra;

The time-dependent Rayleigh number at a radial distance r is defined as follows [28]:

4
ar* (0T
Ray(r,t) = 2 (—) (4A1)
vk \Or/;
where g is the gravitational acceleration, « is the volumetric coefficient of thermal expansion, v is
the fluid kinematic viscosity, « is the fluid thermal diffusivity, and 7" is the absolute temperature.
When a solution initially at temperature T} is exposed to a spherical surface at constant tem-

perature Ty, the transient temperature profile in the bulk fluid is given by [30]:

Trt)-T1 _ mo r—ro)
AT == erfc ( T (4.A.2)

where AT = T} — Tp. The temperature gradient can be found by differentiating Eq.(4.A.2) with

respect to r as follows:

OTY\ _ apro 1l g (r—ro), 1 _(r—ro)?
(6T>t—ATT{rerfc(2\/f_&>+ __Wntexp( yw )} (4.A.3)

Substituting Eq.(4.A.3) in Eq.(4.A.1) yields the transient Rayleigh number as follows:

3 2
_ garor’AT |1 (T - ro) 1 _(r—ro)?
Ray(r,t) = o {rerfc vt + T exp Tt 4.A49

Step 2: Estimating the Maximum Value of Ra; (Ra®*(t))

The maximum value of Ra,(r,t) at any given time instant, Ra"**(t), can be determined by dif-
ferentiating Eq.(4.A.4) with respect to r, setting the derivative equal to zero, solving the resulting
equation for the value of r, and verifying that the second order derivative condition for a maxi-
mum is satisfied at the value of r corresponding to the solution of the first derivative. Specifically,

differentiating Eq.(4.A.4) and setting the derivative equal to zero yields:

ORay(r,t) gargrAT { oerfe (r -~ r0> +
or VK

o 2kt

1 (r —r0)? r r \? (r —ro) _
mexp(— m" )[4\/5_(@) \/HOH_O (4.A.5)



Note that an exact solution of Eq.(4.A.5) can only be obtained numerically. Nevertheless, in order
to facilitate the derivation of an analytical solution of Eq.(4.A.5), I will assume that the value of r at

which Ra;(r,t) reaches its maximum value is much larger than ry. In other words, if »* is such that

aR“a*T’"’t = 0, then I assume that r* > ro. Note that I will also solve Eq.(4.A.5) numerically

r=r*

to compute the exact value of r*, and the corresponding exact maximum value of Ra;(r,t), and

compare the two results.

Making the assumption that r* > rq in Eq.(4.A.5), and defining 2 = r*/+/xt yields:

ORay(z,t) _ gorgz*tAT
0z Z=z* - 14

{2erfc(z* /2) + # exp(~=*2/4) [4" - z*3]} 0 (4A6)

Solving Eq.(4.A.6) and requiring that the resulting solution satisfies the second derivative test for
the maximum of Ra;(2,t) yields the solution z* = 2.28. The value of r at which Ra(r,t) attains its

maximum value, denoted as r*(t), is then given by:
r*(t) = 2.28v/kt (4.A.7)

Using the assumption that r* >> r, and substituting r* = 2.28+/xt in Eq.(4.A.4) yields the

maximum transient Rayleigh number, Ra"**(t), as follows:

2.37gatro AT

Ra"™(t) = ”

(4.A.8)
Step 3: Estimating 7, when Ra®®** = Ra,

The time, ¢ = 7;,., when the maximum value of the transient Rayleigh number equals the critical
value, Ra,, can be determined from Eq.(4.A.8) as follows:

Ra.v

Tne = 2.37garg AT (4.A.9)

An estimate of the critical Rayleigh number for the Fixed Surface Temperature (FST) boundary
condition is about 1100 [28]. Therefore, using Ra. = 1100, g = 9.8 m?/s, the following values
for the required properties of water [28]: v = 8.76 x 107 m2/s, o = 2.65 x 10~4 K1, g =

1.44 x 107" m?/s, and a typical value of 7o = 1 x 1073 m, 7,,, was computed for a range of AT

173



350 . . . -
300} -,

250F°

o ©

200F

150F

1085 0.6 0.7 0.8 0.9 1

o

AT( C)

Figure 4-6: Estimated time for the onset of natural convection, 7,,., as function of the difference
between the water and air temperatures, AT. The solid line corresponds to the exact numerical
solution of Eq.(4.A.5) and the dashed line corresponds to the approximate solution, Eq.(4.A.9).

values using Eq.(4.A.9). The resulting 7, is plotted as a function of AT in Figure 4-6 (see the
dashed line). In Figure 4-6, I have also plotted the exact 7, versus AT calculated by numerically
solving Eq.(4.A.5) for r*, and then using Eq.(4.A.4) to determine Ra]***(t) (see the solid line).
The exact numerical solution predicts that 7,,. ranges between 250 to 120 s as the difference in
temperature between the air bubble and water vary between 0.5 to 1 °C. Note that the estimated
time for the onset of natural convection is of the same order of magnitude as the observed time
scale (~ 100 - 200 s) at which the systematic deviations between the predicted DST profiles and
the experimental DST behavior begin to become significant (see Figures 4-3(a-d) and 4-4(a-d)).
Comparing the dashed and solid lines in Figure 4-6 reveals that 7,,. predicted using Eq.(4.A.9) and
Tne Obtained from the exact numerical solution of Eq.(4.A.5) are consistent both in magnitude and
trend. Therefore, I suggest that Eq.(4.A.9) can be used to make quick and approximate estimates

of 7, when conducting pendant-bubble experiments.

In summary, in this Appendix, I estimated the time for the onset of natural convection, 7.,
when a spherical air bubble at fixed surface temperature Tj is introduced into an aqueous solution
at an initial uniform temperature 77 by applying the theoretical approach developed by Tan and

Thorpe in Refs. [27, 28]. Using typical values for the physical properties of water, as well as a
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typical value for the radius of the pendant bubble, the results indicate that 7,,. ranges between 250

sto 120 s as AT = T; — Ty varies between 0.5 to 1 °C.
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Chapter 5

New Methodology to Determine
Equilibrium Surfactant Adsorption
Properties from Experimental Dynamic

Surface Tension Data

5.1 Introduction

In Chapter 3, I emphasized that the existing procedure to determine the rate-limiting adsorption
kinetics mechanism requires: (a) experimental Dynamic Surface Tension (DST) data corresponding
to the entire relaxation process, and (b) knowledge of the equilibrium surfactant adsorption behav-
ior. Instead, the new methodology presented in Chapter 3 requires only the short-time DST data to
predict the rate-limiting adsorption kinetics mechanism. Since the new methodology allows deter-
mination of the rate-limiting adsorption kinetics mechanism without using any information about
the equilibrium surfactant adsorption behavior, in this chapter, I explore a novel approach to predict
equilibrium surfactant adsorption properties using: (i) the experimental DST data corresponding
to the entire relaxation process, and (ii) the known rate-limiting adsorption kinetics mechanism.
Note that the rate-limiting adsorption kinetics mechanism can be determined from the experimen-

tal DST data using either the asymptotic behavior of the DST [1] or the new methodology presented
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in Chapter 3.

As proof-of-principle, I present a new methodology to predict the Equilibrium Surface Tension
versus bulk solution Concentration (referred to hereafter as the ESTC) behavior of nonionic sur-
factants from the experimental pendant-bubble DST data when the adsorption kinetics process is
diffusion-controlled. 1 consider the case of diffusion-controlled adsorption because it has been found
to be applicable to a broad class of surfactant systems [2—4]. Basically, the new methodology in-
volves transforming the classical diffusion-controlled model such that the experimental DST profile
is the input and the ESTC is the output. This should be contrasted with the traditional approach
where the experimental equilibrium adsorption behavior is the input and the DST is the output[2—

4]. Implementation of the new methodology requires the following three inputs:

1. Experimental pendant-bubble DST data corresponding to the entire relaxation process mea-
sured at a single surfactant bulk (b) solution concentration, C;.

2. The diffusion coefficient of the surfactant molecule, D.

3. An experimental equilibrium surface tension value at a single surfactant bulk solution con-

centration, Cj 1, where Cp 1 < Cy.

With these three inputs, the new methodology can predict the entire equilibrium surface tension
vs. surfactant bulk solution concentration (ESTC) curve corresponding to surfactant bulk solution
concentrations which are smaller than, or equal to, C,.

Note that this prediction is possible because, for a diffusion-controlled adsorption process, the
sub-surface is assumed to be in equilibrium with the surface at all times [5]. Therefore, at any
time ¢, the dynamic surface tension, v(¢), corresponds to the equilibrium surface tension associated
with the instantaneous surfactant sub-surface (s) concentration, Cs(t). Consequently, when ~(t)
varies from an initial value, ~o, to the equilibrium surface tension value, ~{, corresponding to the
surfactant bulk solution concentration Cp, it traces the variation of Cs(t) from the equilibrium
surfactant bulk solution concentration corresponding to o, Cg(7o), to Cf = Cj. In other words, as
surfactant adsorption takes place, the relation between ~(t) and C,(t) ‘sweeps’ through the entire
ESTC curve between C{(vo) and C§ = Cj. The new methodology presented here uses this feature
of the diffusion-controlled model to predict the ESTC curve from the experimental DST data (input

1), the D value (input 2), and a known value of C£(v) which serves as the ‘starting point’ for the
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prediction of the ESTC curve. Since Cf (7o) is typically unknown, the new methodology uses input
3 above to fit for the value of C¢(vo). Specifically, the new methodology predicts ESTC curves using
inputs 1 and 2 above for different guesses of Cf (o), and uses input 3 (a single equilibrium surface
tension measurement) to select the value of Cf(o) such that the resulting ESTC curve passes
through the single measured equilibrium surface tension value (input 3). Considering that C;(t)
varies from C§ (o) to Cp during the surfactant adsorption process, the ESTC curve obtained should
be applicable over the range of equilibrium surfactant bulk solution concentrations, C§, given by:
C¢(v0) < Cf < Cy. With this in mind, one requires that the surfactant bulk solution concentration,
Cb,1, corresponding to the single measured equilibrium surface tension value, be less than C;.
Note that the existing procedure to determine the ESTC of surfactants involves performing
actual equilibrium surface tension measurements at various C¢ values, and then generating the
best-fit curve that passes through the various experimental data points based on empirical model
equations [1]. In Refs.[6, 7], it was pointed out that different ESTC models that fit the equilibrium
experimental surface tension data well result in very different predictions of the corresponding
Equation Of State (EOS). As a result, in order to further test the validity of the different ESTC
models, novel surface-expansion measurements were introduced to predict EOS information [8-
10]. In such cases, the EOS predictions of different ESTC models can be directly compared with the
EOS information obtained from the surface-expansion measurements[10]. When compared to the
existing procedure to determine and verify the ESTC behavior of surfactants, the new methodology

presented here is practically advantageous for the following two reasons:

1. The existing procedure requires measuring the equilibrium surface tension at several Cf val-
ues, which is very tedious and time consuming, with each measurement corresponding to
only a single data point on the underlying ESTC curve. On the other hand, the new method-
ology requires the experimental DST data measured at a single Cj value, as well as one
equilibrium surface tension value measured at a single C; ; value, in order to predict the en-
tire ESTC curve of the surfactant over a wide range of surfactant bulk solution concentrations,
Cs(v0) < C§ < Cp.

2. In Refs. [6, 7], it was shown that the predicted DST behavior of surfactants is very sensitive

to the accuracy of the model used to describe the equilibrium adsorption behavior of the
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surfactants. As a result, one may anticipate that the ESTC information deduced using the

experimental DST data should be very accurate.

Recall that, in Chapter 3, an analysis of the short-time DST data of several alkyl poly(ethylene)
oxide, C;E;, nonionic surfactants was carried out using a new theoretical methodology, and the
rate-limiting adsorption kinetics mechanism of two of the nonionic surfactants considered, C12E,
and Cj,Eg, was found to be diffusion-controlled at their premicellar C;, values. Therefore, I will
demonstrate the applicability of the new methodology presented here by predicting the ESTC be-
havior of C15E4 and C;3 Eg using the experimental pendant-bubble DST data published in Refs.[11]
and [12], respectively. For both Ci3E4 and Ci2Eg, I will validate the ESTC behaviors predicted
using the new methodology by: (a) comparing the predicted ESTC behaviors with independent
experimental equilibrium surface tension measurements, and (b) comparing the EOS information
corresponding to the predicted ESTC behaviors with independent experimental surface-expansion
measurements. For both C12E, and C;3Fg, I will show that the agreement between the predicted
equilibrium adsorption properties and the experimental measurements in (a) and (b) above is very
good.

The remainder of the chapter is organized as follows. In Section 5.2, I develop the new method-
ology to predict the ESTC behavior of nonionic surfactants from experimental pendant-bubble DST
data when the adsorption kinetics mechanism is diffusion-controlled. In Section 5.3, I utilize the
new methodology to predict the ESTC behaviors of C13E4 and C12E¢ using experimental DST data
published in Refs.[11] and [12], respectively, and validate the results using independent equilib-
rium surface tension measurements and surface-expansion measurements. Finally, in Section 5.4,
I summarize the main results of the chapter. In addition, in Appendix 5.A, I demonstrate the relia-
bility of the new methodology, and in Appendix 5.B, I investigate the sensitivity of the ESTC curve

predicted using the new methodology to the three inputs introduced earlier.
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5.2 Development of the New Methodology

5.2.1 New Methodology to Analyze Experimental Pendant-Bubble DST Data

The key step in the development of the new methodology involves transforming the classical
diffusion-controlled model such that the experimental DST profile is the input and the ESTC behav-
ior is the output. For completeness, below, I summarize the four key assumptions underlying the
diffusion-controlled model as it applies when nonionic surfactants adsorb onto a pendant-bubble

surface (for additional details, see Section 4.2.1):

Assumption 1: Transport of the surfactant molecules in the bulk solution is governed by Fickian

diffusion.

Assumption 2: Adsorption of the surfactant molecules from the sub-surface onto the surface is

instantaneous, that is, the sub-surface and the surface reach equilibrium instantaneously.

Assumption 3: The adsorbed surfactant molecules either do not undergo any reorganization at

the surface or the reorganization is instantaneous.

Assumption 4: Adsorption of the surfactant molecules onto the pendant-bubble surface can be

modeled as adsorption onto a spherical surface.

The following governing equations and associated boundary and initial conditions apply to the

diffusion-controlled model in the case of a pendant bubble (see Section 4.2.1):

¢ The surfactant diffusive transport along the radial direction, r, towards the spherical surface

is given by:
oC Do [ ,0C
== — > > .
ot r2ar(" 81")’ r2r,t20 .1
where C is the surfactant concentration, D is the surfactant diffusion coefficient, and rg is the

radius of the pendant bubble.

o The rate of surfactant adsorption at the surface is equal to the net flux of surfactant molecules

leaving the sub-surface towards the surface, that is,

dr oC

=P,

(5.2)

where I is the surfactant surface concentration.
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e Assuming that the far field (r — oo) surfactant concentration is uniform at a value Cj, the

boundary condition for Eq.(5.1) is given by:

C(t,r — o0) = Cp, t>0 (5.3)

e Assuming a surfactant surface concentration, I'y, and a homogeneous bulk solution at the be-
ginning of the adsorption process (¢ = 0), the initial conditions associated with the governing

equations (Egs.(5.1) and (5.2)) can be expressed as follows:

Ft=0)=Ty and C{t=0,r)=C, r>r9 (5.4)

Equations (5.1) - (5.4) can be solved using the method of Laplace Transforms to yield[13]:

I(t)=To+ % [Cbt - /0 t Cs(t)dt] + 2\/§ [Cb\/f — /0 v Cs(t — U)d\/ﬁ} (5.5)

where C,(t) is the instantaneous surfactant sub-surface concentration (that is, C(¢,r = rp)). Equa-
tion (5.5) enables the prediction of the dynamic surface concentration, I'(t), when the dynamic
sub-surface concentration, C,(t), is known.

In the case of the diffusion-controlled model, since the sub-surface and the surface reach equi-
librium instantaneously (see Assumption 2), the instantaneous surface concentration, I'(¢), and
the instantaneous sub-surface concentrations, C,(t), are related by the equilibrium (e) adsorption
isotherm relation between I', and C§. In other words, if the equilibrium adsorption isotherm relat-
ing T'e to Cf, is given by:

Te = g(CY) (5.6)

then, in the case of the diffusion-controlled model, the relation between I'(t) and Cs(t) in Eq.(5.5)
is given by:

I'(t) = g(Cs(t)) 6.7

Note that the existing procedure in the DST area involves: (i) assuming a known equilibrium

adsorption isotherm, g(Cf), for use in Eq.(5.7), (ii) predicting I'(t) by solving simultaneously
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Egs.(5.5) and (5.7), and (jii) using the Equation Of State (EOS) corresponding to the assumed
equilibrium adsorption isotherm, g(Cf), to predict the dynamic surface tension, ~(t), from the
predicted I'(¢) [2-4].

Instead, in the new methodology presented here, imagine that I'(¢) is known a priori at a specific
Cs, value, and that the values of D and r are also known. In that case, Eq.(5.5) becomes a fully
defined integral equation in Cs(t), which can be solved numerically. Once C;(t) is predicted in this
manner, one can make the assumption of instantaneous equilibrium between the sub-surface and
the surface underlying the diffusion-controlled model (see Assumption 2) to predict the equilibrium
adsorption isotherm by relating the instantaneous values of I'(¢) and C;(t) using Eq.(5.7). However,
unfortunately, I'(¢) is not typically measured experimentally. Instead, one measures the dynamic
surface tension, y(t). With this in mind, I transform Eq.(5.5) into a form that involves ~(t) instead
of I'(t). For this purpose, recall that the Gibbs adsorption equation relates the differential change
in the equilibrium value of the surface tension (v,) with respect to Cf to I, as follows [11:

_ Cg dye
Te = RT [dcg] (58)

where R is the gas constant, and T is the absolute temperature. In the case of diffusion-controlled
adsorption, since the sub-surface and the surface are in equilibrium at all times, the Gibbs adsorp-
tion equation (Eq. (5.8)) can also be used to relate I'(t), y(t), and Cs(t). Specifically,

_ _Gs() [ (D)

Pl = -7 [dCs(t)] (5.9)

Substituting Eq.(5.9) in Eq.(5.5), one obtains:

—%Q [ jgf(tz)] =To+ TQO [Cbt - /0 t Cs(t)dt] + 2\/1;7 [Cbx/i - /0 v Cs(t - n)d\/ﬁ] (5.10)

At any given T value, Eq.(5.10) is a fully defined integro-differential equation in C,(t) given the

following two inputs:

Input 1: The dynamic surface tension, (¢), measured at known values of C}, and ry.

