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Abstract

Amphiphiles that possess a dual character, hydrophobic and hydrophilic, are employed
in many chemical, pharmaceutical and biological applications. Amphiphile molecules that
include a hydrophilic head and a hydrophobic tail can easily adsorb at a liquid/vapour
interface, to reach to a minimum free energy and hence a most thermodynamically stable
state. Surface tension is a key parameter for understanding such behavior of an amphiphile,
or a surfactant. This thesis represents a comprehensive study on adsorption and surface
tension of slightly volatile, organic amphiphiles in aqueous solution.

Although for a vapor-liquid interface, adsorption from both liquid and vapor phases
should be considered, they have been almost always considered exclusive of one another.
When a volatile surfactant is dissolved in the liquid phase, it also applies a finite partial
pressure in the vapor phase. Recently, dynamic surface tension experiments showed that
adsorption from both sides of a vapor/liquid interface must be studied simultaneously. It
is noted that surface tension phenomena are often dynamic, in particular when the surface
under consideration is perturbed. With the newly discovered importance of adsorption from
both sides of a vapor/liquid interface, one may have to ask the question: how dynamic
surface tension is influenced and responding to the surface perturbation and environment
changes, and whether both sides of the interface play a role in surface tension responses.

In this research, axisymmetric drop shape analysis-profile (ADSA-P) is used for surface
tension measurement. The experiments are performed in a closed chamber where the
effects of surfactant concentrations of both liquid and vapor phases on the surface tension
can be studied. The partial vapor pressure of surfactant is controlled with an environment
solution containing the same surfactant as the sample solution. The environment solution
is to facilitate adsorption from the vapor side of the interface by creating a surfactant
vapor phase. The effects of surface perturbation, environment condition (i.e., temperature
and pressure) and carbon chain length on the surface tension and adsorption kinetics are
studied in detail.

The surface tension response of 1-octanol aqueous solution to surface area perturbation
is investigated. Upon surface compression, the surface tension decreases followed by a grad-
ual increase back to the value prior to compression. On surface expansion, two categories
of surface tension response are observed: First, when the change in surface area is smaller
than 5%, the behavior similar to that of conventional surfactants is observed. The surface
tension increases followed by a gradual decrease back to the value prior to expansion. Sec-
ond, when the change in surface area is greater than 5%, and the drop concentration is
sufficiently larger than the environment concentration, the surface tension initially slightly
increases, but after a time delay, it sharply decreases, followed by a gradual increase back
to the value prior to expansion. Previous studies showed that at steady-state condition a
network of hydrogen bonding between surfactant and water molecules near the surface is
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created. The unique surface tension response after large expansion might be related to the
momentarily destruction of this hydrogen bonding network and gradually making a new
one.

The effect of temperature on the surface tension and adsorption kinetics of 1-octanol,1-
hexanol and 1-butanol aqueous solutions is studied. The steady-state surface tension is
found to decrease upon an increase in temperature, and a linear relationship is observed
between them. The modified Langmuir equation of state and the modified kinetic transfer
equation are used to model the experimental data of the steady-state and dynamic (time-
dependent) surface tension, respectively. The equilibrium constants and adsorption rate
constants are evaluated through a minimization procedure for temperatures ranging from
10 °C to 35 °C. From the steady-state modelling, the equilibrium constants for adsorption
from vapor phase and liquid phase are found to increase with temperature. From the
dynamic modelling, the adsorption rate constants for adsorption from vapor phase and
liquid phase are found to increase with temperature too.

The influence of carbon dioxide pressure on the surface tension and adsorption kinetics
of the aforementioned surfactant aqueous solutions is investigated. To consider the effect of
adsorption/desorption of the two species (surfactant and carbon dioxide) from both sides
of a vapor/liquid interface on the surface tension, the modified Langmuir equation of state
and the modified kinetic transfer equation are derived. The steady-state and dynamic
surface tension data are modelled using the modified Langmuir equation of state and the
modified kinetic transfer equation, respectively. The equilibrium constants and adsorption
rate constants of surfactant and carbon dioxide are evaluated through a minimization
procedure for COs pressures ranging from 0 to 690 KPa. From the steady-state modelling,
the equilibrium parameters for surfactant and carbon dioxide adsorption from vapor phase
and liquid phase are found unchanged for different pressures of carbon dioxide. From the
dynamic modelling, the adsorption rate constants for surfactant and carbon dioxide are
found to decrease with carbon dioxide pressure.

The role of carbon chain length of amphiphiles in aqueous solution is also studied. It is
illustrated that the equilibrium constants for adsorption from both sides of a vapor/liquid
interface increase from 1-butanol to 1-octanol. The modelling results show that the ratio
of the equilibrium constant for adsorption from vapor phase to the equilibrium constant
for adsorption from liquid phase declines from 260 to 26 as the chain length is increased
from 1-butanol to 1-octanol. Therefore, the contribution to adsorption from liquid phase
augments as the chain length is increased. The adsorption kinetics for this group of short
carbon chain surfactants is modelled using a kinetic transfer equation. The modelling
results show that the adsorption rate constants from vapor phase and liquid phase (k¢ and
kl) increase from 1-butanol to 1-octanol. Steady-state and dynamic modelling also reveals
that the maximum surface concentration increases with carbon chain length. These results
may be due to the higher hydrophobicity character of a surfactant molecule at longer
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carbon chain length.
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List of symbols

A Interfacial area (m?)

Ay Frequency factor or pre-exponential factor (m?/mol.s)

Agy Non-ideality parameter of the Frumkin isotherm (dimensionless)
as Activity of solute (mol/mol)

a Constant

b Constant

C Concentration of the component in the bulk liquid solution (mol/m?)
ce Concentration of the i component in o phase (mol/m?)

o Concentration of the i*" component in 8 phase (mol/m?)

C; Bulk concentration of the i"component in o phase (mol/m?)

C; Bulk concentration of the i** component in 8 phase (mol/m?)
Clrop Concentration of surfactant in the drop solution (mol/m?)

Cenw Concentration of surfactant in the environment solution (mol/m?)
AC Concentration difference between drop and environment solutions (mol /m?)
E Energy barrier (j/mol)

Fy Net force in the Du Nouy ring method (V)

F Dimensionless parameter

f Correction factor for the drop weight method (dimensionless)

fo Solute activity coefficient (dimensionless)

g Gravity constant (m?/s)

h Capillary rise (m)
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H
K
K,

Henry’s constant
Constant (s)

Equilibrium adsorption constant for adsorption from vapor and liquid

phases (m?3/mol)

Ky
K

Constant

Equilibrium adsorption constant for adsorption from the vapor phase for

species 1 (m?/mol)

Ky

Equilibrium adsorption constant for adsorption from the liquid phase for

species 1 (m?/mol)

K3

Equilibrium adsorption constant for adsorption from the vapor phase for

species 2 (m?/mol)

Ky

Equilibrium adsorption constant for adsorption from the liquid phase for

species 2 (m?/mol)

’

K
(m?/mol)

’

Ky
(m?/mol)

Kr

Equilibrium adsorption constant for adsorption from the vapor phase
Equilibrium adsorption constant for adsorption from the liquid phase

Frumkin equilibrium adsorption constant (m?/mol)

Henry equilibrium adsorption constant (m)

Langmuir equilibrium adsorption constant (m?/mol)

Modified Langmuir isotherm equilibrium adsorption constant (m?3/mol)
Modified Langmuir isotherm equilibrium adsorption constant (1/atm)
Adsorption rate constant for adsorption from the gas phase (m?3/mol.s)
Adsorption rate constant for adsorption from the liquid phase (m?*/mol.s)
Desorption rate constant for desorption to the gas phase (m?3/mol.s)
Desorption rate constant for desorption to the liquid phase (m?/mol.s)
Molecular weight (g/mol)

Mass of the drop in the drop weight method (kg)

Number of moles in the i component (mol)

Total number of moles of the i component in all regions (mol)

Number of moles of the i’ component in « regions (mol)
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Number of moles of the i'® component in 3 regions (mol)
Number of moles of the i component in surface (mol)

n; Total number of moles of the i** component in phase o of the idealized
system (mol)

’

n; Total number of moles in the i** component in phase 8 of the idealized
system (mol)

n: Gibb’s surface excess of the i component (mol)

P Pressure (Pa)

P Partial pressure of species 1 (Pa)

P, Partial pressure of species 2 (Pa)

P, Perimeter of the plate in the Wilhelmy plate method (m)
AP Pressure difference across the curved interface (Pa)

r Capillary radius (m )

r1 Constant

Ty Constant

Ry Principal radius of curvature (m)

R, Principal radius of curvature (m)

R Universal gas constant (j/mol.k)

Ry Radius of the ring in the Du Nouy ring method (m)
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Chapter 1

Introduction

1.1 Overview of the Research

An interface is a physical boundary in which the properties vary from one phase to another,
over a distance of molecular dimension. Surface or interfacial tension of the vapor-liquid in-
terface of alcohol in aqueous solution has long been considered as one of the most intriguing
surface phenomena [I], 2, [3]. Surface tension is crucial to the understanding of many impor-
tant processes, including self-assembly of biomolecules [4], modification of membranes [5],
coating and wetting [6]. Also, in physiology, the natural pulmonary surfactant, made up
of a complex mixture of lipids and proteins, plays a key role in respiration by modulating
the surface tension and stabilizing the lungs for proper breathing [7, 8]. The organic or
inorganic chemicals tending to adsorb at the interface and modify the surface properties
may be classified as surface-active-agents, or surfactants. In many cases, surfactants alter
or even control the surface properties and the surface tension of a particular system. In
a freshly formed interface, the surfactant is adsorbed toward the interface to achieve a
thermodynamically more stable state [9, [10]. The result is a reduction in the free energy
of the system and therefore a decrease in surface tension [11].

A common goal of most surfactant applications is to select surfactants that could effec-
tively reduce the surface tension to a desired value within a desired time. An optimum use
of surfactant cannot be achieved without a clear understanding of their interfacial behavior
including the dynamic and steady-state surface tension and adsorption kinetics.

Although for a vapor-liquid interface, adsorption from both liquid and vapor phases
should be considered, they have been almost always considered exclusive of one another [12]
13) [14] 15, 16, 17, 18, 19] 20l 1), 22]. For example, in Langmuir or Frumkin isotherms only
adsorption from the liquid phase has been considered [23], 24]. When a volatile surfactant
is dissolved in the liquid phase, it also exerts a finite partial pressure in the vapor phase.



Recently, dynamic surface tension experiments showed that adsorption from both sides of
a vapor/liquid interface must be considered simultaneously [25]. It is noted that surface
tension phenomena are often dynamic, i.e., time dependent, in particular when the surface
under consideration is perturbed. With the newly discovered importance of adsorption from
both sides of a vapor/liquid interface, one may have to ask the question: how dynamic
surface tension is influenced and responding to the surface perturbation and environment
changes, and whether both sides of the interface play a role in surface tension responses.

Environment conditions are crucial in many application of surfactants, i.e., in the lung,
temperature and pressure can change the surface tension of pulmonary surfactant, which
in turn plays a key role in proper breathing. In plastic foaming and in coating, efficiency of
the operations can be affected by surface tension, and hence by temperature and pressure.
This is due to the fact that a change in the environment conditions will cause a change in
molecular driving forces at the interface and consequently dynamic and equilibrium surface
tension.

In this research, the effect of surface perturbation and environment conditions are
investigated on the dynamic and steady-state surface tension of several alcohols, i.e., 1-
octanol, 1-hexanol, and 1-butanol aqueous solutions. The experiments are performed in
a novel experimental condition where the effect of adsorption/desorption of both phases
are considered simultaneously. 1-octanol, 1-hexanol and 1-butanol have many different
applications. They are used as ingredients in foods, wines, flavors, perfumes and as sub-
stitutes for gasoline and diesel fuel [102, [103] 104, 105]. Recent studies have been shown
that essential tremors can be treated if 1-octanol, 1-hexanol or 1-butanol is used as the
prescription drug [26]. Essential tremor is a disorder in which the hands, and sometimes
the head, shake involuntarily. 1-hexanol is also used as the promoter of mRNA release in
the presence of Ttgv protein [27]. In all cases, temperature and pressure can change the
surface tension, hence the efficiency of the operation [27, 28] 29| 30, [31].

The kinetics of surfactant adsorption is usually monitored through the measurement
of time-dependent or dynamic surface tension (DST). This data can be used to determine
the key kinetic parameters that characterize the adsorption and ascertain the molecular
mechanisms involved in the process. Previous studies showed that the dynamic adsorption
behavior of normal alcohols with short carbon chains is controlled by the transfer of sur-
factant molecules from the subsurface to the surface [14, 32]. When an interface is formed
between two bulk phases, physical properties like the density vary rapidly and continuously
from one bulk to another. However, because the interface region is very thin, the influence
of the interface is limited and does not extend beyond several molecule diameters in each
side of the interface. The subsurface is a name for the position, in the neighbourhood of
the surface, in which the variation of physical properties is started. Previous studies also
showed that the diffusion from the bulk to the subsurface is very fast compared to the
transfer of molecules from the subsurface to the surface.



Our experiments will be performed in a closed chamber where the drop is hanging from
a capillary and dynamic surface tension can be affected by adsorption from both sides of
the interface. A simple schematic of the system under study is shown in Figure 1.1.
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Figure 1.1: A simple schematic of the surfactant distribution in the system; (A) Capillary
tip for drop formation, (B) liquid or drop solution, (C) the distance between drop and
environment solutions, (D) environment solution.

In this research, the new modified Langmuir equation of state and the new modified
kinetic transfer equation are developed to model the experimental data of the steady-state
and dynamic (time-dependent) surface tension, respectively. In these equations the effect
of adsorption/desorption of more than one specious from both sides of a vapor/liquid
interface on the surface tension is studied. The equilibrium constants and adsorption rate
constants are evaluated through non-linear regression for temperatures ranging from 10 to
35°C and carbon dioxide pressure ranging from 0 to 690 KPa.



1.2 Research Objectives

This research is focused on the comprehensive investigation on the effects of environment
conditions (i.e., temperature and carbon dioxide pressure) and surface perturbation on the
surface tension of aqueous alcohol solutions. The objectives can be classified as follows:

1. Examine the effect of adsorption/desorption from both sides of the vapor/liquid
interface on the surface tension of several aqueous alcohol solutions i.e., 1-octanol, 1-
hexanol and 1-butanol.

2. Probe the effect of surface perturbation, i.e., compression or expansion, on the
surface tension of volatile organic amphiphiles in aqueous solutions.

3. Investigate the effect of environment temperature on the dynamic and steady state
surface tension of the three volatile alcohols in aqueous solution.

4. Inspect the effect of carbon dioxide pressure on the dynamic and steady state surface
tension of volatile alcohols in aqueous solution. The experiments are repeated for three
different surfactants: 1-octanol, 1-hexanol and 1-butanol.

5. Model the experimental results of the steady-state and dynamic surface tension at
different temperatures using the modified Langmuir equation of state and the modified
kinetic transfer equation.

6. Develop a new modified Langmuir isotherm, a new modified Langmuir equation
of state and a new kinetic transfer equation for a condition where the effect of adsorp-
tion/desorption of more than one species from both sides of a vapor /liquid interface on the
surface tension is considered.

7. Model the experimental results of the steady-state and dynamic surface tension at
different carbon dioxide pressures using the new modified Langmuir equation of state and
the new modified kinetic transfer equation, respectively.

8. Investigate the effect of carbon chain length on the surface tension and adsorption
kinetics at different temperatures and different carbon dioxide pressures.

1.3 Thesis Outline

The materials presented in this thesis address the objectives outlined in the preceding
section. The thesis is organized in the following manner: In chapter 2 the theoretical back-
ground and literature review of research applicable to the current work, including relevant
experimental methods, are presented. In Chapter 3 the materials and experimental meth-
ods including the sample preparation and surface tension measurements are described. In



Chapter 4 the results from the experimental investigation are presented and discussed.
The section includes the surface tension experiments for three different systems. In this
section the effect of adsorption/desorption from both sides of a vapor/liquid interface on
the surface tension of alcohol solutions is investigated. In chapter 5 the effect of surface
perturbation on the surface tension of 1-octanol aqueous solutions is examined and dis-
cussed. In chapter 6 using an experimental design the effects of other experimental factors,
such as the volume of the environment solution, the distance between the sample drop and
the environment solution, the area of the environment solution, the saturation time and
the effect of the drop and environment concentrations on the surface tension of a volatile
alcohol in aqueous solutions is investigated. In chapter 7 the effect of temperature on the
dynamic and steady state surface tension of volatile alcohols in aqueous solutions is probed
and discussed. In this chapter the experimental results are correlated using the modified
Langmuir adsorption equations for temperature ranging from 10 to 35°C. In chapter 8
the effect of carbon dioxide pressure on the dynamic and steady state surface tension of
volatile alcohols in aqueous solutions is inspected. In this chapter the theoretical frame-
work for both the steady-state and dynamic analysis is developed and the experimental
results are correlated using the new equations for pressure ranging from 0 to 690 KPa. In
chapter 9 the role of carbon chain length on the surface tension and adsorption kinetics
of a group of short carbon chain surfactants are investigated. Finally, in Chapter 10 the
conclusions from the research are stated and some recommendations are given for future
research directions.



Chapter 2

Theoretical Background and
Literature Review

In this chapter physical chemistry of surfaces and theoretical concepts behind adsorption
at an interface will be introduced. The discussion will address the thermodynamics of
adsorption, the concepts of dynamic and equilibrium adsorption and various surface ten-
sion measurement techniques. Also, the literature on surface tension and some of the
applications will be reviewed.

2.1 Physical Chemistry of Surfaces

The properties of a surface or interface are affected by physical or chemical changes in
either of the two phases involved. These two phases can be in any two of the three states
of solid, liquid and gas. If one of these two contacting phases is gas, the interface is called
"surface”. Interface or surface is a physical boundary separating two distinguishable bulk
phases over a distance of molecular dimension. The exchange phenomenon between these
two immiscible phases is controlled by the interface. The prerequisite for the existence
of a stable interface is a positive value of free energy of formation. Otherwise, complete
dispersion of one phase in another takes place.



2.2 Adsorption at an Interface

2.2.1 Basic Thermodynamics

For a 3-D system, the relation postulated by J.W. Gibbs between the internal energy of
a simple bulk system, and various modes of energy transfer between the system and the
surroundings (Figure 2.1) is:

Surrounding

Figure 2.1: System and surrounding

dU =TdS — PdV + > judN; (2.1)

=1

Where dU is the change in internal energy of the system, 7'dS is the amount of heat
transfer, —PdV is the mechanical work and )" | ;dN; 1is the chemical work. T, P,S,
and V are the bulk temperature, pressure, entropy, and volume of the system respectively.
1; and N; are chemical potential and number of moles of the ith component of the system
respectively. Based on equation (2.1) the following functional relationship can be written:



U=U(S,V,N,) (2.2)

Where S,V and Ni are independent extensive properties of the system. With differ-
entiation of equation (2.2) the following equation can be written:

ou ou ou
DU = %dé’—l— de—i- ON,

dN; (2.3)

Comparing equations (2.1) and (2.3) the intensive parameters 7', P and p;can be written

as:
g_g = [Tlvn, (2.4)
g_g = [=Fls (2.5)
SZ(\JQ = s v (2.6)
With integrating the functional equation (2.1), the 3-D Euler equation can be written
as:

U=TS—PV+> wN;+C (2.7)

i=1

Differentiating equation (2.7) and subtracting to equation (2.1) yields:

SdT = VdP + Y " Nidp; =0 (2.8)

i=1

The equation (2.8) is known as Gibbs-Duhem relation among changes in intensive
parameters.



2.2.2 Surface Thermodynamics

In complete analogy to that of 3-D situations, the fundamental equation for 2-D systems,
i.e., interfaces, can be written as:

dU = TdS +dA+ > pudN, (2.9)
=1

Where 7dA is the work done in generating an interfacial area increment dA and 7 is
the interfacial tension. The functional relationship based on equation (2.9) is:

U=U(S,A N, (2.10)

Associated intensive parameters can be defined as:

oU
T = T)an; (2.11)
oU
8_A = MS,NZ- (2-12)
oU
aN, (18] 5,48, s (2.13)

Integrating equation (2.9), the 2-D Euler equation can be written as:

U=TS+yA+ ) mN;+C (2.14)

i=1

Differentiating equation (2.14) and subtracting equation (2.9) yields:

SdT + Ady + ) Nidp; =0 (2.15)

i=1

Equation (2.15) is the 2-D Gibbs-Duhem relation among changes in intensive parame-
ters at the interface.



2.2.3 The Gibbs Adsorption Equation

In the Gibbs treatment, a column containing two bulk phases o and 5 is considered. They
are separated by a surface region (Figure 2.2A) [I1]. Gibbs realized that the actual surface
region is inhomogeneous and hard to define. Thus, he considered an idealized column along
with the two phases o and § separated by a mathematical plane GG, parallel to AA" and
BB'(Figure 2.2B). This plane is not only homogeneous, but also arbitrary. In the actual
system, the bulk concentration of the i component in o and 3 phases are C; and C; ,
respectively, and assume n! stands for the total number of moles of the i'® component in
all three regions. In the idealized system, the chemical composition of o and 3 phases are

assumed to remain constant right up to the dividing surface.

x % % ¥
a— phase
o— phase
#
.
A A
G G
B B
; fp— phase 7
[p— phase "
;
P pt P P

(A) (B)

Figure 2.2: The phase column in the real (A) and ideal (B) systems

If nf and n} stand for the total number of moles of the i** component of the two phases
of the idealized system, the Gibbs surface excess of the " component, n¥ can be defined
as:

n; = nf —n; — n;k/ (2.16)

For a real system the total number of moles n! remains constant. However, the value
of n +n?" of the idealized system may change depending upon of the dividing plane at
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the different positions perpendicular to the Z direction. By numerical calculation, it can
be shown that n¥ may be greater, equal or less than zero, depending upon the position of
the plane GG’ [35]. In constant temperature, equation (2.15) can be reduced to:

Where the surface concentration equals to:

n;
r,=— 2.18
& (215)
For two component systems, such as binary solutions equation (2.17) can be written

as:

Where I'; and I'y are the solvent and solute surface concentrations, respectively, and
and 9 are the chemical potential of solvent and solute respectively. From the aforemen-
tioned discussion it can be inferred that if we choose the arbitrary plane GG properly, it
is possible to set the number of excess molecules of the solvent at the interface nj equal to
zero (I'y = 0), so that:

Ty=— l;—;h (2.20)

At equilibrium, chemical potential is uniform throughout the interface, and two adjacent
bulk phases

py = p9 + RTIn(ay) (2.21)

pty = p13 + RTIn(foxy) (2.22)

Where 49 is the reference chemical potential, (ay is the activity of solute, fo is the
solute activity coefficient, x5 is the mole fraction of solute, R is the universal gas constant,
and T is the absolute temperature. For premicellar dilute solutions (C' <« CMC)

fo21 (2.23)

and
T2 = Oy (2.24)



Where (5 is the concentration of the solute in the liquid phase. By substituting equation
(2.22) into equation (2.20) the simplest form of the Gibbs adsorption equation [34], which
relates the changes in the surface excess accumulation to surface tension, is derived.

r,— —% {%] (2.25)

Based on the Gibbs adsorption equation (2.25), if a solute adsorbs at the interface it
will result a decrease in surface tension, and if it desorbs from the interface it will result
an increase in surface tension.

2.2.4 Adsorption Isotherm

Adsorption isotherm is the equilibrium relation between the concentration of the compo-
nent at the bulk liquid solution and the amount adsorbed at the interface [24]. Henry's
law isotherm (or Henry isotherm) is a linear relation between the concentration of the
component in the bulk liquid solution (C') and the surface excess (I'). The constant for
this linear relation is the equilibrium adsorption constant Ky which has the dimension of
length. It is an empirical value representing the surface activity. The Henry isotherm is
valid for dilute solution where interactions between species at the surface are negligible.

I'= KygC (2.26)
The most commonly used isotherm is the Langmuir isotherm:

r Ki.C
== 2.2
' 14+K.C (227)

In this non-linear isotherm, I'y, is the maximum surface concentration and K7, is the
Langmuir equilibrium adsorption constant. I'y, is the theoretical limit of I' , and it cannot
normally be reached. In this equation, it is assumed that there are no interactions or
intermolecular forces between surface molecules and the adsorption of a new single molecule
in an empty site does not depend on the occupancy of the neighboring sites [24]. The last
point is the main limitation of this equation, because many species interact with each
other at the interface. This interaction may be due to the electrostatics effects, hydrogen
bonding or Van der Waals forces.

The Frumkin isotherm attempts to consider solute-solvent interactions at a non-ideal
surface, and has been used for non-ionic surfactants [23]. The general form of this equation
presented in the following form:
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1 r r
C = T e3P [Afr_m:| (2.28)

Where Kp is the Frumkin equilibrium adsorption constant, and Ay, is the measure of
the non-ideality of the surface, and it serves as the influence of molecular interactions at
the interface on the surface concentration. If Ay = 0, the surface is ideal and there is
no interaction between molecules at the surface, and the Frumkin equation reduces to the
Langmuir equation.

Recently, Andrew et al., showed that the adsorption from both sides of a vapor/liquid
interface must be considered simultaneously [25]. He modified the Langmuir adsorption
equation for this situation:

T KPP+ KCiop (2.20)
I 1+ K P+ KyCaprop '

Where I' is the maximum surface concentration, P is the surfactant partial pressure
at the vapor phase, and K; and K5 are the equilibrium constants for adsorption from the
vapor and liquid phase, respectively. Cgy.p is the concentration of surfactant in the liquid
(drop) phase. Equation (2.29) can be simplified if the partial pressure of surfactant in the
vapor phase is related to the concentration of surfactant in the environment solution (C,,)
through Henry's law (P = HC.,,) [36]:

L _ KiHCenv + KQCdrop (2 30)
11c>o 1+ KiHCenv + K2Cdrop ‘

2.2.5 Surface Equation of State

The Gibbs adsorption equation and the proper isotherm equation I'(C') can be used to
drive the surface equation of state (C'). The purpose of the equation of state is to relate
the surface tension directly to the concentration in the bulk and eliminate the surface
concentration . It should be noted that the following equations of state can be applied for
premicellar dilute solution (C' < CM(C), so that the Gibbs adsorption equation (2.25) was
derived based on this assumption.

If the Henry isotherm (2.26) combines with the Gibbs adsorption equation (2.25), a
simple linear Henry’s equation of state can be derived as follows:

' =~y — RTKyC (2.31)
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Where 7y and v are the surface tensions of the pure solvent and solution, respectively.
The Szyszkowski equation of state can be derived with Combining the Gibbs adsorption
equation (2.25) with the Langmuir isotherm (2.27):

['=ry— RITIn(1+ K.C) (2.32)

The corresponding Frumkin equation of state based on the Gibbs adsorption equation
(2.25) and the Frumkin isotherm (2.28) is [24]:

T 1 r\?
I'= Yo + RTFOOZTL 1-— F_ + §RTAfPOO f (233)

This equation is a nonlinear equation and it cannot be solved analytically. However,
numerical solution can be derived.

The modified Langmuir equation of state can be derived with combining modified
Langmuir isotherm (2.29) and the Gibbs adsorption equation (2.25) [36].

I'=y — RTT o ln(1 + K,HC.,, + K2Curop) (2.34)

Equation (2.34) can be used to predict the surface tension response to change in drop
and environment concentrations [25].

2.3 Mechanisms of Surfactant Adsorption

When a new surfactant surface is created, the steady state surface tension is not attained
instantly. A finite time is required to reach to the steady-state between the concentration
of the surfactant at the surface and the bulk surfactant concentration [23]. Time dependent
surface tension is called the dynamic surface tension. It is dependent on the type of the
surfactant and its concentration at the surface. There are three steps for the adsorption of
a soluble surfactant from a liquid bulk phase to the interface (Figure 2.3). The first step
is the diffusion of the surfactant molecules from the bulk phase to the subsurface. The
second step is the transfer of surfactant molecules between subsurface and the surface layer.
The third step is the rearrangement of surfactant molecules at the interface to reach to
an equilibrium state. The adsorption kinetics is characterized based on rate-limiting step.
If the characteristic time for the first step is much greater than that of second and third
steps, the adsorption dynamics is said to be diffusion controlled. The adsorption dynamics
is transfer controlled when the characteristic time of the second step is much greater than
that of first and third steps. Similarly, the adsorption dynamics is rearrangement controlled
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when the characteristic time for the third step is much greater than that of the both first
and second steps. Besides, the adsorption dynamics is mixed diffusion-transfer controlled
when the characteristic time for both first and second steps are comparable and much
greater than that of third step. It was shown that for small molecules, rearrangement is
generally a fast process and characteristic time for this step is much smaller than that of
the other steps. Thus, it has little effect on the overall adsorption time [37]. Also, Previous
studies showed that the adsorption kinetics of normal alcohols with short carbon chain is
transfer controlled [14, [38]. In this case, the bulk surfactant concentration is always uniform
and equal to its initial value at the bulk solution, and adsorption does not significantly
deplete the solution.
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Figure 2.3: A Schematic diagram of the adsorption mechanism. Surfactants are represented
using cartoon.