Input 2: The diffusion coefficient of the surfactant molecule, D.
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Considering that in typical experimental pendant-bubble DST data the value of v(¢) as t — 0, 7o,
is smaller than the water/air surface tension value (v,/,) by only about 0.5 mN/m (see Chapter
4), the value of 'y in Eq.(5.10) can be estimated by assuming that the very small surface pressure,

Yw/a — Y0, is related to T'p by the Ideal Gas EOS. Specifically,
Yw/a — Y0 = RTTq (5.11)

Therefore, by specifying the two inputs listed above, Eq.(5.10) is a fully defined integro-differential
equation in the variable C,(t), which can be solved numerically given the initial value of C;(t).
Note that once C,(t) is determined, one can then make the assumption of instantaneous equi-
librium between the sub-surface and the surface underlying the diffusion-controlled model (see
Assumption 2) to relate the instantaneous values of v(¢) and C,(t) to predict the relation between
the equilibrium surface tension, -y., and the surfactant bulk solution concentration, C¢, (that is, the
ESTC curve) of the nonionic surfactant of interest.

Using Eq.(5.4), it follows that Cs(t = 0) = C(¢t = 0,r = rg) = C,. However, note that imme-
diately after the adsorption process begins, at t = 0%, in view of the assumption of instantaneous
equilibrium between the sub-surface and the surface underlying the diffusion-controlled model (see
Assumption 2), the sub-surface concentration reduces instantaneously from C,; = Cp to an unknown
value, C; = C§(70), in order to remain in equilibrium with the initial value of the surface tension,
40, and the associated surfactant surface concentration, I'g. Note that Eq.(5.10) assumes the exis-
tence of equilibrium between C;(t) and v(t) at all times, and therefore, the unknown C§ (o), rather
than C,, is the appropriate initial condition for C,(t) in Eq.(5.10). Since C{(~o) is not measured
experimentally, it is considered as a fitting parameter in the new methodology presented here.

Therefore, in addition to the 2 inputs listed above, the methodology requires an additional input:

Input 3: One experimental equilibrium surface tension value (v; ;) measured at a single surfactant

bulk solution concentration, Cj 1.

Specifically, for given inputs 1 and 2: (i) Eq. (5.10) is solved numerically using different guesses
for the initial value of C,(t = 0) = C£(70), (ii) ESTC curves are predicted for each guess of Cg (o)
by relating C;(t), determined through the solution of Eq.(5.10), and the input DST, ~(¢), and (iii)
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the value of C{(7o) is identified such that the corresponding ESTC curve passes through the given
equilibrium surface tension data point (Cs,1,75)-
Note that when the dynamic surface tension decreases from v, to 4f (corresponding to the
equilibrium surface tension value of Cp), the surfactant sub-surface concentration increases from
%(70) and Cp. Accordingly, using the new methodology proposed here, one can predict the entire
ESTC curve for Cg(y) < Cf < Cp. Since the value of Cf(vo) is chosen such that the resulting
ESTC curve passes through the given equilibrium surface tension data point (Cy 1, V5.1)> Cb,1 must

be smaller than Cj.

5.2.2 Reliability and Input Sensitivity of the New Methodology

To demonstrate the reliability of the new methodology, I: (a) artificially generate experimental DST
data corresponding to a specific ESTC model, (b) apply the new methodology to the artificially
generated experimental DST data to predict the ESTC behavior of the surfactant, and (c) compare
the ESTC behavior, predicted using the new methodology in (b), with the one that was used to
generate the DST data in (a). A detailed description of the artificially generated experimental DST
data, including the various steps associated with implementing the new methodology to analyze
the DST data, is presented in Appendix 5.A. Based on the results presented in Appendix 5.A, I find
that the new methodology is indeed able to reliably predict the entire ESTC curve, using: (1) the
DST data measured at a single surfactant bulk solution concentration, (2) the known value of the
diffusion coefficient of the surfactant molecule, and (3) a single experimental equilibrium surface
tension data point.

In addition, to study the sensitivity of the ESTC curve predicted using the new methodology to
typical inaccuracies in inputs 1 to 3 above in the case of the artificially generated experimental DST
data, I examine the extent to which the ESTC curve shifts as inputs 1, 2, and 3 are separately varied
over a range of appropriate values. A detailed description of the sensitivity analysis is presented in
Appendix B. The results presented in Appendix B indicate that the ESTC curve is most sensitive to
the value of the diffusion coefficient of the surfactant molecule (input 2), and less sensitive to the
experimental dynamic surface tension data (input 1) and to the experimental equilibrium surface

tension data point (input 3). Specifically, the maximum shifts of the ESTC curve for typical uncer-
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tainties in inputs 1 to 3 are as follows: about + 0.5 mN/m for input 1, about + 1.5 mN/m for input
2, and about + 0.4 mN/m for input 3. Having established that the value of the diffusion coefficient
of the surfactant molecule, D, affects the ESTC curve the most, in Section 5.3, I analyze specifically

the effect of D on the ESTC curve when using the new methodology to analyze experimental DST

data.

5.3 Application of the New Methodology

In this Section, I utilize the new methodology presented in Section 5.2.1 to determine the Equi-
librium Surface Tension vs. surfactant bulk solution Concentration (ESTC) behavior of the two
nonionic surfactants, C1oF4 and C12Fg. Specifically, I use the experimental pendant-bubble DST
data of C12F4 and Ci2Eg reported in Refs.[11] and [12], respectively, in order to predict their
respective ESTC behaviors. As already stressed in Section 3.3.1, the adsorption kinetics mecha-
nism for both Ci3FE4 and Cy5Fg is diffusion-controlled at all premicellar surfactant bulk solution
concentrations.

Recall that when experimental DST data measured at an initial surfactant bulk solution concen-
tration C}, is used in the new methodology, it follows that the deduced ESTC behavior is applicable
for surfactant bulk solution concentrations in the range, Cg (o) < C§ < Cp. With this observation
in mind, I have chosen a high initial surfactant bulk solution concentration at which the DST was
measured, Cp = 2.0 x 10~ mol/cm3, for both C15E, and Cy2Es. Recall that the analysis presented
in Chapter 4 demonstrated that the assumption of diffusive transport of C12F, and C12Es in the
bulk solution appears to break down about 100-200 s after the creation of the pendant bubble due
to the onset of natural convection. Keeping this important finding in mind, only experimental DST
data corresponding to ¢t < 200 s was considered for input 1 when utilizing the new methodology.
The input DST data for Cj2E4 and C12Fg, including the best-fit curve representations of the exper-
imental DST data using the modified Rosen functional form (see Eq.(5.A.3)) are shown in Figures
5-1(a) and 5-1(b), respectively. In both Figures 5-1(a) and 5-1(b), the filled circles correspond
to the experimental pendant-bubble DST data, and the solid lines correspond to the best-fit curve
representations of the modified Rosen functional form for (a) C12E4 and (b) C12Es. Note that the

standard deviation of the residuals corresponding to the best-fit representation is 0.3 mN/m for
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Figure 5-1: Experimental DST data used as input 1 to apply the new methodology, and the best-
fit representation of the experimental DST data for: (a) Ci2E4, measured at C, = 2.0 x 1078
mol/cm?, and (b)C12Es, measured at C, = 2.0 x 10~8 mol/cm3. The filled circles correspond to

the experimental DST data and the solid lines correspond to the best-fits using the modified Rosen
functional form given in Eq.(5.A.3).
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C12E4 and 0.36mN/m for Cy3Eg, which are both comparable to the typical accuracy of DST mea-
surements conducted using the pendant-bubble apparatus (0.3 mN/m [14]). Values of inputs 1-3
used to apply the new methodology to C12E; and C;sEg, including relevant references, are sum-
marized in Table 5.1. Note that the values of Cj; corresponding to input 3 were chosen keeping
in mind that: (i) Cp; < C} (see Section 5.2.1) and (ii) the equilibrium surface tension correspond-
ing to Cp 1 should be significantly lower than the pure water/air surface tension value (in order to

minimize possible inaccuracies in the experimental equilibrium surface tension value [15]).

Table 5.1: Values of the three inputs used to apply the new methodology to predict the ESTC
behaviors of C12FE4 and C12Fg.

Nonionic Input 1 Input 2 Input 3
Surfactants | C,(mol/cm?) | ro (cm) D (cm?/s) Cb,1 (mol/cm?®) | ¢, (mN/m)
CioE, 20x10-% |0.1[11] |3.9+0.6x10°%[16] | 0.6x10°8 47.2[11]
C12Fs 2.0x10°% [ 0.1[11] | 3.8 +£0.6x 107%[16] 1.0x 1078 45.0[11]

Recognizing that the value of the surfactant diffusion coefficient, D, was found to be the most
sensitive of the three inputs (see Appendix 5.B), the new methodology was used separately using
the nominal value of D, as well as the upper and the lower bound values of D, reported in Table
5.1. For both C2E4 and C15Fg, validation of the predicted ESTC behavior was carried out by :
(a) comparing the predicted ESTC behavior with experimental equilibrium surface tension data,
(b) comparing the EOS corresponding to the predicted ESTC behavior with experimental surface-
expansion data, and (c) using the predicted ESTC behavior to predict the DST behavior at several
other C;, values, and then comparing the predicted DST with the experimentally measured DST.
Equilibrium Surface Tension versus Surfactant Bulk Solution Concentration (ESTC)
Behavior

Figures 5-2(a) and 5-2(b) compare the ESTC behavior predicted using the new methodology
with the experimental equilibrium surface tension measurements reported in Refs.[11] and [12]
for Ci5E4 and C;2Fg, respectively. In both Figures 5-2(a) and 5-2(b), the solid, dashed, and dotted
lines correspond to the ESTC behaviors predicted using the new methodology with the nominal,

upper, and lower bound values of D, respectively, and the filled circles correspond to the experi-
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Figure 5-2: Comparison of the ESTC behavior predicted using the new methodology with the
experimental equilibrium surface tension data for: (a) Ci12E; and (b) Ci2Es. The filled circles
in (a) and (b) correspond to the experimental equilibrium surface tension data reported in Refs.
[11] and [12], respectively. In both (a) and (b), the solid lines correspond to the ESTC behavior
predicted using the nominal values of D, the dashed lines correspond to the higher bound values
of D, and the dotted lines correspond to the lower bound values of D.
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mental equilibrium surface tension data. Figures 5-2(a) and 5-2(b) indicate that for both Ci2E;
and Ci3Fs, there is very good agreement between the ESTC behavior predicted using the new
methodology and the experimental equilibrium surface tension values. Specifically, consider the
predicted ESTC curves corresponding to the nominal values of D for C12F; and Cj2Fg. Note that
the nominal D values used for C1oE; (3.9 x 10~% ¢cm?/s) and for Ci2Eg (3.8 x 10~6 ¢cm?/s) are
in close agreement with the measured D value for a structurally similar solute C12E5 (3.9 x 10~
cm?/s) [17]. Figures 5-2(a) and 5-2(b) reveal that the maximum deviation between the predicted
ESTC behavior corresponding to the nominal value of D and the experimental equilibrium surface
tension value is only about 0.4 mN/m for both C12F; and Cj3F¢. Note that the existing procedure
to determine the ESTC curve requires measuring the equilibrium surface tension at several specific
C)y values, which makes its use tedious and time consuming. On the other hand, the new methodol-
ogy presented here requires only the experimental DST data measured at a single C,, value and one
experimental equilibrium surface tension value measured at a single Cp; value in order to predict

the ESTC curves shown in Figures 5-2(a) and 5-2(b).
Equation of State (EOS)

The EOS corresponding to the predicted ESTC is determined by applying the Gibbs adsorption
equation (Eq.(5.8)) to the ESTC curves predicted in Figures 5-2(a) and 5-2(b). The EOS predicted
for C12E, and C19Eg for each of the ESTC curves corresponding to the nominal, the upper, and the
lower bound values of D are shown in Figure 5-3. In Figure 5-3, the black lines correspond to the
EOS of C12E;, and the blue lines correspond to the EOS of C15Es, where the solid lines correspond
to the nominal values of D, and the dashed and dotted lines correspond to the upper and the lower

bound values of D, respectively.

Figure 5-3 reveals that for both C;2F,4 and C12Eg the predicted EOS corresponding to a higher
D value is higher than that corresponding to a lower D value. Note that for a high value of
D, surfactant adsorption occurs faster, and the dynamic surfactant surface concentration, I'(t), is
higher than that corresponding to a lower D value. Therefore, for a given input experimental
DST data, the new methodology presented here reduces the ability of I'(t) to decrease the surface
tension when T'(t) increases at a faster rate, while it increases the ability of I'(t) to decrease the

surface tension when I'(¢) increases at a slower rate. This, in turn, ensures that the resulting rate

194



v (mN/m)

40

1 15 2 25 3 35 4 45 5
I'_x10'° (moliem?)

Figure 5-3: Comparison of the EOS predicted using the new methodology for C12E4 and C15Fg.
The various black lines correspond to the EOS of C12FE4 and the various blue lines correspond to
the EOS of C12Fg. For both C12E, and C12Eg, the solid, dashed, and dotted lines correspond to the
EOS obtained using the nominal, upper, and lower bound values of D, respectively.

of surface tension reduction agrees with the experimental DST data. Accordingly, the EOS is higher

(that is, v, is larger) when D is larger (see the black and blue dashed lines in Figure 5-3).

I have validated the EOS of C12E4 and C2Es predicted using the new methodology by compar-
ing these EOS with the surface-expansion measurements for C5 E4 and C15 Fg reported in Refs.[11]

and [12], respectively. Note that surface-expansion measurements relate v, to I'. /T .¢, where Leaf

ref>
is a reference value for the equilibrium surfactant surface concentration which is typically chosen as

L'e(vref) corresponding a reference value v,¢. The experimental surface-expansion measurements
for C12E4 and C12Eg reported in Ref.[11] and [12] are plotted as filled circles in Figures 5-4(a) and
5-4(b), respectively, where I' o¢ = ['e(ypef = 64mN/m) for C12E4 and T'of = Te(ypef = 60 mN/m)

for C12Es. The relation between v, and T',/T corresponding to the predicted EOS for Ci3E;

ref>

and C12Es in Figure 5-3, was determined by using the predicted value of T, (Vref = 64 mN/m) as

IR for C12E4, and the predicted value of I'e( ¢ = 60 mN/m) as Ciuf for C19FE¢. The predicted

Tre
relation between 7, and I'c /T, corresponding to the nominal, upper, and lower bound values of

D are plotted as the solid, dashed, and dotted lines in Figures 5-4(a) and 5-4(b). Figures 5-4(a)
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Figure 5-4: Comparison of the EOS information predicted using the new methodology with exper-
imental surface-expansion measurements for: (a) C12F4 and (b) C12Es. The filled circles corre-
spond to the experimental data, the solid lines correspond to the EOS information predicted using
the nominal values of D, the dashed lines correspond to the EOS information predicted using the
higher bound values of D, and the dotted lines correspond to the EOS information predicted using
the lower bound values of D.
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and 5-4(b) show that the EOS information predicted using the new methodology agrees very well
with the results of the surface expansion measurements, thus validating the accuracy of the new

methodology.

In addition, I conducted the following qualitative validation of the EOS predicted using the new
methodology: Figure 5-3 shows that the EOS corresponding to C12Fg lies below the EOS corre-
sponding to C1oE4, except at large values of I' where the Cj2Es EOS corresponding to the upper
bound of D appears to overlap with the C;3F4 EOS corresponding to the lower bound of D (see
the black dotted line and the blue dashed line). In other words, overall, Figure 5-3 reveals that
for any given equilibrium surfactant surface concentration, I'., C12Es has a greater potential to
reduce surface tension relative to Cy2E4. This observation is consistent with the expected trend
based on the nature of the interactions between the adsorbed C;E; nonionic surfactant molecules.
Specifically, consider the molecular-based theoretical framework to model the equilibrium adsorp-
tion isotherm behavior of the adsorbed C;E; nonionic surfactant molecules presented in Ref.[18].
According to this theoretical framework, the interactions between the C; hydrocarbon tails of the
adsorbed C;E; surfactant molecules are modeled in terms of attractive van der Waals interactions,
and the interactions between the E; heads of the adsorbed C;E; surfactant molecules are modeled
in terms of repulsive hard-disc interactions. In this theoretical description, as the size of the E;
head increases, for a given C; tail, the repulsive interactions between the adsorbed C; F; surfactant
molecules become stronger. As a result, for a given surfactant surface concentration, I, C12FE¢
produces a higher surface pressure (v,,/, — 7e) than that produced by C12E4 [18]. Consequently,
for a given I', value, C12Fg induces a greater reduction in surface tension than that induced by

C12E4, a prediction which is consistent with the results shown in Figure 5-3.
DST Predictions at other Surfactant Bulk Solution Concentrations

Recall that the new methodology presented here uses the DST data measured at a single Cj, value
in order to predict the ESTC behavior. Therefore, I have further tested the ESTC behavior predicted
using the new methodology by predicting the DST behavior at other C}, values, and subsequently,
by comparing the predicted DST profiles with the corresponding experimentally measured DST
data for both C12F4 and C12Eg.

The ESTC behavior corresponding to the nominal values of D for both C13FE; and C;2Es pre-
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dicted using the new methodology (see Figures 5-2(a) and 5-2(b)) was used to predict DST profiles
at several C} values assuming a diffusion-controlled adsorption model. In Figures 5-5 and 5-6, I
compare the predicted DST profiles for C19F4 and C12Eg with the experimental DST data reported
in Ref.[11] and [12], respectively. Specifically, Figure 5-5 compares the predicted DST profiles with
the experimental DST data for C12E; at: (a) 2.0 x 10~8 mol/cm?, (b) 1.0 x 10~8 mol/cm?, (c) 0.6
x 1078 mol/cm3, and (d) 0.4 x 10~8 mol/cm?, and Figure 5-7 compares the predicted DST profiles
with the experimental DST data for C12Eg at: (a) 2.0 x 10~8 mol/cm3, (b) 1.3 x 10~8 mol/cm?,
(c) 0.6 x 10~8 mol/cm3, and (d) 0.2 x 10~® mol/cm?®. In both Figures 5-5 and 5-6, the solid lines
correspond to the predicted DST profiles and the filled circles correspond to the experimental DST

data.