2.4 Experimental Methods for Surface Tension Mea-
surements

During the past century, a wide variety of methods have been developed for measuring
the surface tension of a liquid solution at the liquid/vapor interface [10]. They may be
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categorized into four different classes according to the fundamental that the measurement
is based on: (i) force methods, (ii) shape methods, (iii) pressure methods, and (iv) other
methods. In the force methods, the surface tension of a solution is determined based on
the amount of force required to detach a ring or plate from a liquid surface. The Du Nouy
ring method and the Wilhelmy plate method can be classified in this category. In the
shape methods, the surface tension is determined based on the shape of a liquid drop or
a bubble formed inside the solution. The drop methods can be divided into two different
categories: pendant or sessile drop methods. In the pendant drop method, the drop is
hanging from a capillary tube, but in the sessile drop method, the drop is formed on a flat
surface. The maximum bubble pressure method can be classified as the pressure methods.
In this method, the maximum pressure required to release a bubble in a liquid solution is
measured. Other methods such as the capillary rise method, and the drop weight methods
are categorized as the other methods. In the next section, a brief introduction for the
aforementioned methods is presented.

2.4.1 Du Nouy Ring Method

In this method, the capillary force on a platinum ring at the liquid/vapor surface is mea-
sured. The maximum force required to disconnect the ring from the liquid surface is
proportional to the contact angle, surface tension, and wetted perimeter of the ring. The
apparatus consists of a liquid container and a ring attached to a sensitive force measure-
ment device (figure 2.4). The container can be moved upward and downward in a controlled
manner. Initially, it is positioned so that the ring is submerged just below the surface. It
is moved slowly downward and meanwhile the force exerted on the ring is measured, until
the ring becomes detached from the liquid. The force exerted on the ring at detachment
is approximately equal to the surface tension multiplied by the perimeter of the ring.

W — Wrmg = Fd = 47’1’Rd"}/ (235)

Where W, Fy and W,,,, are the total force, the net force and the net weight of the ring,
respectively. Ry is the radius of the ring, and ~ is the liquid surface tension. In practice,
this force has to be corrected because the surface tension does not completely act in the
vertical direction and also because some of the liquid remains adhered to the ring after it
has become detached.

Fd - 47TRd’)/ﬁ (2.36)

In this equation, § is a correction factor that depends on the dimensions of the ring
and the density of the liquid. Since a fresh interface is formed as the ring is pulled upward,
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this method can be applicable in systems with very short adsorption time. Therefore,
the method is not recommended for dynamic surface tension measurements. Furthermore,
surfactant adsorption on the wetted portion of the ring can considerably affect the measured
surface tension.

Force Measuring Device

Force Measuring Device

ST
SR

Volume of liquid being weighted

Figure 2.4: Du Nouy ring method for measuring the surface tension of a liquid. The force
on the ring is measured as the container holding the liquid is lowered.

2.4.2 Wilhelmy Plate Method

Similar to Du Nouy ring, the wilhelmy plate method is based on a force measurement.
However, in this case the force acting on a rectangular plate. Initially, the container is
positioned so that the liquid just comes into contact with the plate, and the bottom of the
plate is parallel to the surface of the bulk liquid. The force acting on the plate is related to
the weight of the plate (Wya), the perimeter of the plate (P,), the contact angle between
liquid and plate (@), and the liquid surface tension(vy) (Figure 2.5). The plate is usually
made up of platinum which has been roughened so that the contact angle becomes close to
zero( i.e., complete wetting). If the contact angle remains constant and the plate is kept
steady, then reliable results can be attained for dynamic or steady-state surface tension on
most systems.
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W — Wyiate = Fq = vP,c0s(0) (2.37)

This method is not accurate for the slow adsorption rate surfactant solutions. Also,
Surfactant adhesion to the wetted portion of the plate is another source of error for the
measured surface tension.

Force Measuring Device

Platinium Plate
—_—

Figure 2.5: Wilhelmy plate method for measuring the surface tension of a liquid. The force
on the ring is measured as the container holding the liquid is lowered. 6 is the contact
angle between liquid and plate.

2.4.3 Drop and Bubble Shape Method

In this approach, the surface tension of a solution is obtained based on the shape of a
liquid drop (or bubble formed inside the solution). To measure the surface tension of a
liquid using shape analysis two methods can be used: pendant drop method and sessile
drop method. In the pendant drop method, the drop is hanging from a capillary, while in
sessile drop method, the drop is formed on a flat surface. In both cases, the shape of the
drop is dictated by the combination of gravity force and surface tension. Surface tension
tends to make the drop more spherical, whereas the gravity force tends to elongate the
pendant drop or spread the sessile drop. The drop shape method has numerous advantages
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compare to other methods. (i) In this method, only small amount of liquid is required; (ii)
Both liquid /vapour and liquid/liquid interfacial tension can be determined by this method;
(iii) Tt is applicable for a wide variety of materials ranging from organic liquid to molten
melts and from pure solvent to concentrated surfactant solutions; (iv) In this method,
the dynamic surface tension as well as the steady-state surface tension can be determined
using an automated image analysis apparatus; (v) There is no limitation of the magnitude
of the surface or interfacial tension of the material under study; (vi) It is applicable for
different range of pressures and temperatures; (vii) The drop shape method is one of the
most accurate methods for measuring the surface tension. Due to the fact that image
capturing starts a few seconds after the drop formation, this method is most suitable for
the systems changing little during the first few seconds after drop is made.

2.4.4 Maximum Bubble Pressure Method

The maximum bubble pressure method has been used to measure the static and dynamic
surface tension of liquids. A detailed review of this method and the apparatus design is
given by Mysles [38]. The apparatus consists of vertical tube whose tip is immersed below
the surface of liquid under study (figure 2.6). When gas is pumped into the tube, the
pressure inside the tube increases and the bubble start to form. The pressure increases as
the bubble grows until it reaches to a maximum value when the bubble is hemispherical.
In this condition, surface tension acts in the vertical direction. Any further bubble growth,
causes a decrease in the pressure. After bubble detaches from the tip and transfer to the
surface of liquid, another bubble starts to form and the whole process is repeated. For
measuring the dynamic surface tension, the pressure in the capillary is remained constant
and the interval between released bubbles is measured. By changing the pressure, the
change in surface tension versus time can be determined from the appropriate equation.

2.4.5 Capillary Rise Method

If a capillary tube is dipped into a container of water, the liquid climbs up the tube and
forms a curved surface (Figure 2.7). The surface tension is proportional to the height of
rise (h). By applying the Laplace equation of capillary, and by assuming that the contact
angle on the top of liquid is zero, the following equation can be obtained (Laplace equation
of capillarity will be discussed in the next chapter).

2
Apgh = 77 (2.38)

Where Ap is the density difference between gas and liquid, ¢ is the gravity constant
and -y is the surface tension of the liquid.
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Figure 2.6: Maximum bubble pressure method for measuring the surface tension of liquids.

2.4.6 Drop Weight Method

A pendant drop will become unstable and detach from its supporting tip if it grows too
large. The weight of the detached portion is related to the surface tension of the liquid by:

W =mg = 2nryf (2.39)

Where m is the mass of the drop, g is the gravity constant, and r is the capillary tip
radius. When a drop reaches the point of instability only a portion of the drop falls and
about 40% of the liquid remain attached to the tip. Correction factor f accounts for this
fact. Harkins et al. presented the empirical values of the correction factor [39]. Drop
weight method typically involves weighting the accumulated liquid from a large number of
drops to determine the average weight per drop.
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Figure 2.7: Capillary rise method for measuring the surface tension of liquids.
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Chapter 3

Materials and Experimental Methods

3.1 Materials and Sample Preparation

The chemicals 1-octanol, 1-hexanol, and 1-butanol with purity greater than 99%, was
purchased from Sigma-Aldrich (Oakville, Ontario, Canada). The molecular weight, vapor
pressure [40] 141, [42] [43], water solubility [44] 145], and specific gravity of these chemicals are
listed in Table 3.1. The water is purified by an ultra-pure water system (Millipore Ltd.,
Mississauga, Ontario, Canada), with resistivity of 18.2 M. Six different concentrations:
0.2, 0.4, 0.6, 0.8, 1 and 2.92 mM, are prepared for l-octanol aqueous solutions, eight
different concentrations: 1, 2, 5, 6, 9, 10, 25 and 30 mM, are prepared for 1-hexanol aqueous
solutions, and four different concentrations: 20, 60, 100, and 400 mM are prepared for 1-
butanol. They are used for both sample drop and environment solution concentrations.
The sample with the highest concentration is prepared as the stock solution and lower
concentration samples are made by diluting the stock solution.

Table 3.1: Molecular weight, vapour pressure, water solubility and specific gravity data of
chemicals under study.

Chemicals | Molecular Weight | Vapor Pressure | Water Solubility | Specific Gravity
(g/mol) mmHg mol /m? g/em?

l-octanol | 130.23 0.083 (25°C ) | 4.15 (25°C) 0.824 (25°C)

1-hexanol | 102.17 0.863 (25°C) 57.83 (25°C) 0.814 (25°C)

1-butanol | 74.10 5.020 (20°C) 1058.44 (20°C) | 0.810 (20°C)
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3.2 Surface Tension Measurements

Different methods have been used for measuring surface tension [46, 47]. Among them,
Axisymmetric Drop Shape Analysis-Profile (ADSA-P) is one of the most accurate methods
and has been widely used [17, [48, 49, 50]. In this method, the drop is hanging from a
capillary, and combination of gravity force and surface tension dictate the shape of the
drop. Surface tension tends to make the drop more spherical, whereas the gravity force
tends to elongate the pendant drop. The theoretical shape of the pendant drop is given
by the Laplace equation of capillarity. In this equation the pressure difference across the
curved interface AP is related to the surface tension v and the two radii of curvature of
the interface R, and Ry [50]:

1 1
AP—7<R1 +R2> (3.1)

The ADSA-P program compares the experimental drop profile (Figure3.1A) to the
theoretical solution of equation 3.1. An objective function, which shows the deviation of
the experimental drop profile from the theoretical one as a sum of squares of the normal
distance between the experimental points an the theoretical curve (from equation 3.1) is
minimized numerically [49]. The surface tension is the fitting parameter for this calculation.
The program requires a manual input of the cut-off coordinates of the capillary tube
location at the hanging point of the drop, the magnitude of the local gravitational constant,
and the density difference across the interface. The output of the ADSA-P program is the
surface tension, the surface area of interface, and the radius of curvature of the pendant
drop.

Figure (3.1B) shows an experimental setup of ADSA-P used in our work: a vibration-
isolated workstation is used to prevent vibration during surface tension measurements.
To illuminate the sample (e.g., a pendant drop), a fiber optic light source filtered by a
diffuser is employed. The sample solution drop is formed by means of a motorized syringe
pump attached to a Hamilton gas-tight syringe. The experiments are performed in a
closed chamber (environment chamber) where the effects of chemical concentrations of
both liquid and vapor phases on the surface tension could be studied. The vapor phase
pressure is controlled with an environment solution of a prescribed chemical concentration.
The tip of the syringe supporting the sample drop is positioned inside a clear quartz cuvette
containing a relatively large volume of the environment solution. In order to minimize the
vapor leakage, a laboratory film is used to seal the chamber. The chamber is fixed on a
stage that could finely adjust its position in three directions. The drop images are captured
by a high-speed camera and microscope system. Using this system the profile of the drop is
displayed on a monochromatic monitor, and the image files are transmitted to a computer.
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An ADSA-P program is used to analyze the images and implement the numerical procedure
that yields output, including surface tension, surface area and volume of the sample.

Before each set of experiments, the gas-tight syringe is cleaned by a Branson B5510
ultrasonic cleaner and repeated rinsing with purified water, THF, and finally dried with
pressurized air. Afterwards, about 0.3 ml of chemical aqueous solution with a specified
concentration is drawn into the syringe, and the sample pendant drop is formed at the
syringe tip. 1 ml of the environment solution is added to the bottom of the cuvette, and
the chamber is sealed. At normal operation, the distance between the environment solution
and the sample drop is about 1 cm, and the system is allowed to equilibrate for 15 min
until a constant vapor pressure is achieved in the closed chamber. The temperature of
the chamber is controlled using a RTE 111 NesLab circulating bath. The pressure of the
chamber is controlled using Teledyne ISCO model 260D syringe pump with an ISCO pump
controller series D. Image capturing is started immediately after the drop is formed, and
continued with specific time intervals until surface tension reaches to a steady-state value.
The change in drop surface area is made with the motorized syringe pump (ORIEL, model
18709)
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Figure 3.1: (A) Sample pendant drop image, captured by the high speed camera, was used
by the ADSA-P program for surface tension determination. (B) Schematic of an ADSA-P
experimental setup; (1) Vibration-isolated workstation, (2) optical light source, (3) light
diffuser, (4) motorized syringe pump and gas-tight syringe, (5) environment chamber, (6)
stage, (7) microscope, (8) lens, (9) high speed camera, (10) monochromatic monitor, (11)
stage, and (12) computer system.
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Chapter 4

Effect of Liquid and Vapor Phase
Adsorption on the Surface Tension of

1-octanol, 1-hexanol and 1-butanol
Aqueous Solutions

4.1 Introduction

This chapter presents the experimental investigation of dynamic surface tension of aqueous
solutions containing slightly volatile organic amphiphiles at the vapor/liquid surface. Ax-
isymmetric Drop Shape Analysis-Profile (ADSA-P) technique is used due to high accuracy
and sample environment control abilities of the method. An amphiphile is a chemical com-
pound that shows both hydrophobic and hydrophilic properties. The hydrophobic part
of the molecule usually consists of a non-polar hydrocarbon chain, but the hydrophilic
part includes a polar function group attached to the hydrocarbon end. Hydrophilic head
and hydrophobic tail of amphiphiles allows them to form interactions with adjacent water
molecules through the formation of the hydrogen bonds between the polar groups. Without
this interaction the water solubility of these compounds would be minimal. In this chapter,
the dynamic surface tension results of three organic compounds (1-octanol, 1-hexanol and
1-butanol) measured by the ADSA-P technique are presented and the effect of adsorption
from vapor and liquid phase are investigated. Then, the surface tension behavior of these
short chain alcohols are compared with the surface tension behavior of some traditional
surfactants
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4.2 Dynamic Surface Tension

The dynamic surface tension results are organized in three sections according to the differ-
ent surfactant studies. Data from 1-octanol aqueous solutions with different concentrations
are presented in section 4.3, and data from 1-hexanol aqueous solutions with various con-
centrations are introduced in section 4.4. In section 4.5 dynamic surface tension results from
1-butanol aqueous solutions with various concentrations are presented. In order to show
the differences between the surface tension behavior for these volatile organic amphiphiles
and traditional surfactants, results from some traditional surfactants are mentioned in
section 4.5.

The experimental procedure for the surface tension measurements was explained in de-
tail in the third chapter. Briefly, a pendant drop of an aqueous solution (drop solution) was
formed inside a clear quartz cuvette, containing 1 ml of the same aqueous solution (envi-
ronment solution) as the pendant drop. When the sample drop and environment solutions
have different concentrations, molecular exchange across the vapor/liquid surface causes a
change in the surface tension of the drop. Based on the definition of concentration differ-
ence (equation 4.1), three distinct concentration difference can be investigated: positive if
the sample drop concentration is greater than environment concentration, negative if the
environment concentration is greater than sample drop concentration, and zero if the two
are equal.