¥ (MN/m)

30 L

Figure 5-5: Comparison of the predicted dynamic surface tension, ~(t), as a function of time, ¢,
using the diffusion-controlled adsorption model and the ESTC behavior deduced using the new
methodology with the experimentally measured DST data for Cj2E; at: (a) 2.0 x 10~8 mol/cm?,
(b) 1.0 x 10~® mol/cm3, (c) 0.6 x 10~8 mol/cm?, and (d) 0.4 x 10~8 mol/cm?®. In the figure,
the solid lines correspond to the predicted DST profiles and the filled circles correspond to the
experimental DST data reported in Ref.[11].

Recall that the experimental DST data measured at C;, = 2.0 x 10~® mol/cm? was originally
used to predict the ESTC behavior of C12F4 and C12F¢ using the new methodology (see Figures
5-1(a) and 5-1(b)). In Figures 5-5 (case (a)) and 5-6 (case (a)), I compare the DST predictions at

this Cj, value in order to verify if the predicted ESTC curve is indeed consistent with the original
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Figure 5-6: Comparison of the predicted dynamic surface tension, «(¢), as a function of time, ¢,
using the diffusion-controlled adsorption model and the ESTC behavior deduced using the new
methodology with the experimentally measured DST data for C12Fg at: (a) 2.0 x 10~8 mol/cm?,
(b) 1.3 x 108 mol/cm?, (c) 0.6 x 10~® mol/cm3, and (d) 0.2 x 10~8 mol/cm?®. In the figure,
the solid lines correspond to the predicted DST profiles and the filled circles correspond to the
experimental DST data reported in Ref.[12].

DST data used to generate the ESTC curve. As can be seen from Figures 5-5 (case (a)) and 5-6
(case (a)), the predicted DST profiles are indeed consistent with the original DST data. Additional
comparison of the predicted DST profiles with the experimental DST data in Figures 5-5 and 5-6 for
cases (b), (c), and (d) reveals the existence of systematic deviations, where the experimental DST
data decreases faster with time than the DST predicted using to the diffusion-controlled adsorption
model and the ESTC behavior deduced using the new methodology for ¢ greater than about 100 to
200 seconds. Note that this finding is consistent with the results of the analysis presented in Chapter
4, where I hypothesized and demonstrated that the assumption of diffusive transport of surfactant
molecules in the bulk solution may not be valid for ¢ > 100 - 200 s due to the onset of natural
convection. Keeping this important observation in mind, one should compare the predicted DST
profiles with the experimentally observed DST behavior only when ¢ < 100 - 200 s. A reexamination
of Figures 5-5 and 5-6 for ¢t < 100 - 200 s reveals that the predicted DST profiles for cases (b), (c),

and (d) agree very well with the experimentally measured DST data for these three cases.
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5.4 Conclusions

In this chapter, I explored a novel approach to determine equilibrium adsorption properties using
experimental dynamic surface tension data and the known adsorption kinetics rate-limiting mech-
anism. Specifically, I developed a new methodology to determine the Equilibrium Surface Tension
vs. surfactant bulk solution Concentration (ESTC) behavior of nonionic surfactants from experi-
mental pendant-bubble DST when the adsorption kinetics is diffusion-controlled. Implementation
of the new methodology requires the following inputs: (1) experimental DST data measured at
a single surfactant bulk solution concentration, Cj, (2) the diffusion coefficient of the surfactant
molecule, D, and (3) one equilibrium surface tension value measured at a single surfactant bulk
solution concentration, Cp1 < Cp. Using inputs 1-3, the new methodology can be used to predict
the entire ESTC curve applicable over a wide range of surfactant bulk solution concentrations. Note
that the existing procedure to determine the ESTC behavior of surfactants requires performing te-
dious and time consuming equilibrium surface tension measurements at various Cy values, and
then generating the best-fit curve that passes through the various experimental data points based

on empirical model equations [1].

I demonstrated the applicability of the new methodology by predicting the ESTC curves of
C12E4 and Cy2Eg using experimental pendant-bubble DST data reported in Ref.[11] and [12],
respectively. For both C12E, and C;2Fs, 1 validated the predicted ESTC curves by: (a) comparing
the predicted ESTC with independent equilibrium surface tension measurements, (b) comparing
the predicted equations of state associated with the predicted ESTC curves with surface-expansion
measurements, and (c) predicting DST profiles at other Cj, values and comparing the predicted DST
profiles with the experimental DST data. I observed very good agreement between the predicted |
equilibrium adsorption behavior and the experimental measurements for (a) and (b) for both C12E,
and Cy2E¢. For (c), while the predicted DST profiles agreed with the experimental DST data for ¢
values less than about 100-200 seconds at all the C,, values considered, systematic deviations were
observed at large values of ¢. These systematic deviations are similar to those observed in Chapter
4, where I hypothesized and demonstrated that the assumption of diffusive transport of surfactant
molecules in the bulk solution may cease to be valid for ¢ values which are greater than 100 - 200 s

due to the onset of natural convection in the system. Overall, considering the agreement for (a) and
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(b), and the agreement between the predicted DST profiles and the experimental DST data for t <
100 - 200 s, I conclude that the new methodology presented in this chapter represents an efficient
and reliable method to determine the equilibrium adsorption behavior of nonionic surfactants using
experimental dynamic surface tension data.

In the next chapter, Chapter 6, I consider the problem of designing nonionic surfactant formu-
lations that need to meet specific adsorption kinetics requirements, and develop a novel approach
that involves the combined use of predictive dynamic surface tension models and optimization

algorithms to identify the optimal surfactant formulations.
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Appendix 5.A: Reliability of the New Methodology

In this appendix, I demonstrate the reliability of the new methodology by: (i) artificially gen-
erating experimental DST data corresponding to a specific ESTC model, (ii) applying the new
methodology to the artificially generated DST data, and (iii) comparing the ESTC obtained using
the new methodology with the ESTC that was used to artificially generate the DST data.

5.A.1 Generation of Artificial Experimental DST Data

To artificially generate the experimental DST data, consider the diffusion-controlled adsorption of
a nonionic surfactant characterized by a ‘representative’ value of D = 5.0 x 1079 cm?/s onto a
pendant bubble surface having a ‘representative’ radius 7o = 0.10 cm [10]. Let the equilibrium
adsorption behavior of the nonionic surfactant satisfy the Generalized Frumkin Equilibrium Ad-
sorption Isotherm (EAI), that is:

Te C¢

Too r= Ct + aexp(Kz")

(5.A1)

where I'y = 5.0 x 10719 mol/cm?, ¢ = 2.0 x 1071° mol/cm3, K = 2.0, and n = 0.5, which
correspond to typical parameter values of several C;E; nonionic surfactants [10], and I, is the
equilibrium surfactant surface concentration corresponding to the surfactant bulk solution concen-

tration Cf. The EOS corresponding to the Generalized Frumkin EAI in Eq.(5.A.1) is given by [10]:

KTL.’E"+1
1+n

Ywja — Ve = —L'ooRT |log(l — z) — (5.A.2)

where 7,,/, is the surface tension of the water/air surface taken to be 72.0 mN/m at T'= 298 K, R
is the gas constant = 8.314 J/(mol- K), and . is the equilibrium surface tension corresponding to
L.

Assuming a trace quantity for the initial amount of adsorbed surfactant molecules at the pendant-
bubble surface, 'y = 2.0 x 10~ mol/cm? (corresponding to the value o = 71.5 mN/m which is
typically observed in experimental pendant-bubble DST data), a DST profile can be generated at

an initial surfactant bulk solution concentration of C, = 3.0 x 108 mol/cm3. Since the measure-
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ment of DST typically involves determining the surface tension at specific ¢ values, DST values are
obtained for specific ¢ values from the generated DST profile. With this in mind, the ¢ values used
to generate the artificial experimental DST data were obtained by generating random numbers sat-
isfying a uniform distribution in the range -1 to 2 in the logt axis, corresponding to ¢ values in the

range of 0.1 s to 100 s. Note that this range of ¢ values was selected keeping in mind that:

e The shortest time encountered in typical DST measurements using the pendant-bubble appa-

ratus is about 0.1 s.

e The time scale associated with the validity of the assumption of diffusive transport of the
surfactant molecules in the bulk solution for a pendant-bubble apparatus was found to be

about 100 to 200 seconds (see Chapter 4).

In order to generate a realistic artificial representation of the actual experimental DST data, random
errors were introduced in the generated DST values. For this purpose, random numbers were
generated that satisfy a normal distribution with a mean value of 0, and a standard deviation value
of 0.3. A value of 0.3 was chosen since the typical reproducibility of the DST measurements using
the pendant-bubble apparatus is about 0.3 mN/m [14]. The artificially generated experimental
DST data is shown as the filled circles in Figure 5-7. For a description of the two lines shown in

Figure 5-7, see Section 5.A.2 below.

5.A.2 Application of the New Methodology

Recall that the application of the new methodology requires solving Eq.(5.10) for Cs(t) given the

following three inputs (for details, see Section 5.2.1):

1. The dynamic surface tension, +(t), at a single known initial surfactant bulk solution concen-
tration, Cj.
2. The diffusion-coefficient, D, of the surfactant molecule.

3. A single equilibrium surface tension data point (Cj 1, 75,1), where Cp; < Cp.

Note that while the experimental DST data is measured at specific ¢ values, the numerical
solution of Eq.(5.10) requires inputting ~y(¢) at ¢ values which can be arbitrarily close. For this

purpose, one needs to interpolate the experimental DST data to obtain ~(¢) at ¢ values for which
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Figure 5-7: Functional form representation of the artificially generated experimental DST data: A
comparison between the artificially generated experimental DST data, the best-fit corresponding
to the modified Rosen functional form, Eq.(5.A.3), and the best-fit corresponding to the Rosen
functional form, Eq.(5.A.4). The filled circles correspond to the artificially generated experimental
DST data, the solid line corresponds to the best-fit of the modified Rosen functional form, and the
dashed line corresponds to the best-fit of the Rosen functional form.

the experimental DST values are not available. Specifically, I have regressed the experimental DST
data with a known functional form for the DST, and have subsequently used the regressed function
as input 1 in the new methodology. To regress the artificially generated experimental DST data

shown in Figure 5-7, I have used the following parameterized functional form of the DST:

- ni na

%)—3(2 - % K%) + (}) } (5.A.3)

having five parameters: ~y, ., t*, n;, and ns. Note that the functional form in Eq.(5.A.3) is

inspired by the work of Rosen and co-workers who conducted extensive DST measurements for

several nonionic and ionic surfactants, including their mixtures, and observed that the following

parameterized functional form yielded a good fit of the experimental DST behavior for all the
surfactant systems that they considered [19-23]:

Yo =) _ (1)”1

WO -7 \F ey
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In the case of the artificially generated experimental DST data, the functional form in Eq.(5.A.4)!
did not result in a good fit, as shown by the dashed line in Figure 5-7. However, by adding the
parameter n; to the original Rosen functional form (see Eq.(5.A.3)2) an excellent fit was obtained,
as shown by the solid line in Figure 5-7. Quantitatively, the standard deviation of the residuals
for the best-fit corresponding to the original Rosen functional form is 0.79 mN/m, while it is only
0.32 mN/m for the modified Rosen functional form. Note that the value of the standard deviation
of the residuals for the modified Rosen functional form (0.32 mN/m) is consistent with the value
of 0.3 mN/m associated with the standard deviation of the measurement errors used to artificially

generate the experimental DST data.

It is important to recognize that the actual functional form used to represent the experimental
DST data is arbitrary, as long as the chosen functional form and the resulting best-fit capture the
essential features of the experimental DST behavior3. The effect of the DST measurement errors

on the predicted ESTC is investigated in Appendix B.1.

The new methodology was applied using: (1) the best-fit DST curve corresponding to the mod-
ified Rosen functional form as input 1, (2) D = 5.0 x 10~% ¢cm?/s as input 2, and (3) Y51 = 38.4
mN/m at Cy; = 1.0 x 10~8 mol/cm3 as input 3. Figure 5-8 compares the ESTC behavior predicted
using the new methodology with the original ESTC model used to artificially generate the DST
data. In the figure, the solid line corresponds to the ESTC predicted using the new methodology,
the dashed line corresponds to the original ESTC model used to artificially generate the experimen-
tal DST data, and the filled circle corresponds to the single equilibrium surface tension data point
(Cb,1, 7,1) used as input 3. Figure 5-8 clearly shows that the entire ESTC curve predicted using the
new methodology is consistent with the original ESTC used to artificially generate the experimental
DST data. In fact, the maximum difference between the equilibrium surface tension, -, using the

predicted ESTC and using the original ESTC is only about 0.2 mN/m.

'Hereafter, Eq.(5.A.4) will be referred to as the Rosen functional form.

?Hereafter, Eq.(5.A.3) will be referred to as the modified Rosen functional form.

%I have also implemented the new methodology using other functional forms like a 13-degree polynomial ,and found
that it did not result in any significant difference with the ESTC curve predicted using the modified Rosen functional
form.
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Figure 5-8: Comparison of the ESTC predicted by applying the new methodology to the artificially
generated experimental DST data with the ESTC model that was originally used to artificially gen-
erate the experimental DST data. The solid line corresponds to the ESTC predicted using the new
methodology, the dashed line corresponds to the original ESTC, and the filled circle corresponds to
the single equilibrium surface tension data point used as input 3.

5.A.3 Comment on the Value of C¢()

In implementing the new methodology using the artificially generated experimental DST data, I
find that the numerical solution of Eq.(5.10) depends strongly on the initial value of Cs, Cs(t =
0) = C¢(vo). This is because the numerical solution of Eq.(5.10) requires recursively solving for the
value of the surfactant sub-surface concentration (Cs(t,)) at the nth time step (¢,), based on all
the previously computed values of C, from C;(t = 0) to Cs(t,—1), starting from n = 1. Therefore,
any error in the initial value, C;(7o), gets amplified as the time step index, n, increases. As a result,
the resulting ESTC curve depends strongly on the value of C¢(v,). However, specifying the single
equilibrium surface tension data point, (Cy1,75,) (see input 3), helps to ‘pin-down’ the resulting
ESTC curve by adjusting for the value of Cf (7o) appropriately.

Based on the results of the analysis presented in this Appendix, I conclude that the new method-
ology presented in this chapter can be used to reliably predict the ESTC behavior using: (1)
the experimental DST data measured at a single surfactant bulk solution concentration using the
pendant-bubble apparatus, (2) the diffusion coefficient of the surfactant molecule, and (3) a single

equilibrium surface tension data point.
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Appendix 5.B: Sensitivity Analysis of the ESTC to the Three
Inputs Used

In this Appendix, I investigate the sensitivity of the ESTC curve predicted using the new method-
ology to typical uncertainties in each of the three inputs in the context of the artificial experimental
DST data examined in Appendix A. Such a sensitivity analysis assists in identifying those inputs
that most significantly affect the ESTC curve predicted using the new methodology, as well as in
determining confidence regions for the predicted ESTC curve. Specifically, I have investigated the
sensitivity of each input by determining the extent to which the ESTC curve shifts as each input is

varied over a relevant range of values, while the other inputs remain constant.

5.B.1 Sensitivity to Input 1: Dynamic Surface Tension, ()

Note that the input DST, «(t), is a function, and therefore, the sensitivity analysis should consider
a set of functions that form acceptable representations of the experimental DST data. One useful
procedure to perform a sensitivity analysis of functions is to consider the original function as a
combination of a set of basis functions, and to perform a regular sensitivity analysis of the weights
of each basis function over a range of values [24]. Keeping this procedure in mind, I have performed
a sensitivity analysis of the input DST with respect to each of the 5 parameters of the modified Rosen
functional form (see Eq.(5.A.3)). In other words, I have performed the sensitivity analysis of the
input DST function, v(t), by: (i) generating a set of acceptable representations of the input DST, and
(ii) determining how the predicted ESTC curve shifts for each of the representations of the input
DST. Using an approach which is analogous to the basis function approach, I have generated the
set of acceptable representations of the input DST by varying the five parameters of the modified
Rosen functional form separately.
Determining the Range of the Five Parameter Values

Note that as the value of each of the five parameters in Eq.(5.A.3) changes, it generates different
DST profiles to represent the experimental DST data. In order to determine acceptable ranges for

the variation of each of the five parameters in Eq.(5.A.3), I have:

1. Estimated the error in the experimental DST data using the standard deviation of the residuals
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corresponding to the best-fit modified Rosen functional form, e.
2. Considered a prediction envelope defined as + ¢ about the best-fit DST profile.
3. Found the limiting value of each parameter when the predicted DST profile falls just outside

the envelope defined in item 2, by varying each of the five parameters of Eq.(5.A.3) separately

(keeping the remaining four parameters at their best-fit value).

In other words, I have considered all the DST profiles that fall within the estimated magnitude of
error in the experimental DST data as acceptable representations of the experimental DST data, and
generated different representative DST profiles by separately varying each of the five parameters.
In the case of the artificial experimental DST data, keeping in mind that the standard deviation
of the residuals was estimated to be 0.32 mN/m (see Appendix A), the prediction envelope is
defined as (t) = Ygest-Fit(t) = 0.-32 mN/m. The best-fit values of the five parameters, as well as
the range of values over which each of the five parameters can vary such that the resulting DST

profiles lie within the defined prediction envelope, are reported in Table 5.2. Subsequently, DST

Table 5.2: The best-fit values of the five parameters of the modified Rosen functional form
(Eq.(5.A.3)) used to represent the artificial experimental DST data, and the lower and upper limit
values over which each of these parameters can vary such that the resulting DST profiles lie within
a prediction envelope defined by ygegt.pjt + 0-32 mN/m.

Parameter | Nominal Value | Lower Limit | Upper Limit
Yo 71.56 71.14 71.78
Ve 29.45 29.13 29.77
t* 20.10 19.80 20.40
n1 2.74 2.66 2.82
ng 0.65 0.61 0.69

profiles were generated for the lower and upper limiting values of each of the five parameters,
that is, a total of 5x2 = 10 DST profiles. Following that, with each DST profile as an input (input
1), and using the nominal values for inputs 2 and 3, the ESTC curves were predicted. The ten
DST profiles considered are shown as solid lines in Figure 5-9, where the filled circles correspond
to the experimental DST data points. The ten ESTC curves predicted using each of the 10 DST

profiles as input 1 are shown as solid lines in Figure 5-10, where the filled circle corresponds to
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Figure 5-9: DST profiles generated by separately varying the five parameters of the modified Rosen
functional form, Eq.(5.A.3), such that the resulting DST profile falls within the +¢ prediction enve-
lope. There are a total of 10 profiles corresponding to the upper and lower limits for each of the
five parameters. The solid lines correspond to different limiting DST profiles, and the filled circles
correspond to the artificial experimental DST data.
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Figure 5-10: ESTC curves predicted using the new methodology for each of the ten different DST
profiles shown in Figure 5-9. The solid lines correspond to the ten ESTC curves, and the filled circle
corresponds to the single equilibrium surface tension data point used as input 3.
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the single equilibrium surface tension data point used as input 3. Note that the ten DST profiles
in Figure 5-9 appear to overlap because they deviate from the best-fit representation only by 0.32
mN/m. The ten ESTC curves shown in Figure 5-10, together, define the envelope of variability
of the ESTC curve resulting from the measurement errors in the input experimental DST data
considered. A quantitative examination of Figure 5-10 shows that accounting for a variability of +e
in the experimental DST measurements results in a shift of the ESTC curve by a maximum of about

4+ 0.5 mN/m.

5.B.2 Sensitivity to Input 2: The Surfactant Molecule Diffusion Coefficient, D

Note that estimates of the diffusion coefficient of surfactant molecules can vary by about +1.0 x
107 ecm?/s [11, 14]. Therefore, the sensitivity analysis of this input was carried out by varying
the D value by £1.0 x 1076 cm?/s from the nominal value of 5.0 x 10~6 cm?2/s. Accordingly, I
predicted the ESTC curves by applying the new methodology separately for D = 4.0 x 1076 cm?/s

and D = 6.0 x 1075 cm?/s, and the results are shown in Figures 5-11. In the figure, the solid line

Y. (MN/m)

-10 -9

10 10

c; (mol/icm®)

Figure 5-11: Effect of the value of the diffusion coefficient, D, (input 2) on the ESTC curve pre-
dicted using the new methodology. The solid line corresponds to the upper bound value value of
D = 6.0 x 1078 cm?/s, the dashed line corresponds to the lower bound value of D = 4.0 x 10~¢
cm?/s, and the filled circle corresponds to the single equilibrium surface tension data point used as
input 3.
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corresponds to the upper bound value of D = 6.0 x 1076 cm?/s, the dashed line corresponds to
the lower bound value of D = 4.0 x 10~% cm?/s, and the filled circle corresponds to the single
equilibrium surface tension data point used as input 3. Figure 5-11 reveals that the ESTC curve
corresponding to the upper bound value of D lies consistently above the ESTC curve corresponding
to the lower bound value of D for Cf < Cp ;. This is because when D is higher, the sub-surface
is replenished with surfactant molecules from the bulk solution interior at a higher rate leading
to a larger value of C,(t). For a given input DST behavior (input 1), with a higher D value, the
new methodology presented here reduces the effectiveness of the surfactant molecules to decrease
the surface tension. As a result, the ESTC curve corresponding to the upper bound value of D lies
above the ESTC curve corresponding to the lower bound value of D. Figure 5-11 shows that for the
range of D values considered, the maximum variation in the predicted equilibrium surface tension,

Ve, is about £+ 1.5 mN/m.

5.B.3 Sensitivity to Input 3: The Single Equilibrium Surface Tension Data Point

Note that the typical accuracy associated with measuring equilibrium surface tensions is about +
0.3 mN/m [1]. Accordingly, the sensitivity analysis to input 4 was done by varying the single
equilibrium surface tension data point used (Cj; = 1.0x 1078 mol/cm3, Y51 = 38.4 mN/m) by +
0.3 mN/m. With this in mind, I predicted the ESTC curves using the new methodology separately
for 7§, = 38.7 mN/m and for 45, = 38.1 mN/m. The predicted ESTC curves are shown in Figure
5-12, where the solid line corresponds to the upper bound value of v, = 38.7 mN/m and the
dashed line corresponds to the lower bound value of 75 ; = 38.1 mN/m. Figure 5-12 reveals that
the ESTC curves shift by a maximum of about + 0.4 mN/m as +5; varies over the range of values
considered.

In summary, the results of the sensitivity analysis presented in this Appendix show that the
ESTC curve predicted using the new methodology is most sensitive to variations in the value of
surfactant molecule diffusion coefficient, D (input 2), as quantified in terms of the maximum shift
in the ESTC curve.
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Figure 5-12: Effect of the value of the single equilibrium surface tension data point, ~; ;, (input 3)
on the ESTC curve predicted using the new methodology. The solid line corresponds to v ; = 38.7
mN/m, and the dashed line corresponds to 75 ; = 38.1 mN/m.
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Chapter 6

New Theoretical Framework to Design
Optimal Nonionic Surfactant
Formulations that Exhibit a Desired

Dynamic Surface Tension Behavior

6.1 Introduction

In Chapters 2-5, I developed several theoretical methodologies to address various fundamental as-
pects of the kinetics of surfactant adsorption. In this chapter, I consider the following practical
aspect associated with the kinetics of surfactant adsorption: How to design optimal nonionic sur-
factant formulations for applications in which the surfactant adsorption kinetics plays a significant
role. Applications like ink-jet printing [1], pesticide sprays [2], and foam and emulsion forma-
tion [3-5], all involve the rapid formation of fluid/fluid interfaces. Surfactants are used in these
applications in order to stabilize the freshly-formed interfaces by adsorbing at a desired rate. In
these applications, the kinetics of surfactant adsorption is expected to play a significant role in
determining the performance and effectiveness of the surfactant formulations [6, 7]. The current
procedure for designing surfactant formulations in these applications involves: (i) preparing sev-

eral sample formulations by mixing the constituent surfactants at different concentrations, and (ii)
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measuring the adsorption kinetics behavior of each individual sample formulation in order to screen
for the formulations that are most efficient. Considering the large number of commercially avail-
able surfactant components (for example, alkyl poly(ethylene) oxide, C;E;, nonionic surfactants,
n-alcohols, and sodium dodecyl sulfate) that can potentially be chosen to prepare the surfactant
formulation, the time and effort required to design surfactant formulations that meet a desired
adsorption kinetics behavior can be very significant. Furthermore, this trial-and-error experimental
procedure does not guarantee identification of the most efficient or most economical surfactant
formulation.

With the above in mind, in this chapter, I propose a new theoretical framework to identify the
optimal nonionic surfactant formulation that most closely meets a desired adsorption kinetics be-
havior. Specifically, the new theoretical framework poses the design of the surfactant formulation
as an optimization problem using predictive models, and finds the solution of the formulated opti-
mization problem using numerical algorithms implemented in a commercial optimization package

(see Figure 6-1).

Desired Adsorption Predictive
At . Models
Kinetics Behavior .
Optimal
I — Surfactant

Formulation

Surfactant Optimization

Properties Package

Figure 6-1: Proposed new theoretical framework for the design of optimal surfactant formulations.

The formulation of the optimization problem involves:

(i) Choosing an objective function that quantifies the deviation (or the agreement!) between the
desired adsorption kinetics behavior and the adsorption kinetics behavior corresponding to a
specific formulation condition.

(ii) Defining the optimization decision variables as the bulk solution concentrations of the individ-

ual surfactants comprising the formulation.

'If the objective function chosen quantifies the deviation, then the optimization problem is posed as a minimization
problem. On the other hand, if the objective function chosen quantifies the agreement, then the optimization problem is
posed as a maximization problem.
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(iii) Relating the decision variables to the objective function using models that predict the adsorp-
tion kinetics behavior of formulations given the bulk solution concentrations of the individual
surfactants comprising the formulation.

(iv) Including any constraints on the decision variables (see (ii) above) to account for model limi-

tations on the concentrations of the individual surfactants comprising the formulation.

As proof of technical feasibility of the proposed new theoretical framework, I: (a) consider the
problem of identifying the nonionic surfactant formulation that optimally satisfies a desired adsorp-
tion kinetics behavior specified in terms of a desired dynamic surface tension profile, (b) formulate
the problem defined in (a) as an optimization problem using the Mulqueen-Stebe-Blankschtein
(MSB) adsorption kinetics model[8], and (c) develop a framework to find the solution of the opti-
mization problem formulated in (b) using the Sequential Nonlinear OPTimization (SNOPT) pack-
age [9]. In addition, I demonstrate the effectiveness of the new theoretical framework through a
representative case study.

The remainder of this chapter is organized as follows. In Section 6.2, I develop the new the-
oretical framework to design optimal nonionic surfactant formulations that most closely meet a
desired surfactant adsorption kinetics behavior. In Section 6.3, I demonstrate the reliability of the
developed framework, and subsequently, I demonstrate its effectiveness by analyzing a representa-
tive case study. Finally, in Section 6.4, I summarize the main results of this chapter. In addition,
in Appendix 6.A, I describe the evaluation of the objective function at a given set of values for the
decision variables using the MSB adsorption kinetics model. Finally, in Appendix 6.B, I describe the

calculation of the sensitivity of the objective function with respect to the decision variables.

6.2 Development of the New Theoretical Framework to Design Opti-
mal Nonionic Surfactant Formulations that Most Closely Meet a

Desired Surfactant Adsorption Kinetics Behavior

Consider the following design problem: If a nonionic surfactant formulation can be prepared by
mixing a given set of nonionic surfactants, how does one identify the individual bulk solution

concentrations of these surfactants that results in a Dynamic Surface Tension (DST) behavior that
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optimally satisfies a desired DST profile? Let the desired (d) DST profile be ~,4(t), and let the range
of time over which the desired DST profile is specified be t;, <t < ¢y, where L denotes lower and
U denotes upper. Let the total number of nonionic surfactants used to prepare the formulation be
n. With these specifications in mind, I: (i) formulate the above design problem as an optimization
problem using the MSB adsorption kinetics model (Section 6.2.1), and (ii) find the optimal solution

of the formulated optimization problem using SNOPT (Section 6.2.2).

6.2.1 Formulation of the Optimization Problem

The formulation of the optimization problem to address the design problem defined above using

the MSB adsorption kinetics model involves the following four steps:

1. Choosing an objective function (M) that quantifies the deviation between the desired DST
profile (v4(¢)) and the DST profile corresponding to a specific surfactant mixture (vy(t)).

2. Defining a set of optimization decision variables that are related to the bulk solution concen-
trations of the n surfactants (see the section on Decision Variables below). For notational

simplicity, let C;, denote the set of bulk solution concentrations of the n surfactants, that is,
Co={Cs1,Ch2,...,Con} (6.1)

where C,; denotes the bulk solution concentration of surfactant .

3. Using the MSB adsorption kinetics model to relate the decision variables to the objective
function. Specifically, using the MSB adsorption kinetics model to first predict v(t) at the
given Cy, and then evaluating M using the predicted (t).

4. Including constraints on the decision variables to account for limitations of the MSB adsorp-

tion kinetics model (see the section on Constraints on the Decision Variables below).

Objective Function
The goal of optimally satisfying the desired DST profile is expressed as the following objective

function:

U _ 2
tr
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where v* is a factor included to non-dimensionalize the term (v4(t)—7(t)), and w(t) is the weighting
function.
The following points are noteworthy regarding the specific choice of the objective function in

Eq.(6.2):

1. The objective function () measures the deviation between the desired DST profile (y4(t))
and the DST corresponding to a specific surfactant mixture (v(t)). Therefore, by minimizing
M, one determines the formulation conditions for which the deviation between v;(¢) and 7(t)
is minimum. Furthermore, M can also be interpreted as the continuous function-equivalent
to the sum-of-squared-error minimization (which involves discrete points) performed in a
typical regression analysis [10]. In other words, the objective function defined in Eq.(6.2)
is equivalent to finding the formulation conditions for which the ‘sum-of-squared-errors’ be-
tween ~4(t) and ~(¢) is minimal.

2. The weighting function w(t) accounts for the rate (logarithmic vs. linear) at which ~4(t)
changes with time (). In other words, if the desired ~,4(t) inherently varies on the log(t) scale
(which is typical of the DST behavior observed for surfactants), then, w(t) can be chosen to

be 1/[tIn(10)]. In this case, Eq.(6.2) becomes:

logty _ 2
min M = [M] dlogt (6.3)
logty, Y

The objective function in Eq.(6.3) has a clear physical interpretation: M is proportional to
the area between the profiles v4(¢) and 7(¢), when these two profiles are plotted as a function
of log(t). On the other hand, if ~4(t) varies on the linear ¢ scale, then, w(t) can be chosen to

be a constant value, say, 1/ty, and Eq.(6.2) becomes:

min M =

[t s 64

r* ty

tr

Note that this choice of w(t) helps to retain the non-dimensional nature of the objective
function. In addition, note that in this case, M is proportional to the area between the curves

v4(t) and (t) when they are plotted on the linear ¢ scale.

3. The factor v*, which is included in Eqs.(6.2) - (6.4) to non-dimensionalize the term (va(t) —
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v(t)), is chosen to be a constant, recognizing that surface tension values typically vary on a

linear scale (for example, from 72.0 mN/m to 35 mN/m).

Decision Variables

Since the original design problem involves identifying the optimal bulk solution concentrations
of the n surfactants in the nonionic surfactant mixture, it follows that the optimization decision
variables should be related to the bulk solution concentrations of the n surfactants, C,. However,
it is not convenient to choose C,, as the actual decision variables for the following practical reason:
The objective function (M) depends on the ‘variable’ v(t) (see Eq.(6.2)), which, in turn, depends
on C,. For a typical surfactant, both the equilibrium and the dynamic surface tensions vary on
a linear scale (for example, from 72 mN/m to 35 mN/m) as the surfactant bulk solution concen-
tration varies on the logarithmic scale (for example, from 10~1% mol/cm3 to 10~¢ mol/em3) [11].
Since the objective function (M) in Eq.(6.2) is ~ O(y(t)?), the value of M can be expected to
vary on a ‘quadratic scale’ as C, varies on the logarithmic scale. However, note that the Sequential
Quadratic Programming (SQP) algorithm that is implemented in the SNOPT package constructs a
local quadratic relationship between the objective function and the decision variables while numer-
ically finding the solution of the optimization problem [9]. Considering this numerical aspect, I
have chosen the logarithm of the bulk solution concentrations of the n surfactants (denoted here-
after as log Cy = {log Cp 1,108 Cp 2, ...,log Cp}) as the optimization decision variables. Note that
with this choice, the values of the decision variables vary on a linear scale (for example, from -15
to -6) rather than on the logarithmic scale (for example, from 10~'% mol/cm3 to 10~ mol/cm?)?,
and that the objective function varies on the quadratic scale with respect to the decision variables.
Relation between the Decision Variables and the Objective Function

The evaluation of the objective function (M) for a given set of values of the decision variables
(log C,) requires knowing the dynamic surface tension (-y(¢)) corresponding to the given log C; (see
Eq.(6.2)). For this purpose, I have used the molecularly-based Mulqueen-Stebe-Blankschtein (MSB)

adsorption kinetics model [8] to predict ~(¢) for a given log Cp, and subsequently, have evaluated

2Note that the optimal surfactant concentrations corresponding to the minimum value of M in Eq.(6.2) will not
be affected by choosing log C; as the decision variables. This follows because the logarithm operator represents a
continuous one-to-one mapping. In other words, since Cp and log C, form a unique one-to-one relation, if Cj is the
optimal solution to Eq.(6.2) when C, are chosen as the decision variables, then log Cj is the optimal solution to Eq.(6.2)
when log C,, are chosen as the decision variables, and vice versa.
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M using the predicted ~(¢) in Eq.(6.2). Note that the MSB adsorption kinetics model describes the
adsorption kinetics of nonionic surfactant mixtures at premicellar surfactant concentrations [8].
The specific steps involved in evaluating M at a given log C; using the MSB adsorption kinetics
model are discussed in Appendix 6.A. The MSB adsorption kinetics model requires as inputs the
following parameters for each surfactant s comprising the nonionic surfactant formulation: (i) a; —
the head cross-sectional area of surfactant 3, (i) B;; (j = 1,...,n) — the second virial coefficient>
between surfactant s and surfactant j, (iii) Ap? — the difference between the standard-state chem-
ical potentials of surfactant 7 at the interface and in the bulk solution, and (iv) D; — the diffusion
coefficient of surfactant ;.
Constraints on the Decision Variables

The MSB adsorption kinetics model considered here can be used to predict the adsorption
kinetics behavior of nonionic surfactant mixtures only at premicellar surfactant concentrations[8].
Let Cy); denote the upper bound value of Cy; (i = 1,...,n) below which micelles do not form in the
bulk solution, and let C} = {C}1, C}y, .- ., Gy, } denote the set containing these values. Recalling
that the decision variables were chosen as log C;, the MSB adsorption kinetics model limitation is

specified by the following constraints:
log Gy, < log Gy, i=1,...,n (6.5)

Since there is no specific lower surfactant bulk solution concentration limit for the applicability
of the MSB adsorption kinetics model[8], the lower bound values for C;; (¢ = 1,...,n) = 0.
Accordingly, the lower bound for the chosen decision variables log C;, are —oc, or in other words,
the decision variables log C}, are unbounded from below.

Table 6.1 summarizes the various specifications associated with the formulation of the optimiza-

tion problem.

6.2.2 Solution of the Formulated Optimization Problem Using SNOPT

The optimization problem formulated in Section 6.2.1 belongs to the class of nonlinear optimiza-

tion problems since the decision variables and the objective function are related through the MSB

3Since B;; accounts for pairwise interactions, B;; = Bj;.
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Table 6.1: List of specifications for the formulation of the optimization problem.

Optimization Problem

Component

Specifications

Objective Function

Desired dynamic surface tension profile, v;(t)

Non-dimensionalization factor, v*

Weighting function, w(t)

Lower time limit of interest, ¢,

Upper time limit of interest, ty;

Variables

Total number of nonionic surfactants, n

MSB adsorption kinetics model parameters for each surfactant

Constraints

Upper bound surfactant bulk solution concentrations, C}

adsorption kinetics model which is nonlinear (see Appendix 6.A). Considering that the Sequential
Nonlinear OPTimization (SNOPT) package has been shown to be effective in numerically solving
several types of nonlinear optimization problems in a variety of areas [9], I have chosen the SNOPT
package to find the optimal solution to the optimization problem formulated in Section 6.2.1. In
essence, SNOPT incorporates the Sequential Quadratic Programming (SQP) algorithm to find the
optimal solution through numerical iterations. A schematic of the implementation of the SNOPT

package to find the solution of the optimization problem formulated in Section 6.2.1 is shown in

Figure 6-2.

Optimization

Problem
Formulation
New Guess of the 1. Objective Function (A7)
Optimal Solution 2. Sensitivity (S)
SNOPT
Package

Figure 6-2: Schematic of the implementation of the SNOPT package to find the optimal solution to

the optimization problem formulated in Section 6.2.1.

The procedure for the interaction between the SNOPT package and the Optimization Problem
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Formulation (OPF) is as follows:

Step 1: SNOPT supplies a guess of the optimal solution to the OPE, including a set of values of the
decision variables, that is, the set of log C;, values.