AC = Crop — Como (4.1)

To facilitate the investigation of various concentration differences, four different con-
centrations for 1-octanol, four different concentrations for 1-hexanol and four different
concentration for 1-butanlol are used in preparation of drop and environment solutions.

4.3 1-octanol Dynamic Surface Tension

The Dynamic Surface Tension (DST) profiles for 1-octanol systems at four sample drop so-
lution concentrations and four environment solution concentrations are illustrated in Figure
[.1] In this figure the surface tension gradually changes until a steady-state surface tension
is achieved between the surface and the two bulk phases. When concentration difference
(equation is positive, the surface tension increases as surfactant molecules desorbs
from the interface. For the negative concentration difference, the surface tension decreases
as surfactant molecules adsorbs at the interface. For the zero concentration difference, the
surface tension remains constant, because there is no driving force to transfer molecules
from the bulks to the surface or vice versa. However, some small changes in surface tension
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profiles can be observed in such a condition at the beginning of the experiments (i.e. when
Carop = Cenw = 1mol/ m3. These variations may be related to experimental errors or more
likely due to the change in surface area when the drop is formed and will be discussed
in detail in chapter 5. Interesting results for each environment solution concentration are
observed. At a specific environment solution concentration the same steady-state surface
tension is achieved by the entire sample drop solution concentrations; regardless of the
concentration of the sample drop solution. In Figure 4.1} when the environment solution
concentration is 0.2 mM, each profile converge towards a surface tension about 64mN /m.
Similar results are observed in the other environment solution concentrations. When the
environment solution concentration is 0.6 mM, ImM and 2.92 mM the steady-state surface
tension converge towards the values about 56, 53 and 37 mN/m, respectively. These re-
sults show that the steady-state surface tension are dictated by the environment solution
concentrations, regardless of the drop solution concentrations. To investigate whether this
results only valid for 1-octanol system, aqueous solutions of 1-hexanol and 1-butanol are
also examined.

4.4 1-hexanol Dynamic Surface Tension

The Dynamic Surface Tension (DST) profiles for 1-hexanol systems at four sample drop
solution concentrations and four environment solution concentrations are illustrated in
Figure [£.2] Similar to 1-octanol system, the surface tension increases when concentration
difference between drop and environment solutions (equation 4.1) is positive. For the
negative concentration difference, the surface tension decreases as surfactant molecules
adsorbs at the interface. For the zero concentration difference, the surface tension remains
constant. In figure [4.2|similar to 4.1 the same steady-state surface tension is achieved when
concentration of the environment solution is unchanged; regardless of the concentration of
the drop solution. In Figure 4.2, when the environment solution concentration is 2 mM, all
profiles converge towards an identical steady-state surface tension about 58 mN/m. Very
similar results are observed in the other environment solution concentrations. When the
environment solution concentration is 5 mM, 9mM and 30 mM the steady-state surface
tension regardless of the drop concentrations converge towards the identical values about
56, 53 and 35 mN/m, respectively. This shows that also for 1-hexanol aqueous solutions
the steady-state surface tension are dictated by the environment solution concentrations,
regardless of the drop solution concentrations. To inspect whether this results are also valid
for 1-butanol system, the effect of drop and environment concentrations on the dynamic
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Figure 4.1: Dynamic surface tension profiles of aqueous 1-octanol solutions. Drop solu-
tion concentrations are illustrated in the legend of each graph. The environment solution
concentration are presented in each graph.

surface tension of 1-butanol aqueous solution is investigated on the next section.

4.5 1-butanol Dynamic Surface Tension

The Dynamic Surface Tension (DST) results for 1-butanol systems at four sample drop
solution concentrations and four environment solution concentrations are illustrated in
Figure 4.3l In this figure similar to Figures and the surface tension gradually
changes until a steady-state surface tension is achieved between the surface and the two
bulk phases. The results follow the same trends as figures and [4.2] which the steady-state
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Figure 4.2: Dynamic surface tension profiles of aqueous 1-hexanol solutions. Drop solu-
tion concentrations are illustrated in the legend of each graph. The environment solution
concentration are presented in each graph.

surface tension for different drop concentrations and the same environment concentration
is almost identical. Figure 4.3 shows that when the environment solution concentration
is 20 mM, all profiles converge towards an identical steady-state surface tension about 60
mN/m. Very similar results are observed in the other environment solution concentrations.
When the environment solution concentration is 60 mM, 100mM and 400 mM the steady-
state surface tension of different profiles related to different drop concentrations converge
towards the identical values about 51, 48 and 38 mN/m, respectively. These results show
that also for 1-butanol aqueous solutions the steady-state surface tension are dictated by
the environment solution concentrations, regardless of the drop solution concentrations.

These results for 1-octanol, 1-hexanol and 1-butanol are in stark contrast to the surface
tension behavior of conventional surfactants such as aqueous octaethelene glycol monodo-
decyl ether (C12Fs) and aqueous Igepal CO-720 (Figure [75]. The results show that
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Figure 4.3: Dynamic surface tension profiles of aqueous 1-butanol solutions. Drop solu-
tion concentrations are illustrated in the legend of each graph. The environment solution
concentration are presented in each graph.

when 1-octanol, 1-hexanol or 1-butanol is dissolved in water, it presents a finite partial
pressure in the vapor phase, and the surface tension of the solution can be affected by
surfactant adsorption from both sides of the vapor/liquid interface. These results also show
that at the steady-state, the effect of adsorption from the vapor side is more important
than that from the liquid side. The results contradict with the surface tension behavior
of conventional surfactants in which the effect of adsorption from the liquid side is more
important than that from the vapor side. The unusual behavior of surface tension for this
group of short carbon chain amphiphiles may be related to a gradually formed network of
hydrogen bonding in the liquid side which hinder the adsorption from liquid phase. This
phenomenon will be discussed in more detail in chapters 5 and 10. In order to investigate
if the surface tension behavior of this group of short carbon chain surfactants (1-octanol,
1-hexanol and 1-butanol) can be affected by other factors, the effect of different parameters
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such as surface perturbation and environment conditions on the dynamic and steady-state
surface tension is studied in the next chapters.
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Figure 4.4: Dynamic surface tension profile of some traditional surfactant systems. Envi-
ronment solution is pure water for both cases. (A) Aqueous solutions of octaethylene glycol
monododecyl ether (C1oEg) at drop concentrations of 0.008 mol/m? (blue), 0.04 mol /m?
(green), 0.093 mol/m? (brown). (B) Aqueous solutions of Igepal CO-720 at drop con-
centrations of 0.00123 mol/m? (blue), 0.00657 mol/m? (yellow), 0.00985 mol/m? (green),
0.0246 mol/m? (brown).
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Chapter 5

Effect of Surface Perturbation on the
Surface Tension of 1-octanol Aqueous
Solutions

In this chapter, the dynamic surface tension response to a change in drop surface area
(i.e., surface compression and expansion) is examined. Between this group of short carbon
chain amphiphiles (1-octanol, 1-hexanol and 1-butanol), 1-octanol has the longest chain
and the minimum energy barrier for adsorption (based on modelling results in chapter 7).
1-octanol is chosen for surface perturbation experiments as small change in surface area
(especially when the drop is expanded) may break the hydrogen bonding network at the
surface, and make a significant change in the dynamic surface tension. In section 5.1 the
dynamic surface tension response to a change in surface area for 1-octanol aqueous solutions
is addressed. The concentration difference between sample drop and environment solution
(equation 4.1) may be positive, negative or zero. This experiment is repeated for different
drop and environment concentrations explained in section 3.1. In section , for an
unexpected surface tension response to surface expansion, using Buckingham II theorem,
a dimensionless parameter is derived and a regression model is developed and fitted to the
experimental results. Using the regression equation, the surface tension response can be
predicted based on the molecular weight of the organic compound, liquid and vapor phase
concentrations and the amount of change in surface area.
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5.1 Surface Tension Response of 1-octanol Solutions
to the Surface Expansion and Compression

In this section, in order to explain the dynamic surface tension behavior, the effect of
surface expansion and compression on the surface tension of an alcohol solution, 1- octanol,
is studied. After a primary steady state surface tension is attained, the surface area is either
compressed or expanded (using a stepping motor connected to the syringe containing the
sample drop), and the response of the surface tension is investigated through continuous
measurement of its value. Three cases are subjected to a sudden change in surface area,
first when the sample drop concentration is higher than the environment concentration,
second when they are the same, and third when the sample drop concentration is lower
than the environment concentration. In most cases, the dynamic surface tension decreases
in response to compression, and increases in response to expansion.
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Figure 5.1: Effect of changes in surface area on the dynamic surface tension of 1-octanol
solutions. (A)AC = Cyrop — Ceny is positive, Cyrop = ImM and Cep, = 0.2mM (B)AC =
0, Carop = Ceny = 0.4mM (C)AC is negative, Cyrop = 0.6mM and Ce,, = 0.8mM.

Figure [5.1JA shows the dynamic surface tension response to changes in surface area

when the sample drop concentration (Cgr,p = 1mM) is higher than the environment
concentration (Cepny = 0.2mM). Figure [5.1B shows the dynamic surface tension re-
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sponse to changes in surface area when the sample drop and environment concentrations
(Carop = Ceny = 0.4mM) are equal. Figures shows the surface tension response to
changes in surface area when the sample drop concentration (Cyyop = 0.6mM) is lower than
the environment concentration (Ce,, = 0.8mM). The observed surface tension results are
usual behavior of surfactant solutions and can be explained as follows: As the surface area
is reduced, the concentration of the surfactant increases at the surface, and consequently
the surface tension decreases. With desorption of surface surfactant molecules to the bulk
phase, the surface tension gradually increases back almost to the value prior to compression
[13]. The reverse happens as the surface area is expanded (Figure A.B,C). Figure
shows that the primary and secondary steady-state surface tensions are almost identical
and the steady-state surface tension is not affected by the surface perturbation. Figure
[5.2] shows the effect of different changes in surface area on the dynamic surface tension
of 1-octanol solutions. In this experiments the same environment solution concentration
(Ceny = ImM) and different sample drop concentrations (Cgyop = 0.2mM, 0.4mM, 0.6mM)
are used. In chapter 4 it was shown that the steady-state surface tension of 1-octanol, 1-
hexanol and 1-butanol solutions is not affected by the liquid phase concentration. Figures
and show that the steady-state surface tension of 1-octanol solutions is only dic-
tated by the adsorption/desorption from the vapor phase, regardless of the concentration,
and the surface area of the liquid phase and also regardless of the history of the surface
perturbation.

An extremely interesting and unexpected surface tension response is observed in the ex-
pansion experiments when the change in surface area of the sample drop is greater than 5%
and the sample drop concentration is sufficiently greater than environment concentration
(Figures and Table [5.1). In this case as the surface area is increased, the surface
tension slightly increases immediately, but after a certain time ( time delay) it sharply de-
creases, followed by a gradual increase back to the value prior to expansion. These results
contradict with aforementioned results in expansion experiments when the drop concen-
tration is lower than or equal to the environment concentration (Figures ,C, and .
Also, they contradict with the surface tension response when the drop concentration is not
that much higher than the environment concentration, or change in sample drop area is

smaller than 5% (Figure [p.1JA).

Table summarizes these interesting results of surface expansion experiments. In this
case, when the drop is expanded, the surface area increases and the number of surfactant
molecules at the surface decreases, causing a sudden increase in the surface tension. When
considering the principle of mass transfer, due to the concentration difference between the
liquid phase and the surface, a driving force is established causing a number of surfactant
molecules adsorb to the surface from the liquid bulk phase. If the higher change in surface
area is used, the higher number of vacant places at the surface is created; consequently
more surfactant molecules adsorb to the surface to occupy these places and more reduction
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Figure 5.2: Effect of changes in surface area on the dynamic surface tension of 1-octanol
solutions. Green (Cyop = 0.2mM), Blue (Cyrop = 0.4mM ), and Purple (Copop = 0.6mM).
The concentration of the environment solution Cenv. = 1 mM in all three experiments.

in surface tension is observed. This process continues until there is no vacant position at
the surface to occupy with the adsorbed surfactant molecules. At this point, the lowest
surface tension is achieved due to the highest surface concentration. After reaching the

minimum, desorption to the vapor phase takes place and surface tension gradually increases
back to the value prior to expansion (Figure[5.3] and [5.4).

The molecular dynamic simulation of 1-octanol and ethanol solutions shows that at
the steady-sate conditions a network of hydrogen bonding between surfactant and water
molecules near the surface is created [51, 52, 53, 54, B3, 56, 57]. This network can make
a barrier just beneath the surface that may be responsible for diminishing the adsorption
from liquid phase to the surface at the steady-state conditions. This unusual behavior of
dynamic surface tension after large expansion may be the consequences of the destruction
of this barrier.

5.2 Dimensionless Parameter

In order to find a meaningful dimensionless parameter to describe the surface tension re-
sponse to changes in surface area, the Buckingham II theorem is employed. The parameters
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Figure 5.3: Sharp decrease in surface tension in response to increase in surface area when
the drop concentration is much greater than the environment concentration (Cgyrop =
0.8mMand C,, = 0(water)).

involved in the expansion experiments are: the amount of reduction in surface tension after
expansion (A7), the response time delay (At), the molecular weight (M), the concentra-
tion difference between drop and environment solutions (AC') and the change in surface
area (AS). Time delay is the time interval after which the surface tension responds to the
increase in surface area by exhibiting a sharp decrease.

The dimensionless parameter F can be derived:

Ay(At)?

F=Gmoymaore

(5.1)

Figure [5.5| represents a relation between response time versus dimensionless parameter
F. Based on the experimental data, a best-fit regression model for this profile can be derived
as:

At = K049 ~ g [05 (5.2)
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Table 5.1: Surface tension response to changes in surface area in the expansion experiments
(Carop = concentration of the drop solution, C,,, = concentration of the environment
solution, AS = changes in surface area, Ay = decrease in surface tension, At = time
delay, and F' = dimensionless parameter).

Crop Conv AS | Ay At | Fx1078
mol/mL x107 | mol/mL x107 | m?* | mN/m | Sec

29.2 0 0.070 | 27.0 ) 0.954
29.2 0 0.045 | 14.3 1 0.039
29.2 0 0.035 | 24.8 7 4.384
29.2 8 0.025 | 8.4 19 | 20.685
29.2 8 0.021 | 6.8 25 | 36.696
29.2 8 0.107 | 12.7 9 0.767
10 0 0.138 | 11.9 8 1.133
10 0 0.066 | 5.3 22 | 11.556
10 0 0.051 | 13.7 7 4.469
10 0 0.069 | 5.4 6.5 | 0.957
8 0 0.088 | 7.7 10 | 2.807
8 0 0.070 | 5.4 7 1.098
8 0 0.026 | 2.1 19 | 13.997
8 0 0.059 | 1.9 30 | 11.516
8 0 0.064 | 0.7 24 | 2.390
8 0 0.056 | 1.4 8 0.636
8 0 0.038 | 2.0 3 0.229
6 0 0.066 | 0.8 61 | 22.595
6 0 0.034 | 1.3 7 1.366
6 0 0.058 | 1.6 3 0.132
4 0 0.045 | 2.5 31 | 19.200
4 0 0.041 | 2.5 30 | 20.750
2 0 0.104 | 2.2 49 | 12.133
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Figure 5.4: A:Effect of changes in surface area on dynamic surface tension of 1-octanol
solution when drop concentration is much higher than environment concentration. B,C,D:
Three sharp decreases of surface tension due to three increases of surface area (Cyop =

2.92mM and C,,, = 0.8mM).