Step 2: For the given guess of the optimal solution, the OPF evaluates: (a) the objective function,
M, using the MSB adsorption kinetics model (see Appendix 6.A), and (b) the sensitivity of
the decision variables, which is the rate of change of the objective function with respect to
each of the decision variables. Specifically, if S; denotes the sensitivity of a decision variable

log Cs,;, then:
oM
5= Biog Chi

and  S={S,5,...,5:} (6.6)

Note that: (i) the sign of S; indicates if the objective function, M, increases, or decreases,
when log G ;, increases, and (ii) the magnitude of S; indicates the extent to which the ob-
jective function, M, increases, or decreases, when log C,; increases. Since the formulated
optimization problem involves finding the minimum value of M (see Eq.(6.2)), the S; values
indicate if the given values of the decision variables need to be increased, or decreased, to
further reduce the value of M. As such, the S; values at a given guess of the optimal solution
play a key role in determining the direction in which the search for the optimal solution con-
tinues (see Step 4 below). The various steps involved in the calculation of the S; values at a
given set of values of the decision variables, log C,, are discussed in Appendix 6.B.

Step 3: The OPF provides the value of the objective function (M) and the sensitivity (S) at the
given guess of the optimal solution to SNOPT.

Step 4: Based on the values of M and S, SNOPT checks if the guess supplied to the OPF in Step 1
is indeed the optimal solution. If the check is positive, the iterations are terminated and the
optimal solution is declared. If the check is negative, SNOPT applies the SQP algorithm to

find the next guess for the optimal solution, and the procedure goes back to Step 1.

While the optimization problem formulation in Section 6.2.1 seeks to find the global optimal so-
lution, the optimal solution found using numerical optimization solvers (like SNOPT) corresponds
to a local optimal solution which may, or may not, be globally optimal [9]. The success of finding

the global optimal solution depends on [12]: (i) the convex nature of the objective function with
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respect to the decision variables, and (ii) the initial guess of the optimal solution. One common pro-
cedure to increase the likelihood of finding the global optimal solution is to find the local optimal
solutions starting at randomly chosen initial guesses for the optimal solution [12]. If one observes
convergence to a unique local optimal solution with each of the initial guesses, then, that local op-
timal solution is considered as the likely global optimum. However, if one observes different local
optimal solutions with different initial guesses, then, the objective function values corresponding to
each of the local optimal solutions are compared to determine the likely global optimum. Accord-
ingly, when implementing the theoretical framework to identify the nonionic surfactant formulation
that most closely meets a desired dynamic surface tension behavior, it is necessary to study the local
optimal solutions obtained by utilizing the framework starting at randomly chosen initial guesses

for the bulk solution concentrations of the various nonionic surfactants comprising the formulation.

6.3 Analysis

In this section, I: (i) demonstrate the reliability of the theoretical framework developed in Section
6.2 (Section 6.3.1), and (ii) demonstrate the effectiveness of the theoretical framework by ana-
lyzing a representative case study (Section 6.3.2). In order to demonstrate the reliability of the
theoretical framework in Section 6.3.1, as well as its effectiveness in Section 6.3.2, I consider sur-
factant formulations which consists of four model nonionic surfactants, that is, n = 4. The nonionic
surfactants were chosen such that they encompass four distinct types. Specifically, (i) the first one
possesses a small head and a short tail, (ii) the second one possesses a large head and a short
tail, (iii) the third one possesses a small head and a long tail, and (iv) the fourth one possesses
a large head and a long tail. Recall that the MSB adsorption kinetics model used here utilizes
the molecular Equilibrium Adsorption Isotherm (EAI) developed in Ref.[13], which models inter-
actions between the nonionic surfactant molecules at the surface in terms of: (a) excluded-volume
repulsions between the surfactant heads, and (b) van der Waals attractions between the surfactant
tails. In the case study presented here, I will assume that the four nonionic surfactants considered
interact solely through excluded-volume repulsions between the surfactant heads. In other words,
I will assume that the van der Waals interactions between the surfactant tails are negligible. This

will allow me to provide a physical rationalization of the predicted optimal DST behavior in the
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case study presented in Section 6.3.2. The specific case study considered here will illustrate that it
is possible to realize an interesting and non-intuitive DST profile even when the surfactants com-
prising the formulation interact solely through excluded-volume repulsions between the surfactant
heads.

Recall that in the formulation of the optimization problem (see Section 6.2.1), the properties
of the various surfactants comprising the mixture are specified through the MSB adsorption kinet-
ics model parameters (see section on Relation between the Decision Variables and the Objective
Function above). For the four nonionic surfactants considered: (i) a; (: = 1,...,n) depends solely
on the head size of surfactant ¢, (ii) B;; (¢, = 1,...,n) = 0, since van der Waals interactions are
neglected, (iii) Au_? (¢ =1,...,n) is assumed to depend solely on the length of surfactant tail* i,
and (iv) D; (4 = 1,...,n) increases as the length of the surfactant tail decreases, and as the size of
the surfactant head decreases [14]. The specific values chosen for a;, Au_?, and D; : =1,...,n)
are listed in Table 6.2. The values of a; and Au? were chosen based on the reported values cor-
responding to typical alkyl poly(ethylene) oxide, C;E;, nonionic surfactants [13, 15, 16]. The D;
values were chosen keeping in mind that typical diffusion coefficients of C; E; nonionic surfactants

are of the order of 1 x 10~ ¢cm?/s [17-19].

Table 6.2: Values of: (i) head cross-sectional areas (a;) (ii) standard-state chemical potential dif-
ferences (Au?), and (iii) diffusion coefficients (D;) chosen for the four nonionic surfactant types
considered in the case study.

Surfactant Type i | a; (42) Au_? (RT) | D; x 108 (cm?2/s)
Small head-short tail | 1 25 21 8
Large head-short tail | 2 50 -21 6
Small head-long tail | 3 25 -24 4
Large head-long tail | 4 50 -24 2

“Note that Ap? reflects the driving force for surfactant i to adsorb at the surface from the bulk solution. Recogniz-
ing that surfactant adsorption from aqueous solution onto surfaces is driven primarily by the hydrophobic effect, it is
reasonable to assume that Au depends primarily on the length of the hydrophobic tail of surfactant .
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6.3.1 Demonstration of the Reliability of the New Theoretical Framework

In this section, I demonstrate the reliability of the new theoretical framework developed in Section
6.2 by: (i) using the MSB adsorption kinetics model to generate a DST behavior corresponding
to a specific surfactant formulation, that is, to a formulation having known C,; values of the four
surfactants, (ii) considering the DST profile generated in (i) as the desired DST profile, and using
the theoretical framework to determine the optimal surfactant formulation, and (iii) comparing
the optimal surfactant formulation determined in (ii) with the original surfactant formulation used
to generate the DST behavior in (i). Since the desired DST profile was generated using known
specific values of the four surfactant bulk solution concentrations, this situation corresponds to
the case where the global optimal solution of the optimization problem in Eq.(6.2) is known a
priori. As a result, by performing the analysis described above, one can validate the reliability
(and effectiveness) of the new theoretical framework in identifying the surfactant formulation that
optimally meets a desired adsorption kinetics behavior.
Generation of the Desired DST Behavior

For the four-component nonionic surfactant mixture considered, I predicted the DST corre-
sponding to the C, values specified in Table 6.3 at T = 295 K using the MSB adsorption kinetics
model. The predicted DST profile is shown in Figure 6-3. Note that the C; values in Table 6.3

Table 6.3: Bulk solution concentrations of the four nonionic surfactants (C;) for which the DST
was predicted using the MSB adsorption kinetics model.

Surfactant Type i | Cp, (mol/cm3)
Small head-short tail | 1 8x1078
Large head-short tail | 2 6x107°
Small head-long tail | 3 4x107%0

4 0

Large head-long tail

were chosen such that: (i) they differ by one or two orders of magnitude (~ 1078, 1079, and 10~1°
mol/cm3), and (ii) at least one of the surfactants has a bulk solution concentration which is equal
to zero. Item (i) was examined to verify that the optimization problem formulation and the SNOPT

package can identify the effect of surfactants whose concentrations are low (~ 10710 mol/cm?3)
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relative to those of other surfactants (~ 10~8 mol/cm®) comprising the mixture. Item (ii) was
examined to study the numerical behavior of the theoretical framework when the concentration of

any of the surfactants is equal to zero °.

4 (mN/m)

Figure 6-3: Desired dynamic surface tension profile, v4(t), predicted using the MSB adsorption
kinetics model.

Application of the New Theoretical Framework

Recall that the formulation of the optimization problem involves a set of specifications summa-
rized in Table 6.1. Table 6.4 lists the specifications used in implementing the theoretical framework
utilizing the predicted DST profile shown in Figure 6-3. The following observations apply to the
entries in Table 6.4: (i) the non-dimensionalization factor, v*, was chosen to be the surface tension
of pure water at 7' = 295 K, and is specified in units of mN/m consistent with the units used to
predict the desired DST profile shown in Figure 6-3, (ii) w(t) was chosen as 1/(¢1In 10) recognizing
that the desired v4(t) profile varies on the log ¢ scale (see Figure 6-3), and (iii) a constant upper
bound value of Cj}; = 1x 107% mol/ecm? (i = 1,...,4) was chosen since it corresponds to a typical

value of critical micellar concentrations of C;E; nonionic surfactants [18].

SRecall that the decision variables for the optimization problem have been chosen to be log Cs, and therefore, when
Cb,i — 0, log Cb,; — —o0. As a result, by considering a case when the known global optimal solution corresponds to
one for which one of the C; ; values is equal to zero (or log Cs,; is equal to —oc), one can study the robustness of the
theoretical framework in handling such extreme situations.
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Table 6.4: List of specifications used when utilizing the new theoretical framework to attain the
desired DST profile shown in Figure 6-3.

Optimization Problem Specifications Values Used
Component
Ya(t) See Figure 6-3
v* 72.0 (mN/m)
Objective Function w(t) 1/(tIn10) s~!
tr, 0.3 (s)
tu 100.0 (s)
n 4
Variables MSB adsorption kinetics See
model parameters Table 6.2
Constraints vi=1,...,4) 1x 1076 (mol/cm?)

Analysis of the Optimal Solution

SNOPT was implemented to find the optimal solution of the formulated optimization problem,
corresponding to the specifications reported in Table 6.4, starting at different initial guesses for the
optimal solution. Specifically, the optimal solution was found starting at 10 initial guesses® that
were chosen at random. In each case, I found that the iterations converged to an ‘apparent’ unique
optimal solution: Even though the concentrations of the three surfactants that were present in the
original surfactant formulation (see Table 6.3) converged to ‘apparent’ unique values (to within
the fifth decimal place accuracy), the concentration of the fourth surfactant (consisting of the large
head and the long tail), which was set to zero in the original surfactant formulation, converged to
extremely small values (10~14 - 10~1% mol/cm3?), but not to zero, for the different initial guesses.
Table 6.5 lists the observed ‘apparent’ unique optimal solution.

The observed uncertainties in the Cj; values for ¢ = 1,2, and 3 reported in Table 6.5 indicate

that the numerical accuracy associated with finding the solution of the optimization problem is

8A rigorous binary selection of the initial guesses for the four nonionic surfactants considered would lead to 2¢ =16
initial guesses. Therefore, it is reasonable that choosing 10 random initial guesses provides a sufficiently large sample to
investigate the existence of multiple local minima for the formulated optimization problem.
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Table 6.5: The ‘apparent’ unique optimal surfactant bulk solution concentrations obtained with the
new theoretical framework using the predicted dynamic surface tension (DST) profile shown in
Figure 6-3 as the desired DST profile.

Surfactant Type Ch,; (mol/cm3)

o,

Small head-short tail | 1 | 8 + 0.0000006 x 10~8
Large head-short tail | 2 | 6 £+ 0.00002 x 10—
Small head-long tail | 3 | 4 + 0.00008 x 10—10
Large head-long tail | 4 | 10-14-10"15

about +10~*4 mol/cm3. Since the optimal value of C; 4 for different initial guesses was found to
be about 10~ mol/cm3, it is likely that the observed optimal values of Cy 4 = 10714 - 10715 (see
Table 6.5) is a numerical artifact due to limitations in the accuracy with which one can perform
the calculations. In order to further validate this possibility, I estimated the maximum reduction
in surface tension inducted by the fourth surfactant by predicting the equilibrium surface tension
reduction corresponding to C 4 = 10~ mol/cm3, and then comparing this value with the accuracy
with which the desired surface tension was specified (which is about 10~ mN/m). Specifically,
using the molecular Equilibrium Adsorption Isotherm (EAI) and the Equation of State (EOS) [13],
the predicted reduction in the equilibrium surface tension induced by the fourth surfactant at Cj 4
= 10~ mol/cm?® was found to be about 103 mN/m. Since this value is comparable to the
accuracy with which the desired surface tension was specified (about 10~* mN/m), I conclude that
the non-zero value of the concentration of the fourth surfactant is, most likely, numerically-based.
Considering that the new theoretical framework consistently identified unique optimal concen-
trations (to within the numerical accuracy) for the three surfactants (i = 1, 2, and 3) present in the
surfactant formulation, whose values are in agreement with the original surfactant concentrations
used to predict the desired DST profile, I conclude that the new theoretical framework can be used

to reliably design optimal surfactant formulations that most closely meet a desired DST behavior.
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6.3.2 Representative Case Study

Having demonstrated the reliability of the new theoretical framework presented in Section 6.3.1, in
this section, I demonstrate its effectiveness by applying it to a representative case study. Specifically,
I show how the framework can be used to identify optimal nonionic surfactant formulations that
result in a non-trivial desired dynamic surface tension profile. I examine a case study involving
surfactant formulations that consist of the four nonionic surfactants considered in Section 6.3.1.

Choosing the Desired DST Profile

Typical DST profiles of single-component surfactant solutions have a classic sigmoidal shape
when the DST is plotted as a function of log(t), where the DST profile: (i) is relatively flat at
the lower log(t) values, (ii) exhibits a significant decrease over a relatively narrow range of log(t)
values, and (iii) becomes relatively flat again as it approaches the equilibrium surface tension value.
This typical behavior of the DST has been rationalized based on a scaling analysis of the diffusion-
controlled model in Refs.[8] and [20], where the authors identify a specific time scale at which
significant surfactant adsorption takes place. Accordingly, when the DST is plotted as a function of
log(t), one observes a specific region of log(t) values where the DST decreases significantly.

Keeping the above in mind, consider a case where the desired adsorption kinetics behavior
consists of a steadily decreasing DST profile as a function of log(t) over a time scale that spans about
three orders of magnitude. Specifically, consider the case where the desired DST profile corresponds
to the linear v;4(t) vs. log(t) DST profile shown in Figure 6-4(a). In this case, the design problem
involves identifying the specific concentrations of the four nonionic surfactants which results in a
DST profile that optimally matches the desired DST profile shown in Figure 6-4(a).

Application of the New Theoretical Framework

The new theoretical framework was implemented by formulating the design problem posed
above as an optimization problem with the specifications summarized in Table 6.6, and by finding
the optimal solution of the formulated problem using the SNOPT package. Specifically, the SNOPT
package was used to find the local optimal solutions starting at 10 different initial guesses chosen
at random. In all the cases examined, the iterations converged to an ‘apparent’ unique optimal
solution, and the corresponding bulk solution concentrations of the four surfactants are reported

in Table 6.7. Specifically, in all the cases examined, the iterations converged to unique values (to
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Figure 6-4: (a) Desired dynamic surface tension profile considered in the case study examined
here: (b) Comparison between the desired dynamic surface tension profile and the dynamic surface
tension profile corresponding to the optimal nonionic surfactant formulation. The solid lines in (a)
and (b) correspond to the desired dynamic surface tension profile, and the dashed line in (b)
corresponds to the dynamic surface tension profile associated with the optimal formulation.
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Table 6.6: List of specifications associated with the formulation of the optimization problem where
the desired DST profile is shown in Figure 6-4(a).

Optimization Problem Specifications Values Used
Component
Ya(t) See Figure 6-4(a)
7 72.0 (mN/m)
Objective Function w(t) 1/(tln10) s7t
tr, 10 (s)
tu 10000 (s)
n 4
Variables MSB adsorption kinetics See
model parameters Table 6.2
Constraints Cp(i=1,...,4) 1x 1076 (mol/cm?)

within numerical accuracy) for the bulk solution concentrations of three of the four surfactants (Cj o
— large head-short tail, Cp 3 — small head-long tail, and C; 4 - large head-long tail), but converged
to different values (Cj ;) for the small head-small tail surfactant. Since the converged values of
Cp,1 for the small head-small tail surfactant are extremely small (~ 10713 mol/em3, corresponding
to an equilibrium surface tension reduction of ~ 10~3 mN/m), similar to the case discussed in
Section 6.3.1, I have assumed that the actual optimal surfactant concentration, Cj 1, corresponding

to the small head-small tail surfactant is equal to zero (denoted as trace in Table 6.7). The DST

Table 6.7: Surfactant bulk solution concentrations identified by the new theoretical framework to
optimally meet the desired DST profile shown in Figure 6-4(a).

Surfactant Type i | Cp; (mol/cm?)
Small head-short tail | 1 Trace
Large head-short tail | 2 | 4.8x107°
Small head-long tail | 3 | 1.5x107%0
Large head-long tail { 4| 1.0x107°
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profile corresponding to the optimal bulk solution concentrations in Table 6.7 is compared with the
desired DST profile in Figure 6-4(b), where the solid line corresponds to the desired DST profile and
the dotted line corresponds to the optimal DST profile. Figure 6-4(b) reveals that the DST profile
corresponding to the optimal surfactant formulation results in a ‘near-linear’ DST profile which is
very similar to the desired DST profile in Figure 6-4(a). Specifically, the average deviation of the
DST profile corresponding to the optimal surfactant formulation and to the desired DST profile was
calculated to be about 0.4 mN/m.
Rationalization of the Optimal Surfactant Bulk Solution Concentrations

To rationalize possible underlying physical mechanisms that result in the ‘near-linear’ optimal
profile obtained using the new theoretical framework (see Figure 6-4(b)), as well as to understand
the optimal surfactant formulation condition obtained, in Figure 6-5, I plot the dynamic surface
concentrations of the three surfactants (i = 2, large head-short tail, i = 3, small head-long tail,
and i = 4, large head-long tail) corresponding to the optimal formulation condition in Table 6-7.
In Figure 6-5, the solid line corresponds to the large head-short tail surfactant (: = 2), the dashed
line corresponds to the small head-long tail surfactant ( = 3), and the dotted line corresponds
to the large head-long tail surfactant (; = 4). The dynamic surface concentration (DSC) profiles
in Figure 6-5 reveal an interesting interplay of adsorption and desorption Kinetics behavior of the
three nonionic surfactants comprising the optimal surfactant formulation.

In order to rationalize the DSC profiles in Figure 6-5, as well as to understand the associated
DST profile in Figure 6-4(b), it is helpful to keep in mind the following physical aspects associ-
ated with the effects of the surfactant tail and the surfactant head on the adsorption behavior of

surfactants:

Effect of the Surfactant Tail: The adsorption of surfactant molecules onto a water/air surface is
driven by the hydrophobic effect associated with the surfactant hydrophobic tail[21]. There-
fore, as the surfactant tail length increases (for a given surfactant head), there is a higher

incentive and drive for the surfactant molecules to adsorb at the surface.

Effect of the Surfactant Head: In the molecular EAI model adopted here [13], the effect of the
surfactant head on the adsorption of surfactant molecules is accounted for in the form of

steric (hard-sphere) repulsions between the heads of the adsorbed surfactant molecules. Ac-
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Figure 6-5: Dynamic surface concentrations (DSC’s) of the three surfactants (:=2, 3, and 4, see
Table 6.7) comprising the optimal surfactant formulation. The solid line corresponds to the large
head-short tail surfactant (: = 2, the ‘weak surfactant’), the dashed line corresponds to the small
head-long tail surfactant (: = 3, the ‘strong surfactant’), and the dotted line corresponds to the
large head-long tail surfactant (: = 4, the ‘normal surfactant’).

cordingly, for surfactant molecules which posses a larger head (for a given surfactant tail),
the steric repulsions are stronger, and this reduces the incentive and drive of the surfactant

molecules to adsorb at the surface.

Based on the above physical understanding of the effects of the surfactant head and the surfac-
tant tail on the ‘adsorption tendency’ of surfactants, the three surfactants comprising the optimal

formulation can be ranked in decreasing order of ‘adsorption tendency’ as follows:

1. Small head-long tail surfactant (¢ = 3): Highest incentive to adsorb at the surface (referred
to hereafter as the ‘strong surfactant’).

2. Large head-long tail surfactant (: = 4): Competing incentives to adsorb at the surface, since
the long tail facilitates adsorption but the large head leads to stronger head-head repulsions
at the surface (referred to hereafter as the ‘normal surfactant’).

3. Large head-short tail surfactant (; = 2): Lowest incentive to adsorb at the surface (referred

to hereafter as the ‘weak surfactant’).
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It is also very important to keep in mind the effect of the surfactant bulk solution concentration
(Cy) on the dynamics of surfactant adsorption at the surface: The time scale associated with the
dynamics of surfactant adsorption (7,) depends strongly on C, [22]. A higher C}, value corresponds
to a stronger driving force for surfactant adsorption. As a result, 7, decreases as C} increases.
Specifically, for the case of diffusion-controlled (DC) adsorption kinetics of nonionic surfactant
mixtures, the time scale associated with the adsorption kinetics of surfactant ; (T,Ef) is related to

the surfactant ¢ bulk solution concentration (Cj;) as follows [8]:

1 (Te;\2
D.C [ & 6.7

Ta,z Di ( Cb,i ) ( )
where D; is the diffusion coefficient of surfactant ¢, and I ; is the equilibrium surfactant surface

concentration corresponding to a surfactant solution that contains solely surfactant ¢ at a bulk

solution concentration of C; [8].

Keeping the ‘adsorption tendency’ ranking for the three surfactants above in mind, the time
scales for adsorption associated with each of the three surfactants at their respective optimal Cj;

values (see Table 6-7) were calculated using Eq.(6.7) and are reported in Table 6-8.

Table 6.8: For each of the three nonionic surfactants identified by the new theoretical framework
(see Table 6.7), the table reports: (a) their adsorption tendencies, (b) their bulk solution concen-
trations in the optimal formulation, and (c) the time scales for adsorption (T&C) calculated using
Eq.(6.7).

Surfactant Type | Adsorption Tendency | i | Optimal Cy; (mol/cm®) | 708 (s)
Large head-short tail Weak 2 48x107° 100
Large head-long tail Normal 4 1.0x107° 11500
Small head-long tail Strong 3 1.5x 10710 406200

The 72F (i = 2,3,4) values reported in Table 6-8 clearly reveal that, at the optimal Cp (i =
2,3, 4) values, the weak surfactant adsorbs first, followed by the normal surfactant, and finally by
the strong surfactant. The apparent ‘quickness’ in the adsorption behavior displayed by the weak
surfactant is due to its higher bulk solution concentration relative to those of the normal and the

strong surfactants. Conversely, the apparent ‘slowness’ in the adsorption behavior displayed by the
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strong surfactant is due to its lower bulk solution concentration relative to those of the weak and
the normal surfactants. These predictions are consistent with the observed DSC behavior in Figure

6-5 as described below:

At low t values (~ 10 — 50 s), the surface concentration of the weak surfactant increases faster
relative to those of the normal and the strong surfactants owing to its high initial bulk solution
concentration. Subsequently, at ¢ =~ 80 s, the rate of adsorption of the weak surfactant slows down
as the adsorption of the normal surfactant starts becoming significant. As the adsorption of the
normal surfactant continues, it displaces the weak surfactant from the surface, which results in the
observed maximum in the surface concentration of the weak surfactant at ¢ ~ 100 s (see Figure
6-5). Note that this time scale is consistent with the estimated T(EE = 100 s for the weak surfactant
(see Table 6.8). Figure 6-5 reveals that significant adsorption of the normal surfactant takes place
in the time range of ¢t ~ 100 — 4000 s until the strong surfactant begins to adsorb. As the strong
surfactant begins to adsorb at time scales ~ 1000’s of seconds, the rate of adsorption of the normal

surfactant decreases, and subsequently it begins to desorb.

Based on the above understanding of the dynamic surface concentration profiles shown in Fig-
ure 6-5, the surfactant formulation which was identified to optimally satisfy the desired linear DST

profile (see Table 6-7) can be rationalized as follows:

The desired DST profile shown in Figure 6-4(a) involves a steady decrease of the surface tension
with time which spans about three orders of magnitude. Accordingly, the optimal formulation
should involve at least three types of surfactants, since each surfactant type has a unique time scale
associated with its adsorption process at a given bulk solution concentration ('r(EiC). Since ng,.c
decreases as Cy; increases, it follows that (a) the surfactant corresponding to the highest Cy ; value
serves to satisfy the desired DST profile at small ¢ values, (b) the surfactant corresponding to the
intermediate C,; value serves to satisfy the desired DST profile at the intermediate ¢ values, and
(c) the surfactant corresponding to the lowest Cy; value serves to satisfy the desired DST profile
at the large t values. Since the adsorption process needs to be sustained over ¢ values which three
orders of magnitude, it requires that the strong surfactant adsorb at the latest time, since it cannot
be displaced by the two other surfactant types (the normal and the weak) if it did adsorb at an

earlier time. Accordingly, one can see why the strong surfactant should be present at the lowest
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Cs,; value (corresponding to the largest T‘f”ic value) in the optimal surfactant formulation. Using a
similar argument, one can see why the normal surfactant should be present at the intermediate Cj;
value, and why the weakest surfactant should be present at the highest C; ; value. All these results
are fully consistent with the actual Cj; values corresponding to the optimal surfactant formulation
(see Table 6-8).

It is important to stress that although the optimal surfactant formulation identified using the
new theoretical framework could be rationalized qualitatively as above, the specific quantitative C; ;
values that result in the ‘near-linear’ profile shown in Figure 6-4(b) cannot be inferred using this
type of qualitative analysis. Indeed, the great value of the new theoretical framework presented
here is its ability to identify quantitatively the specific surfactant formulation that results in a DST
profile that is closest to the desired DST profile.

Through the representative case study analyzed above, I have demonstrated the effectiveness
of the new theoretical framework in the case of surfactant formulations which consists of four
nonionic surfactants. The choice of four surfactants was motivated by the desired to provide a
physical rationalization of the optimal surfactant formulation identified using the new theoretical
framework. However, it is important to recognize that the new theoretical framework presented
here can potentially be used to design optimal formulations containing any number of nonionic
surfactants, even though the qualitative rationalization of such optimal formulations may not be

possible.

6.4 Conclusions

In this chapter, I proposed a new theoretical framework which involves using predictive models
in conjunction with optimization packages to design surfactant formulations that optimally sat-
isfy desired performance requirements. As proof of technical feasibility, I considered the problem
of designing nonionic surfactant formulations to optimally meet a desired adsorption kinetics re-
quirement specified in terms of a desired dynamic surface tension profile. I formulated the above
problem as an optimization problem using the Mulqueen-Stebe-Blankschtein adsorption kinetics
model, and developed a framework to find the optimal solution using the Sequential Nonlinear

OPTimization (SNOPT) package. I demonstrated the reliability of the new theoretical framework
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and its effectiveness using a representative case study. Although the effectiveness of the new theo-
retical framework was demonstrated when the desired adsorption kinetics behavior consists of the
dynamic surface tension profile, the new theoretical framework can also be used when the desired
adsorption kinetics behavior consists of the dynamic surface concentration behavior of surfactants
by appropriately modifying the objective function underlying the optimization problem.

In the next chapter, Chapter 7, I summarize the key contributions made in this thesis, discuss

possible future research directions, and present concluding remarks.

240



Appendix 6.A: Evaluation of the Objective Function Using
the MSB Adsorption Kinetics Model

In this Appendix, I describe the evaluation of the objective function (M) for a given set of
values of the decision variables (log Cp) using the Mulqueen-Stebe-Blankschtein (MSB) adsorption
kinetics model [8].

Note that the MSB adsorption kinetics model describes the adsorption kinetics of nonionic sur-
factant mixtures onto spherical surfaces and predicts the dynamic surface tension (y(t)) at given
premicellar bulk solution concentrations of the constituent nonionic surfactants. Specifically, the
MSB adsorption kinetics model assumes that the diffusion of surfactant molecules from the bulk
solution to the sub-surface controls the overall rate of surfactant adsorption, and : (i) uses Fick’s
law to describe the diffusive transport of surfactant molecules from the bulk solution to the sub-
surface, and (ii) uses the molecular Equilibrium Adsorption Isotherm (EAI) developed by Nikas et
al. [13] to describe the equilibrium between the sub-surface and the surface.

The evaluation of the objective function (M) at a given log C, involves: (a) using the MSB
adsorption kinetics model to predict v(t) at the C, corresponding to the given log C,, and (b)
substituting the predicted +(t) in the chosen expression for the objective function (Eq.(6.2)). Below,

I describe the specific steps associated with implementing this procedure.

Step 1: At the bulk solution concentrations of the constituent surfactants (C;) corresponding to
the given set of values of the decision variables log C;, the dynamic surface concentrations of
the constituent surfactants are predicted by solving the extended Ward-Tordai (WT) equation

applicable for surfactant mixtures and the molecular EAI model. Specifically, the extended

WT equation is given by [8]:
D; t D; vi
re) = 2 |Gt [ Custo] +2y/2 |Oriv- [ Custi-mav
0

i=1,...,n, t>0 (6.A.1)

where for each surfactant : (i) T';(¢) is the dynamic surfactant surface concentration, (ii) D;
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is the diffusion coefficient, (iii) Cp; is the given surfactant bulk solution concentration, and
(iv) C,,(t) is the dynamic surfactant sub-surface concentration. In addition, ry is the radius
of the spherical surface, and n is the total number of nonionic surfactant components in the
mixture. For notational convenience, let I'(¢) represent the set {I';(¢),I'2(%), ..., (¢)}, and
let Cy(t) represent the set {C; 1(t), Cs2(%),...,Csn(t)}. Note that Eq.(6.A.1) defines a set of

n equations containing 2n unknowns (I'(¢) and Cq(t)).

Owing to the diffusion-controlled assumption of the MSB adsorption kinetics model, the sur-
face and the sub-surface reach equilibrium instantaneously, and I'(¢) and Cs(t) are further

related by the molecular EAI model [13], which can be expressed as follows 7:

- r (t)
A “g RT Fi(t) Zk Fk(t) + \/I‘ E k
01— kTus 1- 3, i
[ e |
£ Sh|
+ i k2 + 2231191—‘]9(1‘,)
(1 - Y )
~ In (1—503,,-@)) i=1,...m, t>0 (6.A.2)

where for each surfactant : (i) A;I? is the difference between the reference chemical potential
of the surfactant molecule adsorbed at the surface (u;.”o) and the standard-state chemical
potential of the surfactant molecule in the bulk solution (uf;"’), (ii) T'eo, is the maximum
surfactant surface concentration, and (iii) B; is the second virial coefficient associated with
the van der Waals attractions between surfactant molecules of type ¢ and type k. In addition,
II, is the surface pressure at the reference state for the adsorbed surfactant molecules, p
is the mass density of water (gram/volume), R is the Gas constant, and T is the absolute

temperature.

Note that Eq.(6.A.2) forms another set of n equations relating I'(t) and Cs(t). Accordingly,

I'(t) and C,(t) are predicted by solving Egs. (6.A.1) and (6.A.2) simultaneously.
Step 2: Once I'(¢) is predicted, the molecular Equation of State (EOS) corresponding to the molec-

’Note that the original expression for the molecular EAI model presented in Ref.[13] is different from Eq.(6.A.2). For
more details, see the comment at the end of this appendix.
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ular EAI is used to predict ~(t) as follows [8, 13]:

) Ty(t) ]
Ywfa — (t) Yo Ti(?) [ b /Too,i -
= t + — + E B;;T;(H)T;(2 (6.A.3)

R i-npl (-p i) 5 KA

where 1v,,/, is the pure water/air surface tension.

Step 3: The objective function (M) is then evaluated by substituting v(t) predicted using Eq.(6.A.3)
in Eq.(6.2), and using the known desired dynamic surface tension profile (v4(¢)) and the
weighting function (w(t)). Specifically,

t _ 2
M=[" [M] w(t)dt (6.A.4)
ir Y
Comment on the Expression for the Molecular EAI Model in Eq.(6.A.2)
The original expression for the molecular EAI presented in Ref.[13] is given by:

Ayd

kgT +

) [ zg } @i + 27T Y, TETR
n
a—> pzlax a—Y . rqak

Ta; x9r)? 2
(“ -2k ‘Ek“k) e

= InX;, i=1...,n, t>0 (6.A.5)

where for each surfactant i: (i) 7 and X; denote the surface concentration and the bulk solution
concentration, respectively (expressed in terms of mole fraction units), (ii) a; and r; denote the head
cross-sectional area, and the associated radius, respectively, (iii) B;; is the second virial coefficient
associated with the van der Waals attractions between the surfactant molecules of type : and j, and

(iv) Ay is defined as follows:

Apd _ pd®— g’ kpT
ksl kaT +1+In T, (6.A.6)

and o is the average available area per surfactant molecule. Note that in Eq.(6.A.5), all the struc-
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tural properties of the surfactant molecules, including, a;, r;, B;j, and Aug, are expressed on a
per-molecule basis.

In order to be consistent with the units used in the previous chapters of this thesis, and with
the typical units in which EAI models are commonly expressed [18], the original expression for the
molecular EAI was transformed from that in Eq.(6.A.5) to that in Eq.(6.A.2) by: (a) expressing all
the terms representing surfactant surface and bulk solution concentrations from the original mole
fraction units to mole/area and mole/volume, respectively, (b) defining I', ; = 1/(a;N4), where
N, is Avogadro’s number, and (c) defining B;; = BijN4.

Note that, in the original representation of the molecular EAI, the fraction in the natural loga-
rithm on the right-hand side of Eq.(6.A.6) is not dimensionless, and so is the fraction in the natural
logarithm on the left-hand side of Eq.(6.A.5). On the other hand, all the other terms in Eqs.(6.A.6)
and (6.A.5) are dimensionless. Therefore, in order to use a dimensionally consistent representation

of the molecular EAI, Ay? in Eq.(6.A.2) was defined such that:
Al = pg® — ubo (6.A.7)

and the two terms involving the natural logarithm in Egs.(6.A.5) and (6.A.6) were combined to

obtain a dimensionally consistent natural logarithm term on the left-hand side of Eq.(6.A.2).
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Appendix 6.B: Calculation of the Sensitivity of the Objec-
tive Function

In this Appendix, I describe the calculation of the sensitivity (S;) of the objective function (M)
to changes in the values of the decision variables log Cp ;. Recall that the sensitivity, S;, is defined
as the partial derivative of the objective function (M) with respect to the decision variable log Cj ;

(see Eq.(6.6)), that is,

oM

S’l = m and S = {Sl, SZ, ceey Sn} (6.B.1)

M . . 4s
In essence, the procedure followed to calculate S; = Blog Co involves differentiating all the equa-
tions associated with the evaluation of M with respect to log Cy ;, and solving the resulting sensi-

tivity equations.

Recall that the procedure for evaluating the objective function (M) at a given set of values of

the decision variables log C; involves the following steps (see Appendix 6.A):

Step 1: Calculating the dynamic surface concentration of all the surfactant components (I'(¢)) and
the sub-surface concentrations of all the components (C;(t)) by solving the extended Ward-

Tordai equation (Eq.(6.A.1)) and the molecular EAI (Eq.6.A.2) simultaneously.

Step 2: Using the predicted I'(¢) along with the EOS corresponding to the molecular EAI (Eq.(6.A.3))

to calculate ~(¢).

Step 3: Using 7(t) obtained in Step 2 in Eq.(6.2) to evaluate the objective function M.

Since the derivation of the sensitivity equations involves differentiating the equations in steps
1-3 above with respect to each of the decision variables log C};, the sensitivity equations will in-
volve the differentials of the quantities involved in the calculation of M (that is, 8T'(t)/log Cs,
0C;(t)/01og Cy 4, 0(t)/0log Cy, i, and OM/d1og Cy ;).

For notational simplicity, the following notation is introduced: Let A(t) and B(t) be matrices of
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dimensions n x n, such that their elements A;;(t) and B;;(t), respectively, are given by:

_ oy (t)
Ai(t) = (610g cb,j)
and
iy = [9Csi) . _ .
B;i(t) = (310ng,j)’ i=1,...,n, j=1,...,n (6.B.2)

Let 7c, (t) be an n—dimensional vector, such that each element ¢, , (t) is given by:

o (t .
70”’i(t)=<810;(6)’bi)’ i=1,...,n (6.B.3)

Having introduced this notation, below, I derive the sensitivity equations by differentiating each of
the three steps above involved in the evaluation of M with respect to each of the decision variable

logCyp; (j =1,...,n).