Where K=0.0008s, with R? = (.8225

From equation 5.1

MAC(AS)3/?
At = [#]WFI/Q (5.3)
From equation [5.3| we can conclude that
MAC(AS)3/?
K= [%W? = 0.0008 (5.4)

or
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2 _ MAC(AS)*?

_ -8
K A — 64 x 10 (5.5)
or
~ MAC(AS)3?
8= Teaxa0s 56)

Using equation , one can predict the surface tension response to changes in surface
area for a specific molecular weight, concentration difference and change in surface area.
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Figure 5.5: Response time versus dimensionless parameter F.
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5.3 Summary

The surface tension response of 1-octanol solutions in surface compression and expansion
was investigated. The dynamic surface tension was measured under the condition where
both liquid and vapor phase adsorption were present. In compression, the surface tension
decreased followed by a gradual increase back to the value prior to compression. In expan-
sion, two categories of surface tension response were observed: First, when the change in
surface area was smaller than 5%, the behavior similar to that of conventional surfactants
was observed. The surface tension increased followed by a gradual decrease back to the
value prior to expansion. Second, when the changes in surface area was greater than 5%,
and the drop concentration was sufficiently larger than the environment concentration. In
this case, the surface tension initially slightly increased; after a time delay, it sharply de-
creased, which followed by a gradual increase back to the value prior to expansion. For this
second category, using the Buckingham II theorem, a dimensionless parameter for predict-
ing the surface tension response to changes in surface area was derived and the regression
model for time delay versus dimensionless parameter F was fitted to the experimental data.
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Chapter 6

Screening Experimental Design

In chapter 4 the effects of drop and environment concentrations on the dynamic and steady-
state surface tension of 1-octanol, 1-hexanol and 1-butanol aqueous solutions were studied.
In chapter 5 the effect of surface perturbations on the dynamic and steady-state surface
tension of 1l-octanol aqueous solutions was studied. In order to investigate if there is
any other significant factor that may affect the steady-state surface tension of 1-octanol
solutions, a screening experiment is designed. In this design, the effects of six relevant
factors such as: concentration of the environment solution (Factor A), concentration of
the sample drop solution (Factor B), the volume of the environment solution (Factor C),
the distance between the drop and the environment solution (Factor D), the area of the
environment solution (Factor E), and the saturation time —(Factor F), on the steady-state
surface tension of 1-octanol solutions are examined.

6.1 Factorial Experimental Design

In this section, the aforementioned factors and their levels, the defining relations, the
confounding patterns, the required number of runs, and the steady state surface tension
response for each run are addressed. Each factor is considered at two levels. The factors
and their levels are illustrated in Table 6.1. Two observations for each possible combination
of factors are examined. For full factorial experimental design with six factors and two
replications 128 experiments should be performed. In this research only one quarter of
26 factorial experiments are considered. Thus, the number of required experiments with
two replications is decreased to 32, and the resolution of this design could be equal to
four, which is the recommended resolution for good accuracy and minimum number of
experiments [58]. The generators for this design are as follows:

E=ABC, and F=BCD
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Thus, the defining relations and confounding patterns can be derived as follows:
I= ABCE = BCDF = ADEF

A] = A + BCE + DEF + ABCDF

= B + ACE + CDF + ABDEF

= C + ABE + BDF + ACDEF

D] =D + AEF + BCF + ABCDE

E] = E + ABC + ADF + BCDEF
F] = F + ADE + BCD + ABCEF
AB] = AB + CE + ACDF + BDEF

[

[

[

[

[

[

[AB]

[AC] = AC + BE + ABDF + CDEF
[AD] = AD + EF + BCDE + ABCF
[AE] = AE + BC + DF + ABCDEF
[AF] = AF + DE + BCEF + ABCD

[BD] = BD + CF + ACDE + ABEF
[BF] = BF + CD + ACEF + ABDE
[ABD] = ABD + ACF + BEF + CDE
[ABF] = ABF + ACD + BDE + CEF

The actual and coded values of six factors are illustrated in Table [6.11

Table 6.1: Actual and coded value of six factors involved in the experimental design

Actual Value Actual Value Coded Value | Coded Value
Low High Low High

Factor A | 2 x 10~ "mol /mlit | 2.92 x 10~%mol /mlit | -1 1

Factor B | 4 x 10~ "mol/mlit | 1 x 10~%mol /mlit -1 1

Factor C | 1mlit 3mlit -1 1

Factor D | 6mm 10mm -1 1

Factor E | 1em? 5em? -1 1

Factor F | 15mun 30min -1 1

Table shows the steady state surface tension for 32 experiments at different combi-
nations of factors A-F.
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Table 6.2: The steady state surface tension results for 32 experiments at different coded
value

Run Number | A | B | C | D | E=ABC | F=BCD | & Y2
mN/m | mN/m

1,2 -1 -1 -1 -1 -1 66.07 | 68.07
3,4 1 |-1(-1]-1|1 -1 38.15 | 35.88
5,6 101 |-1]-11 1 65.11 | 67.30
7,8 1 (1 [-1]-1]-1 1 37.59 | 36.07
9,10 -1p-1]1 [-11 1 67.72 | 68.00
11,12 1 |-1|1 |-1]|-1 1 35.80 | 36.00
13,14 1)1 |1 |-1]-1 -1 68.53 | 67.65
15,16 1 (1|1 |-1]1 -1 35.00 | 36.50
17,18 1111 -1 1 68.00 | 67.19
19,20 1 (-1]-1]1 |1 1 36.39 | 35.95
21,22 I I A O R | -1 65.42 | 67.40
23,24 101 (-1]1|-1 -1 36.63 | 36.02
25,26 -1p-11 (1 |1 -1 68.86 | 68.10
27,28 1 (-1]1]1 |-1 -1 35.76 | 35.40
29,30 0 O I I A O B A | 1 65.01 | 67.10
31,32 L |11 ]1 |1 1 36.40 | 36.10
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6.2 Analysis of One-Quarter Fraction of the 2° Exper-
imental Design

Normal probability plot of effects which is a graphical tool to assess whether the effects
are significant is illustrated in Figure [6.1] The negligible effects are normally distributed,
with mean zero and variance o2 and will lie along a straight line on this plot, whereas the
significant effects will have non zero means and departure from the line. Based on this
plot, only factor A (environment concentration) departures from the line and it does not
follow the normal distribution and can be judged as a significant factor. All other factors,
which follow the straight line, are not significant. The Analysis Of Variance (ANOVA)
statistics for these results are tabulated in Table[6.3] The high value of Fipserveq Of factor
A supports the idea that only this factor is significant. Thus, only factor A is considered
in the model, and the other factors are considered as the error.

Using regression analysis, based on the coded and actual values of factor A, the final
equations for predicted value of steady state surface tension for 1-octanol system are as
follows:

For coded value of factor A:

v =51.73 - 15.50 x A (6.1)

For real value of factor A:

v = 69.49939 — 1.13938 x 107 x A (6.2)

Examining of residuals is a key part of all statistical modelling. Residuals are the
elements of variation unexplained by the fitted model. In this set of experiments, the dif-
ference between the observation value of the steady state surface tension, and the predicted
value based on equation can be assessed as the residuals.

The residuals should have the four characters of the random error, if the predicted
model is reliable. The random error usually normally distributed, independent, with mean
zero and constant variance. The normal probability plot of residuals (Figure [6.2A) is an
extremely useful tool for judging whether or not the residuals are randomly distributed.
If the data points in the normal probability plot approximately resemble a straight line
(Figure ), it can be concluded that the residuals have a normal distribution. If the
model is correct, and if the assumptions are satisfied, the residuals should not reveal any
pattern, and they should be structureless and independent. Particularly, they have to be
unrelated to the predicted value. Figure shows the residuals versus the predicted
values for the steady state surface tension data. In this plot no unusual structure is
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Table 6.3: The ANOVA table for the steady state surface tension of 1-octanol solutions.

Source Sum of Square | D.F. | M.S. Foserved
Model 7683.66 1 7683.66 | 7616.99
A 7683.66 1 7683.66 | 7616.99
Error 30.26 30 1.01

Lack of Fit | 15.42 14 1.10 1.19
Pure Error | 14.84 16 0.93

Total Error | 7713.92 31

apparent. Plot of residuals versus number of runs (Figure[6.2C) is a helpful tool in detecting
correlation between the residuals. No correlation can be observed in this graph. The plot
of residuals versus the effect of different factors is a tool for assessing whether or not the
residuals are independent of the variables. Any pattern in such residual plot imply that the
variable affects the response. This suggests that the variable should be either controlled in
the next experiments, or included in the analysis. Figure [6.2D-1 show the residuals versus
the effect of factors A-F. No pattern can be observed in these plots. This imply that the
residuals cannot be affected by any factor. From nine different plots of Figure it can be
concluded that residuals have four characters of a random error, and the predicted model
is reliable. Thus, it can be judged that between six relevant factors such as: concentration
of the environment solution (Factor A), concentration of the drop solution (Factor B),
the volume of the environment solution (Factor C), the distance between the drop and
the environment solution (Factor D), the area of the environment solution (Factor E),
and the saturation time (Factor F), included in the analysis, only factor A (concentration
of the environment solution) has significant effect on the steady state surface tension of
1-octanol aqueous solutions, and the effect of other five factors can be considered as the
error. This result supports the previous results on chapters 4 and 5 that steady-state
surface tension of volatile organic amphiphiles in aqueous solution is only affected by the
adsorption/desorption from the vapor side of the surface.

6.3 Summary

In this chapter the effect of six different factors such as: concentration of the environment
solution (Factor A), concentration of the sample drop solution (Factor B), the volume of
the environment solution (Factor C), the distance between the drop and the environment
solution (Factor D), the area of the environment solution (Factor E), and the saturation
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time (Factor F) was investigated on the steady-state surface tension of 1-octanol aque-
ous solutions. Using an experimental design, it was found that only concentration of the
environment solution (Factor A) had significant effect on the steady-state surface tension
of 1-octanol aqueous solution. This result was supported by the analysis of variance and
normal probability plot. No unusual structure was observed in the residual plots, which
proved that the experimental results were reliable and only concentration of the environ-
ment solution had significant effect on the steady-state surface tension of 1-octanol aqueous
solutions.
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Chapter 7

Effect of Temperature on the Surface
Tension of 1-Octanol, 1-Hexanol and
1-Butanol Aqueous Solutions

This chapter describes the effect of temperature on the surface tension and adsorption
kinetics of 1-octanol, 1-hexanol and 1-butanol aqueous solutions. The experiments are
performed in a closed chamber where both liquid and vapor phases co-existed, and the
surface tension is influenced by a combination of liquid and vapor phase adsorption. The
steady-state and dynamic surface tension of the aqueous solutions of these chemicals are
measured at temperature ranging from 10 to 35°C. The modified Langmuir equation of
state and the modified kinetic transfer equation are used to model the experimental data of
the steady-state and dynamic (time-dependent) surface tension, respectively. The equilib-
rium constants and adsorption rate constants are evaluated through non-linear regression
for temperatures ranging from 10 to 35°C.

7.1 Introduction

Previous studies showed that the dynamic adsorption behavior of normal alcohols with
short carbon chains is controlled by the transfer of surfactant molecules from the subsur-
face to the surface [14, 32]. When an interface is formed between two bulk phases, physical
properties like the density vary rapidly and continuously from one bulk to another. How-
ever, because the interface region is very thin, this effect is limited and does not extend
beyond several molecule diameters to each side of the interface. The subsurface denotes
the position inside the bulk phase with a few molecular diameters thick. Previous studies
also showed that the diffusion from the bulk to the subsurface is very fast compared to the
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transfer of molecules from the subsurface to the surface. In chapters 4-6, it was illustrated
that when a volatile surfactant, such as 1-octanol, 1-hexanol and 1-butanol, is dissolved in
a liquid, it presents a finite partial pressure in the vapor phase, and the surface tension of
the solution can be affected by surfactant adsorption from both sides of the vapor/liquid
interface[25], 59, 60, [61]. In chapters 4-6 it was shown that at initial condition the effect
of adsorption from liquid side is important and the surface tension profile starts at differ-
ent point depending on the concentration of the drop solution. It was found that at the
steady-state, the effect of adsorption from the vapor side is more significant than that from
the liquid side [25] 59, [60), 61]. In the current chapter, the effect of adsorption from both
sides of a vapour/liquid interface was considered simultaneously. In practice, temperature
is an important parameter and may have a significant effect on the surface tension and
its applications [28, 29, B0]. The main goal of this chapter is to investigate the effect of
temperature on the surface tension and adsorption dynamics of 1-octanol, 1-hexanol and
1-butanol in aqueous solutions. These chemicals are used as the ingredient in foods, wines,
flavors, perfumes and as a substitute for gasoline and diesel fuel [102] [103], 104} [105]. 1-
hexanol is also used as the promoter of mRNA release in the presence of Ttgv protein [27].
In all cases, the temperature can change the surface tension of these chemicals, hence the
efficiency of the applications [27, 28] 29, B0, B1]. In this chapter, dynamic and steady-
state surface tensions are measured using an Axisymmetric Drop Shape Analysis-Profile
(ADSA-P) method for a temperature range from 10°C to 35 °C. The concentration of
l-octanol aqueous solutions changes from 0.2 mM to 2.92 mM (about 70% of 1-octanol
solubility in water). The concentration of 1-hexanol aqueous solutions varies from 2.0 mM
to 30.0 mM (about 52% of 1-hexanol solubility in water). The concentration of 1-butanol
aqueous solutions changes from 20 mM to 400 mM (about 38% of 1-butanol solubility in
water).

7.2 Experimental Section

7.2.1 DMaterials

The chemical 1-octanol, 1-hexanol and 1-butanol with purity greater than 99% , was pur-
chased from Sigma-Aldrich (Oakville, Ontario, Canada). The water used was purified by
an ultra-pure water system (Millipore Ltd., Mississauga, Ontario, Canada), with resistiv-
ity of 18.2 MW. The relative humidity of the environment during the experiments was
around 80%. Four different concentrations: 0.2, 0.6, 1 , and 2.92 mM for 1-octanol, four
different concentrations: 2.0, 5.0, 9.0, and 30.0 mM for 1-hexanol and four different con-
centrations: 20, 40, 100, and 400 mM for 1-butanol were prepared. They were used in
preparation of both the sample drop solution (Cgy.p) and the environment solution (Clp,).
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The sample with the highest concentration was prepared as the stock solution, and the
lower concentration samples were made by diluting the stock solution.