6.B.1 Step 1: Calculation of A(t) and B(¢)

Differentiating the extended Ward-Tordai equation for component 7 (see Eq.(6.A.1)) with respect

to log Cb,j, yields:
D; t D; Vi
Aij(t) = T_o [6iij,it — ‘/(; Bij (t)dt] +2 _7r— 57;ij,¢\/£ — /(; Bij(t — n)dﬁ ,

i=1,...,n, j=1,...,n, t>0  (6.B.4)

where
0 ifi#j
0ij = (6.B.5)
1 if i = j
Equation (6.B.4) is the sensitivity-equivalent of the extended Ward-Tordai equation (6.A.1), and
it corresponds to a set of n? equations in 2n? unknowns (A;;(t) and By;(t), with i = 1,...,n and
ji=1,...,n).

For the purpose of the derivation in this appendix, the molecular FAI in Eq.(6.A.2) can be expressed
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as follows;

gi(L(t) = Cs,i(t), i=1,...,n (6.B.6)

where g;(T'(t)) is proportional® to the exponential of the LHS of Eq.(6.A.2). Differentiating Eq.(6.B.6)
with respect to log Cy, ; yields:

0g; _ .
zk:(ar;) Ag;i(t) = Bit), i=1,...,n, j=1,...,n (6.B.7)

Equation (6.B.7) is the sensitivity-equivalent of the molecular EAI (Eq.(6.A.2)), and it corresponds
to another set of n? equations in 2n? unknowns (A4;;(t) and Bj;(t), with i = 1,...,n and j =
1,...,n).

In a manner similar to calculating I'(t) and C,(t) by solving the extended Ward-Tordai equation
and the molecular EAI simultaneously (see Step 1 in Appendix 6.A), A(t) and B(t) are calculated
by solving the sensitivity-equivalent of the extended Ward-Tordai equation (Eq.(6.B.4)) and the
sensitivity-equivalent of the EAI (Eq.(6.B.7)) simultaneously.

6.B.2 Step 2: Calculation of 7, (t)

Recall that in the original MSB adsorption kinetics model, v(¢) was calculated from the predicted
['(t) using the molecular EOS (see Eq.(6.A.3)). For the purpose of the derivation in this appendix,
the molecular EOS (Eq.(6.A.3)) can be expressed as follows:

Ywa = Y(t) = F(T(t)) (6.B.8)

where the function f(T'(t)) is proportional® to the RHS of Eq.(6.A.3). The sensitivity-equivalent of
the EOS is derived by differentiating Eq.(6.B.8) with respect to log Cj, j, that s,

0
M ROEDY (6_1{9) Ai®), Ji=1,...,n (6.B.9)

k

8Specifically, g:(L'(t)) is £ times the exponential of the LHS of Eq.(6.A.2).
°Specifically, f(T'(t)) is RT times the RHS of Eq.(6.A.3).
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Note that Eq.(6.B.9) enables computation of all the components of ¢, (t) using A(t) calculated in
Step 1.

6.B.3 Step 3: Calculation of S

The sensitivity of M with respect to the decision variable log C;, ; is then computed by differentiating

Eq.(6.A.4) with respect to log Cp j, which yields:

_ [y [1a®) =) dt .
Sj = /;L 2 [d—,yT] {_’ch,j (t)}m-, J]= 1, ey (6.B.10)

Using the known ¢, (t), and ~(t) predicted using the MSB adsorption kinetics model (discussed in

Section 6.A), all the components of S = {51, Sy, ..., Sy} can be computed.
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Chapter 7

Conclusions and Future Research

Directions

In this Chapter, I: (i) summarize the key contributions made in this thesis (Section 7.1), (ii) discuss
possible future research directions to expand the capabilities of the methodologies developed in this
thesis (Section 7.2), (iii) propose new research projects in the general area of surfactant adsorption

kinetics (Section 7.3), and (iv) present concluding remarks (Section 7.4).

7.1 Thesis Summary

In this thesis, I considered the adsorption kinetics of simple! nonionic surfactants at premicellar
surfactant bulk solution concentrations. Traditionally, the adsorption kinetics of nonionic surfac-
tants has been understood in the context of two models: (a) the diffusion-controlled model, which
assumes that diffusion of surfactant molecules from the bulk solution to the sub-surface determines
the overall rate of surfactant adsorption, and (b) the mixed-controlled model, which hypothesizes
the existence of an energy barrier for surfactant adsorption from the sub-surface onto the surface,
and assumes that that both diffusion and the energy barrier determine the overall rate of surfac-

tant adsorption. Although the existence of the energy barrier was hypothesized about 50 years

1As stressed in Chapter 1, simple surfactants refers to surfactants that do not exhibit phase transitions or any form of
aggregation at the surface. In this chapter, I will refer to surfactants that exhibit surface phase transitions as complex
surfactants.
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ago, the fundamental physical nature underlying the existence of the energy barrier has not yet
been elucidated. The traditional procedure to study surfactant adsorption kinetics involves con-
ducting Dynamic Surface Tension (DST) measurements at different initial surfactant bulk solution
concentrations, Cy’s, and analyzing the resulting DST behaviors in order to determine the adsorp-
tion kinetics rate-limiting mechanism, including deducing relevant adsorption kinetics parameter
values. One of the major drawbacks with the traditional procedure to analyze experimental DST
data is that it requires a model for the equilibrium adsorption behavior of the surfactant, and un-
fortunately, the deduced results were found to be very sensitive to the accuracy of the equilibrium
model used. As a result, it has not been possible to deduce the nature of the energy barrier by
analyzing the experimental DST data of nonionic surfactants. On the other hand, in spite of the
significant progress made in developing a fundamental understanding of the kinetics of surfactant
adsorption, researchers in industry still follow a time-consuming, trial-and-error surfactant selec-
tion approach to design surfactant formulations for applications in which the kinetics of surfactant

adsorption plays a significant role.

With the above in mind, the central goal of this thesis was to develop a number of novel method-
ologies to analyze the adsorption kinetics of nonionic surfactants. Specifically, I developed several
novel methodologies to: (a) analyze the experimental DST data to efficiently determine reliable
adsorption kinetics properties and equilibrium adsorption properties, and (b) design optimal sur-

factant formulations that meet a desired adsorption kinetics requirement.

In Chapter 2, I reconciled a long-standing, apparent contradiction between theoretical predic-
tion and experimental observations on the adsorption kinetics mechanism at short times: while the
mixed-controlled model predicts a barrier-controlled adsorption, as well as the impossibility of a
diffusion-controlled adsorption at asymptotic short times, the short-time experimental DST behav-
ior of many nonionic surfactants has been interpreted to result from diffusion-controlled adsorption
at asymptotic short times. This is because the short-time experimental DST of these surfactants dis-
plays a v/t variation, which is considered as a fingerprint for the existence of diffusion-controlled
adsorption, based on the short-time asymptotic behavior of the diffusion-controlled adsorption
model. As a result of this interpretation, the fundamental physical nature of the energy barrier has

been proposed to be associated with high surfactant surface concentrations. In Chapter 2, I derived
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a new nonasymptotic short-time formalism of the mixed-controlled model to describe surfactant
adsorption onto a spherical pendant-bubble surface, including determining the ranges of time and
surfactant surface concentration values where the short-time formalism is applicable. Based on this
formalism, I demonstrated that one can expect to observe an apparent /¢ variation of the DST at
short times even for the mixed-controlled adsorption model. I analyzed the consequence of this
important finding by re-evaluating the existing notions of the energy barrier, and concluded that
the energy barrier is associated with the adsorption of a single surfactant molecule onto a clean

surface.

In Chapter 3, I developed a new methodology to determine the rate-limiting adsorption kinetics
mechanism (diffusion-controlled vs mixed-controlled), including deducing the kinetics parameters
(the diffusion coefficient, D, and the energy-barrier parameter, (), from the experimental short-
time DST data. The new methodology has the following advantages over the traditional procedure
used to analyze the experimental DST data: (a) it does not require using a model for the equilib-
rium surfactant adsorption behavior, and (b) it only requires using the experimental short-time DST
data measured at two initial surfactant bulk solution concentrations. I applied the new methodol-
ogy to analyze the experimental short-time DST data of the following alkyl poly(ethylene oxide),
C;E;, nonionic surfactants: CioEy, C12Eg, CioEs, and C12Es measured using the pendant-bubble
apparatus. I found that for Ci2F4 and C)sFg, the effect of the energy barrier on the overall rate
of surfactant adsorption can be neglected for surfactant bulk solution concentrations below their
respective critical micelle concentrations (CMCs), and therefore, that the rate-limiting adsorption
kinetics mechanism for C12E4 and C12Es is diffusion-controlled at any of their premicellar sur-
factant bulk solution concentrations. On the other hand, for CoEs and Ci2Ejs, I found that their
respective CMC values are large enough to observe a significant effect of the energy barrier on the
overall rate of surfactant adsorption. In other words, for C19Es and Ci;Es, the rate-limiting ad-
sorption kinetics mechanism shifts from diffusion-controlled to mixed diffusion-barrier controlled
as their premicellar surfactant bulk solution concentrations increase. I tested the new methodology
by predicting the short-time DST profiles at other initial surfactant bulk solution concentrations,
and then comparing the predicted DST profiles with those measured experimentally. Very good

agreement was obtained for the four C;F; nonionic surfactants considered. I also compared the
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results of implementing the new methodology with those of implementing the existing procedure,
and concluded that using a model for the equilibrium adsorption isotherm can lead not only to
different values of D and (3, but it can also lead to a completely different determination of the rate-
limiting adsorption kinetics mechanism. Since the new methodology proposed in Chapter 3 does
not require using a model for the equilibrium adsorption isotherm, I concluded that it should pro-
vide a more reliable determination of the rate-limiting adsorption kinetics mechanism, including
the deduced kinetics parameters, D and . Based on the 3 values deduced for the four C;E; non-
ionic surfactants considered, I observed that the energy barrier may be related to the hydrophobic

effect.

In Chapter 4, I demonstrated that the common assumption of diffusive-transport of surfactant
molecules in the bulk solution may not be valid when conducting pendant-bubble experimental
DST measurements. Specifically, I analyzed the experimental pendant-bubble DST data of Ci3Ey
and Cj3Eg corresponding to the entire relaxation process, and demonstrated that both surfactants
exhibit ‘super-diffusive’ adsorption behavior. I first predicted the DST behaviors of C12E4 and C2Eg
at several Cj, values corresponding to the diffusion-controlled adsorption model, which corresponds
to the fastest rate of surfactant adsorption from a stagnant fluid, and then compared the predicted
DST profiles with the experimental DST profiles. This comparison revealed the existence of sys-
tematic deviations for both C3E4 and C13Fg, where the experimental DST profiles exhibit a higher
rate of surfactant adsorption as compared to the rate predicted by the diffusion-controlled model
whenever ¢ >~ 100-200 s. I investigated possible causes for the observed ‘super-diffusive’ adsorp-
tion behavior, including inaccuracies in the specification of the diffusion-controlled model, and the
breakdown of key assumptions underlying the diffusion-controlled model. The analysis pointed
to the breakdown of the assumption of diffusive-transport of surfactant molecules in the bulk so-
lution as a potential cause of the observed systematic deviations. I then hypothesized the onset
of natural convection in the solution induced by the evaporative cooling of water at the pendant-
bubble surface, and showed that this hypothesis can be used to rationalize the observed systematic

deviations.

In Chapter 5, I explored a novel approach to predict equilibrium adsorption properties from

experimental DST data and the known rate-limiting adsorption kinetics mechanism, an approach

256



which was never pursued in the DST literature. Specifically, I developed a new methodology to pre-
dict the Equilibrium Surface Tension versus surfactant bulk solution Concentration (ESTC) behav-
ior of nonionic surfactants from experimental DST data when the adsorption kinetics rate-limiting
mechanism is diffusion-controlled. The new methodology requires the following three inputs: (1)
experimental DST data measured at a single surfactant bulk solution concentration, Cj, (2) the dif-
fusion coefficient of the surfactant molecule, D, and (3) a single equilibrium surface tension data
point, to predict the entire ESTC curve applicable over a wide range of surfactant bulk solution con-
centration values which are less than, or equal to, C,. I demonstrated the applicability of the new
methodology by predicting the ESTC curves of C12E4 and C12Fg, and validated the results by com-
paring the predictions with: (a) equilibrium surface tension measurements, (b) surface-expansion
measurements, and (¢) dynamic surface tension measurements for ¢t <~ 100 - 200 s (when the
assumption of diffusive-transport of surfactant molecules in the bulk solution is valid). Very good
agreement was obtained between the predictions and the measurements in (a), (b), and (c) for
both Ci2F4 and C12Es. Based on these results, I concluded that the new methodology represents

an efficient method to predict reliable ESTC curves for nonionic surfactants.

In Chapter 6, I proposed a novel theoretical framework to design nonionic surfactant formu-
lations that result in a desired surfactant adsorption kinetics behavior specified in the form of a
desired dynamic surface tension profile (referred to as the ‘design problem’). The new theoretical
framework circumvents the more widely used and time consuming experimental trial-and-error
surfactant selection approach. Specifically, the proposed new theoretical framework involves using
predictive DST models in conjunction with optimization techniques to identify the surfactant formu-
lation that optimally meets a desired dynamic surface tension behavior. To demonstrate the feasi-
bility of the proposed new theoretical framework, I implemented it using: (i) the molecularly-based
Mulqueen-Stebe-Blankschtein (MSB) adsorption kinetics model, which is applicable to model the
DST behavior of nonionic surfactant mixtures when the adsorption kinetics is diffusion-controlled,
and (ii) the optimization package SNOPT (Sequential Nonlinear OPTimization). I formulated the
design problem as an optimization problem using the MSB adsorption kinetics model, and de-
veloped a framework to find the solution of the formulated optimization problem using SNOPT.

I demonstrated the effectiveness of the new theoretical framework by analyzing a representative
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case study in which I identified the nonionic surfactant formulation that results in an unconven-
tional ‘linear’ DST profile on the log(t) axis. Using this case study, I demonstrated and concluded
that the new theoretical framework can be extremely effective in designing surfactant formulations

that meet a required adsorption kinetics behavior in specific applications.

7.2 Future Research Directions - Expanding the Capabilities of the

Methodologies Developed in this Thesis

Recall that, in this thesis, I examined the adsorption kinetics of simple nonionic surfactants at their
premicellar surfactant concentrations. In addition, recall that the new methodology presented in
Chapter 5 to predict equilibrium adsorption properties from experimental DST data, as well as the
new theoretical framework presented in Chapter 6 to design optimal surfactant formulations, are
both applicable solely for the diffusion-controlled (DC) adsorption kinetics model of nonionic sur-
factants. It is noteworthy, that the development of the new methodology in Chapter 5 was possible
in the case of the DC model primarily because the DC model requires as input only a single kinetics
parameter, D, the diffusion coefficient of the surfactant molecule, which can be estimated reli-
ably using independent methods, including the use of empirical correlations like the Wilke-Chang
correlation[1]. Moreover, note that the development of the new theoretical framework in Chapter
6 was possible because of the availability of the MSB adsorption kinetics model to describe the
DST of nonionic surfactant mixtures. As can be seen, the prerequisites for the development of
these methodologies include: (i) knowing the underlying rate-limiting adsorption kinetics mecha-
nism, and (ii) knowing the values of the relevant kinetics parameters. Accordingly, extension of the
methodologies developed in this thesis to model: (a) the mixed-controlled adsorption of nonionic
surfactants, (b) the adsorption kinetics behavior of complex surfactants, (c) the adsorption kinetics
behavior of ionic surfactants, and (d) the adsorption kinetics behavior when Cj, is greater than the

Critical Micelle Concentration (CMC), will require:
1. Reliable values of the energy barrier parameter, 3, for nonionic surfactants.

2. A detailed model to describe the adsorption kinetics behavior of surfactant mixtures which

contain surfactants that undergo surface phase transitions, including the relevant adsorption
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kinetics parameter values.

3. A detailed model to describe the adsorption kinetics behavior of surfactant mixtures which

contain ionic surfactants, including the relevant adsorption kinetics parameter values.

4. A detailed model to describe the adsorption kinetics behavior of surfactants at concentrations

above the CMC, including the relevant adsorption kinetics parameter values.

An in-depth review of the adsorption kinetics literature reveals that items 1-4 above involve a
number of long-standing challenges which need to be resolved before one can extend the method-
ologies developed in this thesis to address items (a)-(d) above. In the remainder of this section, I

will elaborate on the existing challenges associated with items 1-4 above.

7.2.1 Reliable Values of the Energy Barrier Parameter, 3, for Nonionic Surfactants

Recall that the existence of the energy barrier was hypothesized more than 50 years ago [2]. The
original introduction of the energy barrier concept was motivated primarily by the inability of the
diffusion-controlled model to explain the observed DST behavior of alcohols [2-4]. Although the
energy barrier was identified to play a significant role in controlling the overall rate of adsorption
of alcohols, the 8 values obtained for different alcohols did not reveal any clear pattern. Only about
ten years ago, Lin and co-workers [5-8] demonstrated the high sensitivity of the chosen equilibrium
adsorption model on the analysis of the experimental DST data of nonionic surfactants. In view of
this important observation, there is a clear need to systematically re-analyze the experimental DST
data of alcohols, and to obtain reliable 3 values. With this in mind, the experimental DST data of
alcohols needs to be re-analyzed using the new methodology presented in Chapter 3, and reliable
values of 3 need to be determined. In general, one needs to ‘broaden’ the list of nonionic surfac-
tants that exhibit mixed-controlled adsorption kinetics, including determining the corresponding 3
values in order to better understand the importance of the energy barrier in affecting the adsorp-
tion kinetics behavior of nonionic surfactants. Such an investigation will also reveal any underlying
trends in the values of 3, which, in turn, will be useful: (a) to develop a fundamental understand-
ing of the physical basis of the energy barrier, and (b) to validate any model developed to predict

3 molecularly for nonionic surfactants.
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7.2.2 Modeling Surfactant Mixtures that Exhibit Surface Phase Transitions

Although the existence of surface phase transitions in the case of adsorbed surfactant molecules
is well documented [9], understanding the effect of these phase transitions on the kinetics of sur-
factant adsorption has received very little experimental and theoretical attention [10-16]. To the
best of my knowledge, the effect of surface phase transitions on DST has been studied solely for a
few nonionic surfactants [10-16]. In fact, by studying the DST behavior of surfactants that exhibit
surface phase transitions, current efforts are aimed at detecting these phase transitions by experi-
mentally monitoring the DST behavior. Specifically, the existence of a surface phase transition is
detected by observing a plateau and a subsequent cusp in the measured DST data, and has been
further confirmed through the use of Brewster Angle Microscopy (BAM) images. As an illustration,
in Figure 7-1, I show the experimental DST data of 1-dodecanol [15], where the plateau and the
subsequent cusp in the DST profile can be clearly seen. In Figure 7-1, oval 1 indicates the plateau
and the cusp associated with the Gas-Liquid Expanded (G-LE) surface phase transition, and oval 2
indicates the plateau and the cusp associated with the Liquid Expanded-Liquid Condensed (LE-LC)

surface phase transition[15].
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Figure 7-1: Experimental DST data of 1-dodecanol at C, = 10.6 x 10~° mol/cm® reported in

Ref.[15] (see Figure 1 in Ref.[15]). Ovals 1 and 2 indicate the regions where a plateau and the
subsequent cusp are observed (for more details, see the text).