7.2.2 Surface Tension Measurement

Different methods have been used for measuring surface tension[46, [47]. Among them,
drop shape methods are distinguished by the fact that the surface tension of a solution is
obtained based on the shape of a liquid drop (or a bubble formed inside the liquid) [48]. In
this research, Axisymmetric Drop Shape Analysis-Profile (ADSA-P) method was used for
surface tension measurements. The temperature of the chamber containing environment
solution was controlled using a RTE 111 NesLab circulating bath. At each combination
of the concentrations of the drop and environment solutions, the dynamic surface tension
was measured at six different temperatures (10°C, 15°C, 20°C, 25°C, 30°C and 35°C).

7.3 Theoretical Framework: Kinetic Transfer Equa-
tion

The change in surface concentration over time can be expressed as the net rate of adsorption
minus the net rate of desorption:

dr
= (1) = () (1)

Where r9 and 7! are the rates of adsorption from the vapor and the liquid phase,
respectively, and rJ and r!, are the rates of desorption to the vapor and the liquid phase,
respectively. The developed model assumed to follow the Langmuir kinetics [27] where
the rate of desorption is proportional to the surface coverage (I'). The rate of adsorption
from the vapor phase is proportional to the vapor pressure (P) and the number of vacant
adsorption sites at the interface (I'oo —I"), where I' is the maximum surface concentration.
The rate of adsorption from the liquid phase is proportional to the surfactant concentration
in the liquid phase (Cgp) and the number of vacant adsorption sites at the interface
(T — T'). Substituting in the appropriate expressions for the rates of adsorption and
desorption gives the following equations:



rd = k9T (7.4)

rlh =k (7.5)

Where k¢ and k! are the adsorption rate constant from the vapor phase and liquid
phase, respectively. kJ and k), are the desorption rate constant to the vapor phase and
liquid phase, respectively. Using equations [7.2] to [7.5] equation [7.1]is simplified as follows:

E = kgp(roo - F) + k}lzodrop(roo - F) - (kg + kil)r (7~6)
For the rate of adsorption from the vapor phase, the partial pressure of surfactant (P)
is related to the concentration of the environment solution (C,,,) through Henry’s Law
(P = HCp,,). It should be noted that the Henry’s law constant has been incorporated
into k7 so that the units of the adsorption rates constants are uniform. For solution
purposes, it is desirable to reduce the number of unknown constants in equation using
the equilibrium adsorption constants for adsorption from the vapor phase (K7) and the
liquid phase (K3). From their definitions, the following simplifications can be made:

kg

=9 7.7
LR R (-7
kl
Ky = “ 7.8
R K, 78
Substitution into equation 6 eliminates all but one of the kinetic rate constants:
dar Ky k9 K,
— =k Ceopo+ —=Clsrop | oo = T)— —2—1(1+—|T 7.9
dt “( +K¢w) ) m+m(+m) (7.9)

Equation is a first order ordinary differential equation and can be solved to give the
surface concentration of the surfactant as a function of time (7.10)).

b b
= - + <me — a) exp(—at) (7.10)
_ Le 1 g
a= (C’e,w + (K1> Carop + K1> kJ (7.11)
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K.
b= (cem + (—2) (Jdmp> k9T o (7.12)
Ky

Where I',,,;, is the minimum surface concentration (at the beginning of each experi-
ment). The surface concentration can be related to the surface tension through Frumkin
equation ([7.13)), which is consistent with the Langmuir-type adsorption kinetics [37]:

r
v =90+ RTTIn (1 -T ) (7.13)

where ~ is the dynamic surface tension of solution, 7, is the surface tension of pure
solvent (water), and R is the universal gas constant. Substitution equation into
equation eliminates the surface concentration I':

b
— 4+ (Tonin — %)ea:p(—at)

Y=9 + RITyln [ 1-4 T (7.14)

A theoretical prediction of dynamic surface tension can be achieved from equation
, and the fitting parameters including the adsorption rate constant from the vapor
phase (k?), the maximum surface concentration (I'y,), and the initial surface concentration
(T'in) can be evaluated through nonlinear regression with experimental data of (t). The
equilibrium constant for adsorption from the vapor phase (K ) and the equilibrium constant
for adsorption from the liquid phase (K5) are evaluated through nonlinear regression with
experimental data of the steady-state surface tension. In the next section the kinetic
transfer equation ([7.14) will be fitted to the experimental data for 1-octanol, 1-hexanol
and 1-butanol solutions at temperatures ranging from 10°C to 35°C and a wide variety of
concentrations of drop (Cyyep) and environment solutions (Cepy).

Under the steady-state condition, the overall rate of adsorption is equal to the overall
rate of desorption. Equating the expressions for the rates of adsorption and desorption and
simplifying the equation using the Frumkin equation leads to the modified Langmuir
equation of state:

Y =" — RTFooln (1 + chenv + KZCdTop> (715)

Equation [7.15] can also be evaluated from equation when t — co. The modi-
fied Langmuir equation of state can be used for predicting the steady-state surface
tension of an aqueous surfactant solution. The maximum surface concentration (I'y),
the equilibrium constant for adsorption from the vapor phase (K;) and the equilibrium
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constant for adsorption from the liquid phase (K3) can be evaluated through nonlinear
regression with experimental data of the steady-state surface tension.

7.4 Effect of Temperature on the Steady-State and
Dynamic Surface Tension

Using the outlined experimental procedure, the dynamic and steady-state surface tension
of 1-octanol, 1-hexanol and 1-butanol aqueous solutions was measured at the six different
temperatures and four different concentrations for the environment solutions and drop so-
lutions of each chemical. Each experiment repeated three times to ensure that the results
are reproducible. The reproducibility test of the surface tension values showed that the
results were reproducible with the 95% confidence intervals less than 0.2 mN/m. A total of
96 profiles were collected for each chemical and divided into four different categories based
on the concentrations of the environment solution. The concentrations of the environment
solutions for 1-octanol were: 0.2mM (Figure [7.1]), 0.6mM (Figure [7.2), 1mM (Figure
and 2.92mM (Figure [7.4). The concentration of the environment solutions for 1-hexanol

were: 2mM (Figure [7.5)), 5mM (Figure [7.6), 9mM (Figure and 30mM (Figure [7.8).
The concentrations of the environment solutions for 1-butanol were: 20mM (Figure [7.9),

60mM (Figure [7.10), 100mM (Figure and 400mM (Figure[7.12)). Each figure divided
into six charts based on the environment temperature during the experiments. Four dif-
ferent profiles can be observed in each figure. These profiles are related to different drop
concentrations. In all of these 288 profiles, the dynamic surface tension initially increases
if the concentration of the environment solution is less than that of the drop solution,
eventually reaching a plateau value. The dynamic surface tension initially decreases if the
concentration of the environment solution is greater than that of the drop solution. The
surface tension essentially remains constant when the concentration of the drop solution
is as same as the concentration of the environment solution. At a specific temperature,
the final steady-state surface tension for each component is almost identical for all profiles
with the same environment concentration regardless of the drop concentration. Similar
experimental results have been observed in chapter 4. In Figures [7.1{7.12] the reduction of
the steady-state surface tension can be observed when temperature increases from 10°C
(A) to 35°C (F). In all profiles, solid lines represent the theoretical predictions from the
kinetic transfer equation (equation . In the next section the effect of temperature
on the steady-state surface tension and adsorption kinetics of 1-octanol, 1-hexanol and
1-butanol is studied.
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Figure 7.1: Effect of temperature on the surface tension of 1-octanol solution [Concentra-
tion of the environment solution (Ce,,) is 0.2mM in all experiments, and Concentrations
of the drop solutions (Cgyep) are 0.2mM (purple), 0.6mM (green), ImM (red), and 2.92mM
(brown)|. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,

(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation [7.14)).

26



70 70
B 65
- b 5 s
80 ;
55
55
- 50
E£50 45
Z s
8% 0 2000 3000 2000 500%750 1000 2000 3000 4000 50000 1000 2000 3000 4000 5000
B 70 0 70
2 65 65 55
960 60 50
& |
03)55 55 55
50 50 50
15 45 45
40 E{ 40 40 .
35

i : i i 5 i : i i a5 . . . ;
0 1000 2000 3000 4000 50003 0 1000 2000 3000 4000 sopp O 10000 2000 3000 4000 5000
Time (8)

Figure 7.2: Effect of temperature on the surface tension of 1-octanol solution [Concentra-
tion of the environment solution (Cly,) is 0.6mM in all experiments, and Concentrations of
the drop solutions (Cyyop) are 0.2mM (purple ), 0.6mM (green), ImM (red), and 2.92mM
(brown)|. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation [7.14).
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Figure 7.3: Effect of temperature on the surface tension of 1-octanol solution [Concentra-
tion of the environment solution (Cl,,) is ImM in all experiments, and Concentrations of
the drop solutions (Cgep) are 0.2mM ( purple), 0.6mM (green ), ImM (red ), and 2.92mM
(brown )]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation [7.14).

o8



152 152

148 148

44 {44
£ 140 140
= |
Eg s AR
532 : - : . 32 : : : ' Y2775000 4000 6000 800010000
©7°0 2000 4000 6000 8000 1oopol 2000 4000 6000 800D 10000
556 56 56
- F
Q57 @ &2 52
[8)
45 | 48 48
-
Dy {44 44
40 {40 40
26 Tap 26
32 ; . 32

0 2000 4000 6000 80003 2000 4000 60000 1000 2000
Time (S)

3000

Figure 7.4: Effect of temperature on the surface tension of 1-octanol solution [Concentra-
tion of the environment solution (Ce,,) is 2.92mM in all experiments, and Concentrations
of the drop solutions (Cgyep) are 0.2mM (purple), 0.6mM (green), ImM (red), and 2.92mM
(brown)|. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation [7.14).
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Figure 7.5: Effect of temperature on the surface tension of 1-hexanol solution [Concen-
tration of the environment solution (C,,) is 2mM in all experiments, and Concentrations
of the drop solutions (Cgrop) are 2mM (purple), 5mM (green), 9mM (red), and 30mM
(brown)]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation .
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Figure 7.6: Effect of temperature on the surface tension of 1-hexanol solution [Concen-
tration of the environment solution (C,,) is 5bmM in all experiments, and Concentrations
of the drop solutions (Cgrop) are 2mM (purple), 5mM (green), 9mM (red), and 30mM
(brown)]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation .
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Figure 7.7: Effect of temperature on the surface tension of 1-hexanol solution [Concen-
tration of the environment solution (C,,) is 9mM in all experiments, and Concentrations
of the drop solutions (Cgrop) are 2mM (purple), 5mM (green), 9mM (red), and 30mM
(brown)]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation .
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Figure 7.8: Effect of temperature on the surface tension of 1-hexanol solution [Concentra-
tion of the environment solution (Cep,,) is 30mM in all experiments, and Concentrations
of the drop solutions (Cgrop) are 2mM (purple), 5SmM (green), 9mM (red), and 30mM
(brown)]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation .
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Figure 7.9: Effect of temperature on the surface tension of 1-butanol solution [Concentra-
tion of the environment solution (Cl,,) is 20mM in all experiments, and Concentrations of
the drop solutions (Cly.p) are 20mM (purple), 60mM (green), 100mM (red), and 400mM
(brown)]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation .
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Figure 7.10: Effect of temperature on the surface tension of 1-butanol solution [Concentra-
tion of the environment solution (Cl,,) is 60mM in all experiments, and Concentrations of
the drop solutions (Cly.p) are 20mM (purple), 60mM (green), 100mM (red), and 400mM
(brown)]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation .
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Figure 7.11: Effect of temperature on the surface tension of 1-butanol solution [Concentra-
tion of the environment solution (Ce,,) is 100mM in all experiments, and Concentrations
of the drop solutions (Cyyp) are 20mM (purple), 60mM (green), 100mM (red), and 400mM
(brown)]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation .
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Figure 7.12: Effect of temperature on the surface tension of 1-butanol solution [Concentra-
tion of the environment solution (Ce,,) is 400mM in all experiments, and Concentrations
of the drop solutions (Cyyp) are 20mM (purple), 60mM (green), 100mM (red), and 400mM
(brown)]. Each graph represents a different temperature; (A) 10°C, (B) 15°C, (C) 20°C,
(D) 25°C, (E) 30°C, (F) 35°C. Solid lines represent theoretical predictions from the
kinetic transfer equation (equation [7.14)).
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7.4.1 Effect of Temperature on the Steady-State Surface Tension
of 1-octanol, 1-hexanol and 1-butanol Aqueous Solutions

The modified Langmuir equation of state (equation was applied for correlating the
steady-state surface tension of 1-octanol, 1-hexanol and 1-butanol aqueous solutions in all
profiles of Figures [\.IH7.12] The optimization routine was implemented in MATLAB, and
the fitting parameters including the maximum surface concentration (I'y,), the equilibrium
constant for adsorption from the vapor phase (K1) and the equilibrium constant for adsorp-
tion from the liquid phase (K3) were obtained by minimizing the residual sum of squares
between the model prediction (based on equation and the experimental data of the
steady-state surface tension of the chemicals under study. The minimization procedure
was repeated for six different temperatures. The values of fitting parameters for 1-octanol,
1-hexanol and 1-butanol are illustrated in Table to [7.3] respectively. The steady-state
modelling results show that the predicted maximum surface concentration is very close
to the maximum surface coverage which can be calculated based on the molecular size.
For example, the area of a 1-hexanol molecule at the surface is 20.23A42% /molecule at the
saturation condition or full surface coverage [62]. Thus, the surface concentration of such
chemical species under the condition is 8.21 x 107%mol/m?; such value is in qualitative
agreement with the values presented in Table[7.2] It should be noted that there is always
repulsion/attraction between the adjacent polar molecules at the surface that may change
the distance between adjacent molecules.

The equilibrium constants for a surfactant are often used to describe the tendency of
surfactant molecules to adsorb at the interface and reduce the surface tension [23]. The
main consideration in the modified Langmuir equation of state (equation is the fact
that the adsorption from both sides of a vapour/liquid interface should be considered
simultaneously. The values obtained for the equilibrium constants (Tables show
that at the final steady-state condition the equilibrium constant for adsorption from the
vapor phase is much greater than that from the liquid phase (K7 > K5). This behavior is
much more important in the short chain alcohol (1-butanol) than that of the long chain
alcohol (1-octanol). From equation[7.7/and[7.8]it implies that adsorption rate constant from
the vapor phase is much greater than that from the liquid phase (k¢ > k'), specially for
short chain alcohols. Tables show that the contribution to adsorption (equilibrium
constants) from both sides of the vapor/liquid interface increases with temperature. The
contribution to adsorption from both sides of vapor /liquid interface show an increase with
chain length from 1-butanol to 1-octanol.