Note that a quantitative analysis of the DST behavior when surfactants exhibit surface phase

transitions was reported only in Refs. [16] and [10], where the classical diffusion-controlled model
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and the mixed-controlled model were used to understand the observed DST behavior. Considering
that the experimental study of the DST behavior of surfactants that exhibit surface phase transitions
represents a relatively new research area, there is a clear need to: (i) determine the DST behavior
of a broader class of surfactants that exhibit surface phase transitions, and (ii) analyze the observed
DST behavior to identify the adsorption kinetics rate-limiting mechanism. A systematic analysis of
the DST of surfactants that exhibit surface phase transitions will also help to better understand the
kinetics associated with the surface phase transitions.

Note that the methodology presented in Chapter 3 to determine the adsorption kinetics rate-
limiting mechanism from experimental short-time DST data was developed assuming that: (i)
the nonionic surfactants do not exhibit surface phase transitions at the short-time DST values of
interest, and (ii) the adsorption kinetics mechanism is mixed-controlled?. Accordingly, accounting
for the existence of the surface phase transitions, and including the effect of the kinetics associated
with surface phase transitions, will involve significant modifications to the methodology presented
in Chapter 3. In such cases, the specific nature of the modification will depend on the specific form

of the model used to describe the kinetics associated with the surface phase transition.

7.2.3 Modeling the Adsorption Kinetics Behavior of Ionic Surfactants

The kinetics associated with the adsorption of ionic surfactants is different from that of nonionic
surfactants because, as the adsorption process takes place, the water/fluid (air or oil) interface
acquires charge, and the resulting electric field slows down any additional adsorption of the ionic
surfactant molecules[17]. Unlike the case of surfactants that exhibit surface phase transitions (see
Section 7.2.2), the adsorption kinetics of ionic surfactants has been studied extensively. In this
section, I will review key contributions in the area of adsorption kinetics of ionic surfactants and
stress possible research directions that could be pursued.

In the case of ionic surfactants, adsorption of the charged surfactant molecules leads to a non-
zero electric field near the surface, which, in turn, repels the charged surfactant ions and attracts
the counterions. Due to the screening of the electric field by the counterions, the electrostatic

repulsions are not felt over the entire region where diffusion takes place. The length scale over

2Recall that, in Chapter 3, I showed that diffusion-controlled adsorption is a special case of the mixed-controlled
adsorption when 3 — oco.
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which the charged interface affects diffusion () is given by the Debye-Hiickel screening length

(x71), as shown schematically in Figure 7-2.

8

Figure 7-2: Schematic illustration of the electro-diffusion process.

Borwankar and Wasan [17] proposed a model for the DST of ionic surfactants, referred to
as the quasi-equilibrium model, that assumes a diffusion-controlled adsorption and a negligible
length scale associated with the electro-diffusion process (¢, ~ x~! ) as compared to the length
scale associated with the diffusion process (the diffusive length scale, ¢4, see Figure 7-2). MacLeod
and Radke [18] proposed a rigorous numerical model that accounts for the effect of the electric
field on the diffusion of the charged surfactant molecules (electro-diffusion), which makes use of

the equilibrium Frumkin adsorption isotherm.

All the existing theoretical formulations [18-31] of the adsorption kinetics of ionic surfactants
contain parameters, associated with the equilibrium adsorption isotherm, whose evaluation re-
quires experimental fitting. Considering the extensive use of surfactant mixtures composed of ionic
and nonionic surfactants in almost all practical applications involving interfacial effects, there is a
clear need to develop a theoretical framework to molecularly predict the dynamic surface tension of
ionic/nonionic surfactant mixtures which eliminates the need for experimental fitting.

It is fairly well established that the assumption of electro-diffusion limited adsorption is valid
for commonly used ionic surfactants [32]. This implies that, given a suitable model to describe
the equilibrium adsorption behavior of the ionic surfactants, and the diffusion coefficient of the
ionic surfactant molecules, the DST behavior can be predicted. With this in mind, in order to

develop a predictive model to describe the DST of surfactant mixtures containing ionic and non-
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ionic surfactants, one can use the equilibrium adsorption formalism for ionic/nonionic surfactant
mixtures developed by Mulqueen and Blankschtein [33]. According to this theoretical formalism,
given the molecular structures of the ionic and the nonionic surfactants comprising the mixture,
and the concentrations of the surfactants, the model is able to predict the resulting DST behavior.
Once the model to predict the DST of surfactant mixtures containing ionic and nonionic surfactants
is developed, it can be incorporated into the new theoretical framework to design optimal non-
ionic surfactant formulations presented in Chapter 6 to expand its capabilities to design surfactant
formulations containing mixtures of ionic and nonionic surfactants that meet specific surfactant

adsorption kinetics requirements.

7.2.4 Modeling the Adsorption Kinetics Behavior Above the CMC

It is well known that when the total surfactant bulk solution concentration, C;, is above the surfac-
tant CMC, the surfactant molecules self-assemble to form aggregate structures called micelles[34].
In these cases, the concentration of the surfactant monomers remains approximately constant at a
value equal to the CMC, and the excess surfactant molecules form micelles.

As surfactant adsorption takes place from an aqueous surfactant solution at a concentration
Cp, > CMC, due to the adsorption of the surfactant monomers at the surface, the local surfactant
monomer concentration decreases to a value below the CMC. As a result, micelles disassemble to
increase the local surfactant monomer concentration to the CMC value [35]. In essence, micelles
act like supply sources of surfactant monomers driven by the local surfactant monomer concentra-
tion. Accordingly, when modeling surfactant adsorption kinetics at C, values above the CMC, it is
essential to account for the kinetics of micelle disassembly in addition to accounting for surfactant
diffusion in the bulk solution and for the possible role of the energy barrier [35]. An in-depth
review of the literature [35-39] reveals that DST models that incorporate this new physical aspect
have been developed and analyzed extensively. One of the key aspects associated with predicting
the adsorption kinetics behavior of surfactants when Cj is above the CMG, is that reliable micellar
kinetics models, including the values of the relevant micellar kinetics parameters, are not currently
available. This, in turn, reflects the extremely short time scales associated with micellar kinetics (~

milliseconds), which makes it extremely difficult to probe this phenomenon experimentally. In fact,
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typically, the experimental DST data corresponding to Cj, > CMC is actually used to obtain useful
information about the kinetics of micellization [36].

Overall, the development of predictive models to describe the kinetics of surfactant adsorp-
tion above the CMC is severely hindered by the current unavailability of reliable micellar kinetics

models, including the values of the micellar kinetics parameters.

7.3 Future Research Directions - New Research Projects in the Surfac-

tant Adsorption Kinetics Area

The kinetics of surfactant adsorption onto surfaces has been investigated for over half a century.
Significant progress has been made on: (i) the theoretical understanding of the adsorption kinetics,
(ii) the experimental methods that are used to probe the adsorption kinetics, and (iii) the manner
in which one can utilize the theoretical understanding gained in (i) above in practical applications.
A number of original contributions made in this area have not only helped to develop a better un-
derstanding of the factors that affect the adsorption kinetics of surfactants, but also point to several
fundamental issues that affect the kinetics of surfactant adsorption which require further investiga-
tion. In this section, I propose three new research projects that address several outstanding issues
on the kinetics of surfactant adsorption, that if solved, could be practically very useful. Specifi-
cally, I propose: (i) a systematic approach to develop a fundamental physical understanding of the
energy barrier (Section 7.3.1), (ii) a new experimental method to measure the DST of surfactants

(Section 7.3.2), and (iii) a new practical application of DST (Section 7.3.3).

7.3.1 Molecular Dynamics Simulations Approach to Model the Energy Barrier

Note that, originally, the existence of the energy barrier was hypothesized in order to rationalize the
observed DST behavior of alcohols [2-4]. An independent validation was not possible at that time
because of the non-availability of experimental and computational methods to study the behavior
of alcohols or surfactant molecules very close to the surface. However, recent developments in the
area of Molecular Dynamics Simulations (MDS) provide a potentially very powerful tool to probe

the behavior of surfactant molecules close to the surface, including probing the micro-structural
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characteristics of the surfactant molecule. In addition, recent MDS packages like GROMACS [40]
contain powerful analysis tools to compute relevant thermodynamic observables like the free en-
ergy, the enthalpy, and the entropy from the simulated micro-structural information. In essence,
probing the nature of the energy barrier using molecular dynamics simulations represents a fertile
scientific area in which one could make original contributions and significantly impact the area of
the kinetics of surfactant adsorption. It is noteworthy, that there have been relatively few attempts
to use MDS to study the behavior of solute molecules close the water/air surface [41-44]. All of
these studies have investigated primarily the equilibrium behavior of surfactants close to the wa-
ter/air surfaces, and they reveal the existence of an apparent energy barrier close to the water/air
surface; however, the magnitude of the computed energy barrier is comparable to the computa-
tional accuracy of the simulations. Clearly, there is an urgent need for a systematic investigation of
the fundamental physical basis underlying the energy barrier for adsorption.

Note that the energy barrier can, potentially, originate from: (i) interactions between the sur-
factant head and the solvent molecules close to the surface, or/and (ii) interactions between the
surfactant tail and the solvent molecules close to the surface. Accordingly, in order to fully char-
acterize the nature of the energy barrier, one needs to perform MDS with different types of solute
molecules (hydrophobic, hydrophilic, and amphiphilic) using different types of fluid/fluid inter-
faces (water/air, water/oil, and oil/air). One may begin such an analysis by considering a perfectly
spherical solute (to eliminate effects associated with the orientation of the solute molecule as it ap-
proaches the surface), and studying the energy barrier at varying degrees of hydrophobicity (which
can be tuned by varying the nature of the interactions between the spherical solute and the solvent
molecules). Based on the results of such an analysis, one may further study the effect of the ori-
entation of the solute molecule on the energy barrier by considering cylindrical solutes. Following
such an analysis, one could proceed to associate ‘surfactant-like’ attributes to the solute by chang-
ing the nature of the interaction between different portions of the solute and the solvent molecules.
A systematic analysis of this type, in addition to providing fundamental physical insights into the
nature of the energy barrier, will generate valuable information on the energy barrier that can be

used to validate any new molecularly-based model of the energy barrier.
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7.3.2 Microfabricated Chip to Measure Dynamic Surface Tensions

In Chapter 4, I demonstrated the apparent ‘super-diffusive’ adsorption behavior observed in experi-
mental pendant-bubble DST measurements for C12F, and C12Fg, and rationalized this observation
by hypothesizing the onset of natural convection in the pendant-bubble apparatus. This analysis
clearly points to the need to develop new experimental methods in which one could achieve bet-
ter control of the experimental conditions (for example, eliminate convection effects) in order to
obtain more reproducible and reliable experimental DST values.

The emerging area of microfabrication is changing the way in which experiments are conducted
in the laboratory to measure material properties [45]. The efficacy of the ‘lab-on-a-chip’ philosophy
has already been demonstrated through the fabrication of a number of chemical ‘unit operations’
on a chip, including reactors, separators, mixers, with these being used in a variety of areas ranging
from colloids to drug development. The key driving force for this change in paradigm has been the
ability afforded by the new devices to control material properties when compared to the traditional
methods. Interestingly, in a recently published paper [46], the authors successfully demonstrated
how one can use a microfabricated chip to measure equilibrium surface tensions of liquids. Specif-
ically, in Ref. [46], the authors: (i) designed a chip containing a set of micro-capillaries, (ii)
introduced liquid samples in the capillaries, and (iii) measured the equilibrium surface tension
by measuring the rise of the liquid in the capillaries. The authors reported very good agreement
between the equilibrium surface tensions measured using the new microfabricated chip and the
equilibrium surface tensions measured using traditional laboratory techniques.

Keeping in mind: (i) the limitations of the pendant-bubble technique used to measure the DST
of surfactant solutions (see Chapter 4), and (ii) the recent successful demonstration of using mi-
crofabrication to measure surface tensions, it would be interesting to investigate if one could build
microfabrication devices to measure dynamic surface tensions of surfactant solutions. The excel-
lent control that could be achieved using microfabrication devices has great potential to generate
reliable and highly reproducible surfactant solution DST data, which, in turn, could be analyzed to

identify fundamental factors that affect the adsorption kinetics behavior of surfactants.
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7.3.3 Measurement of Dynamic Surface Tensions of Surfactant Solutions to Deter-

mine Other Fundamental Properties of Surfactants

A review of the literature reveals that surfactant solution DST measurements are increasingly be-
ing used to determine other fundamental properties of surfactants. For example, recall that: (i)
Refs.[10-16] report using experimental surfactant solution DST data to detect the existence of sur-
face phase transitions of the adsorbed surfactant molecules, and (ii) Refs. [35-38] report using
experimental surfactant solution DST data to determine rate constants associated with the kinetics
of micellization. In fact, the new methodology presented in Chapter 5 uses the experimental sur-
factant solution DST data as a probe to determine equilibrium adsorption properties of surfactants.
Moreover, experimental DST data has also been used as a detection tool in several applications.
Specifically, in Refs. [47-49], the authors correlate the DST of biological liquids, like serum and
cerebrospinal fluid, with the diagnosis of rheumatic, neurological, or oncological diseases. In Refs.
[50-52], DST data has been used to detect ppm levels of various surfactants and surface-active
proteins present in aqueous solutions. Specifically, the approach involves: (i) forming a drop of
the solution containing surfactants, or the surface-active proteins, in a steel capillary nozzle, (ii)
measuring the dynamic surface tension of the drop during the drop formation process, and (iii) cal-

ibrating the resulting DST behavior for specific surfactants/proteins and concentrations [50-52].

In my view, the optimization framework presented in Chapter 6 could contribute significantly
in the area of DST-based detection. Specifically, the optimization framework can be used effectively
as a detection tool, where, instead of a desired DST profile, the user inputs the experimentally
measured DST data of a solution containing surfactant mixtures, and the optimization framework
can be used to find the specific combination of surfactants, including their concentrations, that best
satisfies the DST data input by the user. However, note that this approach requires knowledge of
the various surfactants that are present in the solution of interest. Using the proposed approach,
one could increase the accuracy of detection, for example, by: (i) adding a known amount of a
specific surfactant to the original solution, (ii) measuring the DST of the new surfactant solution,
and (iii) providing the new DST as an additional input along with the DST of the original solution.
In this case, the optimization framework will need to find the surfactant concentrations of the

original solution such that the DST behaviors of both the original and the modified surfactants can
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be best reproduced. Below, I address a possible limitation of the proposed optimization framework
that could limit its utility as an effective detection tool, and suggest an approach to overcome this
limitation.

Comment on a Possible Limitation of the Optimization Framework-Based Detection

As discussed in Chapter 6, the optimization framework requires information about : (i) the
equilibrium adsorption model of surfactant mixtures, and (ii) the adsorption kinetics model and
associated parameter values. Recall that the current optimization framework is only applicable to
nonionic surfactant mixtures where the adsorption kinetics model is diffusion-controlled. While
the requirement of a diffusion-controlled model is widely applicable to many classes of surfactants,
the equilibrium adsorption model used is specific to every surfactant. In addition, in the case of
surfactant mixtures, one must also account for the interactions between different types of adsorbed
surfactant molecules. Accordingly, needing a model for the equilibrium adsorption behavior of the
surfactant mixture can severely limit the ability to use the proposed optimization framework as an
effective detection tool.

A possible way to overcome this limitation is to use the methodology presented in Chapter 5
to determine the equilibrium adsorption properties of the surfactants comprising the mixture using
their respective experimental DST data, in conjunction with the molecularly-based equilibrium
adsorption model of Nikas et al. [53]. Once the list of surfactants that could possibly be present in
the solution, and their respective equilibrium adsorption behavior is implemented in the database of
the optimization framework, the optimization framework can be used to detect solutions containing
these surfactants, including determining their individual concentrations. The proposed specific

method will require:

1. Using experimental DST data measured at a single C;, value for each of the specific surfactants
comprising the mixture, including each D value estimated using, say, the Wilke-Chang cor-
relation, to fit the molecular parameters associated with the equilibrium adsorption behavior
of surfactant® 3, that is, I'eo,i» Bii, and Apf [33]. Note that one may not need the additional

single equilibrium surface tension data point as an input (see Chapter 5), because, the pro-

3Recall that T'eo ; is the maximum surfactant surface concentration of surfactant 4, By; is the second virial coefficient
associated with the van der Waals attractions between surfactant molecules of type i, and Ap; o is the difference in the
standard-state chemical potentials of surfactant i at the surface and in the bulk solution.
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posed approach can use the equilibrium surface tension value, ~¢, corresponding to Cj as
the required additional single equilibrium surface tension data point. In other words, given
a combination of the parameter values, the functional form of the molecular equilibrium ad-
sorption isotherm can be used to extrapolate for the value of the equilibrium surface tension
value at C;. Note that the proposed approach may also be used to analyze the experimental
DST of ionic surfactants, since the only additional parameter required to describe the equilib-
rium adsorption behavior of an ionic surfactant is its charge, which can be determined from

the charge characteristics of the surfactant head.

2. Determining the values of the interaction parameters, B;;, between surfactant molecules of

type ¢ and j using a simple mixing rule involving B;; and Bj;; values (for example, B;; =
v/BiiBjj).

Therefore, by performing a single experimental DST measurement for each surfactant type com-
prising the mixture, one can determine the relevant equilibrium adsorption behavior of the surfac-
tant mixture, which, in turn, can be used along with the optimization framework for design and

detection purposes.

7.4 Concluding Remarks

This thesis has focussed on developing novel methodologies to analyze the adsorption kinetics be-
havior of nonionic surfactants at premicellar surfactant concentrations. It is hoped that the method-
ologies developed, the quantitative predictions made, and the overall fundamental understanding
gained as part of this thesis will not only expand our fundamental knowledge of the adsorption
kinetics behavior of surfactants, but will also serve as a solid foundation for future theoretical and

experimental research in the surfactant science area.
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