In statistics, the best tools to identify if the model is fitted to the experimental results
are the F test and residual plots. The ANOVA table, the F test and the residual plots for
the steady-state modelling of 1-octanol, 1-hexanol and 1-butanol are illustrated in Tables

[7.4] [7.5] [7.6], and Figures [7.13], [7.14] and [7.15 respectively. No trend or unusual behavior
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Table 7.1: The equilibrium constant for adsorption from the vapor phase (K;) and from
the liquid phase (K3) and the maximum surface concentration (I'y,) obtained from fitting
the experimental data of 1-octanol steady-state surface tension to the modified Langmuir
equation of state ([7.15).

T |k e T x 10° | K,/K>
°C | m*/mol | m?®/mol | mol/m?

10 | 1.27 0.048 8.37 26.46
15 | 1.41 0.061 8.12 23.11
20 | 1.56 0.077 7.87 20.26
25 | 1.73 0.096 7.63 18.02
30 | 1.91 0.118 7.4 16.19
35 | 2.07 0.144 7.17 14.08

Table 7.2: The equilibrium constant for adsorption from the vapor phase (K;) and from
the liquid phase (K3) and the maximum surface concentration (I's,) obtained from fitting
the experimental data of 1-hexanol steady-state surface tension to the modified Langmuir

equation of state .

T K1 KQ Foo X 106 Kl/KQ
°C | m3/mol | m?/mol | mol/m?

10 | 0.262 0.008 6.32 32.75
15 | 0.280 0.009 6.39 31.11
20 | 0.292 0.011 6.16 26.45
25 1 0.319 0.013 6.24 24.54
30 | 0.340 0.015 5.97 22.67
35 | 0.360 0.017 5.71 22.18
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Table 7.3: The equilibrium constant for adsorption from the vapor phase (K;) and from
the liquid phase (K3) and the maximum surface concentration (I'y) obtained from fitting
the experimental data of 1-butanol steady-state surface tension to the modified Langmuir

equation of state .

T | Ky K, [y x 10° | K/K,
°C | m?/mol | m?/mol | mol /m?

10 | 0.13 0.0005 | 3.84 260

15 | 0.15 0.0007 | 3.58 214

20 | 0.17 0.0009 | 3.36 189

25 1 0.19 0.0011 | 3.18 173

30 |0.21 0.0013 | 3.02 162

35 [0.24 0.0014 2.88 171

Table 7.4: ANOVA table for the steady-state modelling of 1-octanol data based on Lang-

muir equation

Source Sum of Square | Degree of Freedom | Mean Square Foserved

Regression | SSR=105.68 p-1=3-1=2 MSR=52.84 MSR/MSE=582579
Error SSE=0.01 n-p=96-3=93 MSE=9.07 x 107° | R?=1-SSE/SST= 0.9999
Total SST=105.61 n-1=96-1=95

Table 7.5: ANOVA table for the steady-state modelling of 1-hexanol based on Langmuir

equation
Source Sum of Square | Degree of Freedom | Mean Square | Fipserved
Regression | SSR=10003.66 | p-1=3-1=2 MSR=5001.83 | MSR/MSE=570.33
Error SSE=815.67 n-p=96-3=93 MSE=8.77 R*=1-SSE/SST= 0.91
Total SST=8807.91 | n-1=96-1=95
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Table 7.6: ANOVA table for the steady-state modelling of 1-butanol based on Langmuir

equation
Source Sum of Square | Degree of Freedom | Mean Square | Flpserved
Regression | SSR=6286.06 | p-1=3-1=2 MSR=3143.03 | MSR/MSE=7665.9
Error SSE=3.80 n-p=96-3=93 MSE=0.41 R*=1-SSE/SST= 0.9999
Total SST=6267.00 | n-1=96-1=95
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Figure 7.13: Residual plots based on the experimental and modeling results of the steady-
state surface tension of 1-octanol in aqueous solution: (A) Residuals versus temperature,
(B) Residuals versus predicted values based on equation (7.14) (C) Residuals versus exper-
imental values, (D) Residuals versus C,,,, (E) Residuals versus Cy,op, (F) Residuals versus
equilibrium constant (K7), (G) Residuals versus equilibrium constant (K5), (H) Residuals
versus maximum surface concentration (I's)

can be observed in the residual plots. Residual plots and the ANOVA tables show that the
model is significant. In Table [7.4] to [7.6] SSR, SSE and SST represents the regression sum
of square, error sum of square and total sum of square, respectively. They were determined
using the following equations:
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Figure 7.14: Residual plots based on the experimental and modeling results of the steady-
state surface tension of 1-hexanol in aqueous solution: (A) Residuals versus temperature,
(B) Residuals versus predicted values based on equation (7.14), (C) Residuals versus exper-
imental values, (D) Residuals versus C,,,, (E) Residuals versus Cy,op, (F) Residuals versus
equilibrium constant (K7), (G) Residuals versus equilibrium constant (K5), (H) Residuals
versus maximum surface concentration (I'y)
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Figure 7.15: Residual plots based on the experimental and modeling results of the steady-
state surface tension of 1-butanol in aqueous solution: (A) Residuals versus temperature,
(B) Residuals versus predicted values based on equation (7.14) (C) Residuals versus exper-
imental values, (D) Residuals versus Ce,,, (E) Residuals versus Cy,op, (F) Residuals versus
equilibrium constant (K;), (G) Residuals versus equilibrium constant (K3), (H) Residuals
versus maximum surface concentration (I's)
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SSR = (Y — Yaur)? (7.16)
SSE = (- 7,)? (7.17)

SST = (/7 - 7(1117“)2 (718)

where 7, is the predicted steady-state surface tension based on the modified Langmuir
equation of state (equation , Yaur 18 the average steady-state surface tension based on
experimental results, and 7 is the experimental steady-state surface tension. P in tables
[7.4] to[7.6] represents the number of fitting parameters and n is the number of experimental
points. M SR and MSE are regression mean square and error mean square, respectively.
The Fpserveq value is the ratio of the regression mean square to the error mean square and
represents the significance of the fit. The large Fipserveq compare to the tabulated value
(EFrabutatea = Fo03005 = 3.11)shows that Fopserved > Frapuiatea and the overall regression is
significant in all cases.

The experimental data for the steady-state surface tension of 1-octanol, 1-hexanol and
1-butanol (obtained from Figures to is plotted against temperature in Figures
[7.16] [7.19] [7.2047.23] and [7.24H7.27], respectively. In all cases the steady-state surface tension
showed a linear relation with temperature. Thus, the following linear regression model
fitted to the experimental data.

v=nT+r (7.19)

In this equation v represents the steady-state surface tension. T is temperature in °C,
and r; and 7y are two constants. The values of Cepy, Cirop, 71, 72 and the coefficient of
determination (R?) related to each regression model for 1-octanol, 1-hexanol and 1-butanol
are illustrated in Tables [7.7] and [7.9] respectively. The values of the coefficients of
determination show that the linear regression is a good candidate for investigating the
effect of temperature on the steady-state surface tension of 1-octanol, 1-hexanol and 1-
butanol aqueous solutions at temperature ranging from 10°C to 35°C.

Figures and Tables show that the values of r; and 7, for a system

immersed in a same environment (Cp,, = constant) with different drop concentrations
are not so much different and the steady-state surface tension is mostly dependant on
the concentration of the environment solution (C.,,), and not on the drop concentration
(Carop). This results support our previous discussion that for the chemicals under study
the effect of adsorption/desorption from/to the vapor phase is more important than that
of the liquid phase. This behavior can be observed at different concentrations of drop and
environment solutions and at temperatures ranging from 10 to 35°C.
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Figure 7.16: Steady state surface tension of 1-octanol at different temperatures. Con-
centration of the environment solution is 0.2 mM (C,,, = 0.2mM); Experiments were
performed at four different drop concentrations (Cg.,p) illustrated in the legend of each
figure; Lines represent linear regression model (quation to the experimental data.
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Figure 7.17: Steady state surface tension of 1-octanol at different temperatures. Con-

centration of the environment solution is 0.6 mM (C.,, = 0.6mM); Experiments were
performed at four different drop concentrations (Cyyp) illustrated in the legend of each
figure; Lines represent linear regression model (quation [7.19) to the experimental data.
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Figure 7.18: Steady state surface tension of 1-octanol at different temperatures. Concen-
tration of the environment solution is 1 mM (C,,, = 1mM); Experiments were performed
at four different drop concentrations (Cy,,p) illustrated in the legend of each figure; Lines
represent linear regression model (quation to the experimental data.
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Figure 7.19: Steady state surface tension of 1-octanol at different temperatures. Con-

centration of the environment solution is 2.92 mM (Ce,, = 2.92mM); Experiments were
performed at four different drop concentrations (Cyyp) illustrated in the legend of each
figure; Lines represent linear regression model (quation [7.19) to the experimental data.
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Figure 7.20: Steady state surface tension of 1-hexanol at different temperatures. Concen-
tration of the environment solution is 2 mM (C,,, = 2mM); Experiments were performed
at four different drop concentrations (Cyyp) illustrated in the legend of each figure; Lines
represent linear regression model (quation to the experimental data.
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Figure 7.21: Steady state surface tension of 1-hexanol at different temperatures. Concen-
tration of the environment solution is 5 mM (C,,, = 5mM); Experiments were performed
at four different drop concentrations (Cy,,p) illustrated in the legend of each figure; Lines
represent linear regression model (quation to the experimental data.
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Figure 7.22: Steady state surface tension of 1-hexanol at different temperatures. Concen-
tration of the environment solution is 9 mM (C,,, = 9mM); Experiments were performed
at four different drop concentrations (Cy,,p) illustrated in the legend of each figure; Lines

represent linear regression model (quation [7.19)) to the experimental data.
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Figure 7.23: Steady state surface tension of 1-hexanol at different temperatures. Concen-
tration of the environment solution is 30 mM (C,,, = 30mM); Experiments were performed
at four different drop concentrations (Cy,,p) illustrated in the legend of each figure; Lines
represent linear regression model (quation to the experimental data.
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Figure 7.24: Steady state surface tension of 1-butanol at different temperatures. Concen-
tration of the environment solution is 20 mM (Cl,,, = 20mM ); Experiments were performed
at four different drop concentrations (Cyyp) illustrated in the legend of each figure; Lines
represent linear regression model (quation to the experimental data.
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Figure 7.25: Steady state surface tension of 1-butanol at different temperatures. Concen-
tration of the environment solution is 60 mM (C.,, = 60mM ); Experiments were performed
at four different drop concentrations (Cy,,p) illustrated in the legend of each figure; Lines
represent linear regression model (quation to the experimental data.
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Figure 7.26: Steady state surface tension of 1-butanol at different temperatures. Con-
centration of the environment solution is 100 mM (C,, = 100mM); Experiments were
performed at four different drop concentrations (Cyyp) illustrated in the legend of each
figure; Lines represent linear regression model (quation to the experimental data.
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Figure 7.27: Steady state surface tension of 1-butanol at different temperatures. Con-
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Table 7.7: Concentration of the environment solution (C,,), concentration of the drop
solution (Cgrep), slope (r1), Surface tension intercept (r3), and the coefficient of determi-
nation (R?) of a linear regression model (equation ) fitted to the experimental results

in Figures

Cono(mM) | Carop(mM) | r1(mN/m°C) | ro(mN/m) | R?

0.2 0.2 -0.23 72.08 0.9986
0.2 0.6 -0.26 72.16 0.9991
0.2 1.0 -0.26 71.70 0.9997
0.2 2.92 -0.32 71.04 0.9995
0.6 0.2 -0.30 66.02 0.9998
0.6 0.6 -0.32 66.27 0.9995
0.6 1.0 -0.32 65.83 0.9996
0.6 2.92 -0.36 65.33 0.9993
1.0 0.2 -0.33 61.39 0.9992
1.0 0.6 -0.34 61.23 0.9996
1.0 1.0 -0.35 61.38 0.9998
1.0 2.92 -0.39 61.03 0.9995
2.92 0.2 -0.36 47.31 0.9981
2.92 0.6 -0.37 47.36 0.9979
2.92 1.0 -0.37 47.25 0.9980
2.92 2.92 -0.39 47.10 0.9975

7.4.2 Effect of Temperature on the Dynamic Surface Tension of
1-octanol, 1-hexanol and 1-butanol Aqueous Solutions

The kinetic transfer equation, equation [7.14] was applied for modeling the dynamic surface
tension of 1-octanol, 1-hexanol and 1-butanol solutions at all examined temperatures (Fig-
ures ). The fitting parameters (kY, s, Tpin) of equation were obtained by
minimizing the residual sum of squares between the model prediction and the experimen-
tal data for each profile in Figures Totally 96 fitting procedures were performed
for each chemical at four concentrations of the environment solution, four concentrations
of the drop solution, and six temperatures. In the dynamic modelling, the equilibrium
constant for adsorption from the vapor phase (K;), and the equilibrium constant for ad-
sorption from the liquid phase (K3) were considered constant and they were obtained from

the steady-state modelling (Tables [7.117.3]).

The theoretical prediction from the kinetic transfer equation is plotted along with
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Table 7.8: Concentration of the environment solution (C.,,), concentration of the drop
solution (Cgrep), slope (r1), Surface tension intercept (r3), and the coefficient of determi-
nation (R?) of a linear regression model (equation ) fitted to the experimental results

in Figures

Cono(mM) | Carop(mM) | r1(mN/m°C) | ro(mN/m) | R?

2 2 -0.54 72.2 0.9543
2 5 -0.52 T71.7 0.9651
2 9 -0.50 70.9 0.9629
2 30 -0.5046 71.3 0.9606
5 2 -0.26 63.5 0.9320
5 5 -0.29 64.1 0.9479
5 9 -0.27 63.5 0.9290
5 30 -0.25 63.2 0.9236
9 2 -0.10 57.1 0.9563
9 5 -0.11 57.3 0.9734
9 9 -0.12 o7.3 0.9522
9 30 -0.10 56.9 0.9655
30 2 -0.34 45.2 0.9510
30 5 -0.36 45.4 0.9536
30 9 -0.34 45.1 0.9340
30 30 -0.35 45.2 0.9473
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Table 7.9: Concentration of the environment solution (C.,,), concentration of the drop
solution (Cgrep), slope (r1), Surface tension intercept (r3), and the coefficient of determi-
nation (R?) of a linear regression model (equation ) fitted to the experimental results

in Figures [7.27]

Cono(mM) | Carop(mM) | r1(mN/m°C) | ro(mN/m) | R?

20 20 -0.20 64.6 0.9993
20 60 -0.20 64.6 0.9993
20 100 -0.20 64.6 0.9992
20 400 -0.22 64.9 0.9599
60 20 -0.16 56.2 0.9993
60 60 -0.16 56.2 0.9992
60 100 -0.16 56.2 0.9992
60 400 -0.16 56.0 0.9986
100 20 -0.13 51.8 0.9992
100 60 -0.13 51.8 0.9993
100 100 -0.13 51.8 0.9993
100 400 -0.13 51.7 0.9990
400 20 -0.045 39.0 0.9828
400 60 -0.045 39.0 0.9832
400 100 -0.045 39.0 0.9828
400 400 -0.046 39.0 0.9845
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Table 7.10: 95% confidence intervals for I'o,, k9, T’ and kfl obtained from fitting the
experimental data of 1-octanol surface tension to the kinetic transfer equation (equation
7.14) at temperature ranging from 10 °C to 35 °C.

T | T kg Lyoin KL

°C | mol/m? m3/mol.s mol /m? m3 /mol.s

10 1835 x 107% £[894 x 107* £ [486 x 107% +£[3.38 x 107° =+
1.74 x 1078 2.88 x 1074 8.01 x 1077 1.09 x 107°

15 | 812 x 107% £]9.87 x 107 £ [489 x 107% £ [4.20 x 107° =+
1.39 x 1078 2.48 x 1074 7.71 x 1077 1.05 x 107°

20 | 7.87 x 107% +£[1.12 x 1073 £ [4.89 x 107 £+ 572 x 107 =+
1.34 x 1078 3.41 x 1074 7.39 x 1077 1.75 x 107°

25 | 763 x 107% +£[1.38 x 1073 £ {491 x 107 £ |7.63 x 107> =+
1.24 x 1078 5.53 x 1074 6.94 x 1077 3.07 x 107°

30 [ 739 x 107% +£[208 x 1073 4+ [4.89 x 107°% £+ ]1.28 x 107* =+
1.04 x 1078 7.41 x 1074 6.41 x 1077 4.58 x 107°

35 | 717 x 107° +£[339 x 1073 4+ [4.88 x 107° £+ ]236 x 107* +
5.21 x 1078 9.63 x 1074 6.09 x 1077 6.70 x 107°

the experimental data in Figures [.12] For all profiles, the kinetic transfer equation
fits the experimental data very well. At each temperature, the three fitting parameters
(k9. T, T pnin) along with k! (calculated from equation are tabulated in Tables [7.10]
and for 1-octanol, 1-hexanol and 1-butanol, respectively. For example, the values
presented at 10 °C for 1-octanol solutions are the 95% confidence interval of the fitting
parameters obtained at 16 different fitting procedures of 16 profiles presented in figures

TIA, [T2A, [73A, and A,

The adsorption rate constant from the vapor phase (k?) and the maximum surface con-
centration (I'y), according to the theory, should be constant regardless of the surfactant
concentrations. However, small variations in them were observed at different concentra-
tions. These variations may be due to the measurement and experimental errors or due
to the limitations of the model. 95% confidence intervals in Tables to are the

consequence of such variations.

The goodness of fit for some dynamic surface tension results of 1-hexanol is presented
on [7.1347.16, The large F,pservea compared to the tabulated one (Fiupuiarea) shows the
significance of the model.

The limitation of this type of model is the variation in the fitting parameters. An
obvious limitation is that material properties and their corresponding constants or fit-
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Table 7.11: 95% confidence intervals for ', k9, T’ and kfl obtained from fitting the
experimental data of 1-hexanol surface tension to the kinetic transfer equation (equation
7.14) at temperature ranging from 10 °C to 35 °C.

T | T kg Lyoin KL

°C | mol/m? m3/mol.s mol /m? m3 /mol.s

10 [6.49 x 107 £ ]1.52 x 107* £[4.30 x 107% £ 466 x 10°% £
2.20 x 1077 3.55 x 107° 4.67 x 1077 1.09 x 10°°

15 [6.37 x 107% £ ]1.61 x 107* £ [441 x 107% £|516 x 10°% £
3.39 x 1077 4.30 x 107° 4.27 x 1077 1.38 x 107¢

20 | 6.67 x 107°% £ [248 x 107 £ [4.69 x 107°% £]9.33 x 107° £
6.86 x 1077 1.08 x 1074 4.80 x 1077 4.02 x 1076

25 | 6.72 x 107% £]429 x 107 £ [488 x 107 £ | 1.74 x 107° &
8.72 x 1077 2.41 x 1074 5.24 x 1077 9.80 x 1076

30 | 6.63 x 107 £]595 x 107 £ [481 x 107 £[262 x 107° &
1.01 x 1076 3.06 x 1074 6.08 x 1077 1.35 x 107°

35 | 6.31 x 107° £]1.21 x 1072 £ [467 x 107° £ [572 x 107° &
8.72 x 1077 5.34 x 1074 4.68 x 1077 2.52 x 107°

ting parameters are varying with time. Thus, these parameters may have different values
between the initial and the final stages of the experiment. Discrepancies would occur de-
pending on which set of fitting parameters is used in the model predictions over the entire
time range. Improvements may be made when incorporating the varying nature of these
fitting parameters. Of course, other experimental errors or factors may also contribute to
the discrepancies, such as temperature fluctuations, the presence of impurities, and loss of
surfactant due to vapor leakage that may distort the experimental results. Similar to any
minimization procedure any imperfections in the experimental results will be reflected in
the value obtained for the fitting parameters in Tables to[7.12] Such variations can be
observed in the values obtained for the maximum surface concentration (I's,) based on the
steady-state modelling (Table and the values obtained based on dynamic modelling. In
the steady-state modelling the modified Langmuir equation of state was applied to model
the steady-state surface tension, while in the dynamic modelling the kinetic transfer equa-
tion was applied to model the entire duration of the dynamic surface tension results. The
maximum surface concentration was used as a fitting parameter in both cases. Since the
interface changes with time and surfactant adsorption, hence the value of this parameter
may vary from the beginning to the end of the experiment. However, in all cases the values
of maximum surface concentration in Tables[7.1]to are in the 95% confidence intervals of
I'w in Tables[7.10]to[7.12] As there is a finite rate of adsorption, the theoretical value of the
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Table 7.12: 95% confidence intervals for Iy, k¢, [, and k! obtained from fitting the
experimental data of 1-butanol surface tension to the kinetic transfer equation (equation

7.14) at temperature ranging from 10 °C to 35 °C.

T | Ty k9 Toin 2

°C | mol/m? m?/mol.s mol /m? m3 /mol.s

10 [ 383 x 1075 £ 884 x 107 £[350 x 10 +£]340 x 1078 +
1.14 x 1078 3.17 x 1076 2.72 x 1077 2.48 x 108

15 | 3.57 x 107 £[1.05 x 10™® £ [3.30 x 107° +|4.88 x 107° +
9.23 x 107* 3.70 x 1076 2.30 x 1077 3.56 x 1078

20 [ 336 x 1079 £ (143 x 10 +£[3.13 x 100 £]756 x 1078 +
9.80 x 107 4.75 x 1076 1.91 x 1077 5.14 x 1078

25 [ 317 x 107% £ [151 x 107 +£[297 x 107 £[874 x 1078 +
1.54 x 108 6.87 x 1076 1.70 x 1077 8.12 x 1078

30 13.02 x 10 £[225 x 10° £[284 x 109 £[1.38 x 1077 +
4.73 x 107 1.10 x 107 1.46 x 1077 1.39 x 1077

35 1283 x 107 £]4.07 x 10° £[269 x 106 £[238 x 1077 +
4.66 x 107 2.61 x 107° 1.25 x 1077 3.11 x 1077

Table 7.13: ANOVA table for the dynamic modelling of 1-hexanol (Cgop = 5mM, Cep,y =
2mM, T = 25°C

Source Sum of Square | Degree of Freedom | Mean Square | Fpserved

Regression | SSR=2826.3 p-1=3-1=2 MSR=1413.2 | MSR/MSE=94213
Error SSE=10.9 n-p=722-3=719 MSE=0.015 | R?=1-SSE/SST= 0.996
Total SST=2787.3 n-1=722-1=721 Fiavuiated = 3.0

Table 7.14: ANOVA table for the dynamic modelling of 1-hexanol (Cgop = IMM, Cepyy =
2mM, T = 25°C

Source Sum of Square | Degree of Freedom | Mean Square | Fopserved

Regression | SSR=434.4 p-1=3-1=2 MSR=217.2 | MSR/MSE=28369
Error SSE=4.9 n-p=722-3=640 MSE=0.0077 | R*=1-SSE/SST= 0.986
Total SST—446.1 n-1=643-1—642 Frobuiated — 3.0
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Table 7.15: ANOVA table for the dynamic modelling of 1-hexanol (Cgyyop = 30mM, Cep,,, =
2mM,T = 25°C

Source Sum of Square | Degree of Freedom | Mean Square | Fpserved

Regression | SSR=11366.1 | p-1=3-1=2 MSR=5683.1 | MSR/MSE=87432.3
Error SSE=43.5 n-p=722-3=674 MSE=0.065 | R?’=1-SSE/SST= 0.996
Total SST=11276.7 | n-1=677-1=676 Fiaputated = 3.0

Table 7.16: ANOVA table for the dynamic modelling of 1-hexanol (Cgop = 2mM, Cepyy =
S5mM, T =10°C

Source Sum of Square | Degree of Freedom | Mean Square | Fopserved

Regression | SSR=1147.5 p-1=3-1=2 MSR=573.3 | MSR/MSE=1960000
Error SSE=0.12 n-p=413-3=410 MSE=0.0003 | R*=1-SSE/SST= 0.9999
Total SST=11474 | n-1=413-1=412 Frobutated — 3.0

minimum surface concentration should be zero. Since the image acquisitions were started
a few seconds after the drop was formed, the predicted minimum surface concentrations

(Tynin) in Tables to have the values larger than zero.

The temperature dependency of the equilibrium constants (K7, K3) and the rate con-
stants of adsorption (k¢, k') for 1-octanol, 1-hexanol and 1-butanol systems are illustrated
in Figures [7.28] and [7.30f According to these figures, the equilibrium constants
(K1, K3) and the rate constants for adsorption from both sides of the vapor/liquid in-
terface (k9, k') increase with temperature in all three systems. Also, the rate of adsorption
from the vapor phase (k?) is much greater than that from the liquid phase (k!). The results
show that the rate constant for adsorption from the vapor phase increases when the chain

length is increased from 1-butanol to 1-octanol.

The Arrhenius expression (equation [7.20)) is one of the most often used formulas for the
temperature dependency of the adsorption rate constants.

k= Arexp( (7.20)

RT
In this equation, Ay is the frequency factor or pre-exponential factor. It varies slightly

with temperature, but is often taken as a constant across a small temperature range. R
is the universal gas constant, and T is the temperature (K). E is the fitting parameter
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related to the energy barrier (activation energy or minimum energy required) for adsorption
to occur. Based on the Van’t Hoff equation ([7.21} E is equal to the change in enthalpy if
Arrhenius equation is used for equilibrium constants.

d(In(K)) _ ~AHau
d(1/T) R

(7.21)

Thus, a plot of In(k) versus T—! gives a straight line, whose slope and intercept can
be used to determine E and A;. Figures [7.31] [7.32] and [7.33] show these plots for the rate
constants of adsorption (kY, k) as well as the equilibrium constants (K1, K5) for 1-octanol,
1-hexanol and 1-butanol, respectively. Good agreement between the predicted and the
experimental data is illustrated by the coefficient of determination (R?) value being near 1
in all cases. The frequency factor (Ay) and the fitting parameter (£) obtained from fitting
the experimental data to the Arrhenius expression are illustrated in Tables

and for 1-octanol, 1-hexanol and 1-butanol, respectively.

Figures also shows that when the temperature is increased from 10°C to
35°C, the slopes of the profiles increase, and the time required reaching to the steady-state
surface tension decreases dramatically. For instance when the concentration of 1-hexanol
in the environment solution is 2mM (Figure and concentration of the drop solution
is 30 mM, the time required to reach to the steady-state surface tension is 2500 second
at 10°C (Figure [7.5A), while it is 200 second at 35°C (Figure [7.5F). The time required
reaching to 95% of the steady-state surface tension (tg5) is chosen to show how fast the
surface tension reaches the steady-state value. Figures [7.34] [7.35] and [7.36] show that tgs5
decreases with temperature for 1-octanol, 1-hexanol and 1-butanol, respectively. Thus,
the time required reaching to the steady-state surface tension decreases with temperature.
This trend can be observed in various systems (1-octanol, 1-hexanol and 1-butanol) and
in all different concentrations of the drop and environment solutions. This is due to the
fact that the adsorption rate constant from the vapor phase (k?) and the adsorption rate
constant from the liquid phase (k!) increases dramatically with temperature (Tables
to and Figures to . According to Figures , tg5 is zero when there
is no concentration difference between drop and environment solutions because there is no
driving force for molecular exchange across the interface. Figures also show that
tgs increases when the concentration difference between drop and environment solutions is
increased. This may be due to the fact that at higher concentration difference, a larger
number of molecules should be adsorbed/desorbed from/to the surface to reach to the
steady-state condition.
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Figure 7.28: Adsorption constants for 1-octanol: (a) Average adsorption rate constant for
adsorption from the vapor phase (kY) versus temperature. (b) Average adsorption rate
constant for adsorption from the liquid phase (k!) versus temperature. (c) Equilibrium
constant for adsorption from the vapor phase (K7) versus temperature. (d) Equilibrium
constant for adsorption from the liquid phase (K3) versus temperature.
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Figure 7.29: Adsorption constants for 1-hexanol: (a) Average adsorption rate constant for
adsorption from the vapor phase (k¢) versus temperature. (b) Average adsorption rate
constant for adsorption from the liquid phase (k') versus temperature. (c) Equilibrium
constant for adsorption from the vapor phase (K;) versus temperature. (d) Equilibrium
constant for adsorption from the liquid phase (K3) versus temperature.
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Figure 7.30: Adsorption constants for 1-butanol: (a) Average adsorption rate constant for
adsorption from the vapor phase (k¢) versus temperature. (b) Average adsorption rate
constant for adsorption from the liquid phase (k!) versus temperature. (c) Equilibrium
constant for adsorption from the vapor phase (K7) versus temperature. (d) Equilibrium
constant for adsorption from the liquid phase (K3) versus temperature.
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versus 1/7". (d) In(Ks) versus 1/T. Lines represent the regression models based on the
Arrhenius expression.
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In(K;) versus 1/T. (d) In(K3) versus 1/T'. Lines represent the regression models based on
the Arrhenius expression.

100



Table 7.17: Frequency factor (Ay) and the fitting parameter related to energy barrier (E)
obtained from fitting the experimental data of the adsorption rate constants (k9, k! ) and

equilibrium constants (K7, K3) for 1-octanol system to the Arrhenius expression (equation
7.20).

Parameter | Ay E(j/mol)

k9 6.01 x 10°m?/mol.s | 3.74 x 10*
KL 4.08 x 10°m?/mol.s | 5.50 x 10*
K, 5.59 x 10?°m?/mol | 1.43 x 10*
K, 3.80 x 10*m?/mol | 3.19 x 10*

Table 7.18: Frequency factor (Ay) and the fitting parameter related to energy barrier (E)
obtained from fitting the experimental data of the adsorption rate constants (k9, k! ) and

a’'’a

equilibrium constants (K7, K3) for 1-hexanol system to the Arrhenius expression (equation

7.20).

Parameter | Ay E(j/mol)

k9 2.33 x 10'm?/mol.s | 6.12 x 10*
KL 2.00 x 10°m?/mol.s | 7.45 x 10*
K, 1.40 x 10'm3/mol | 9.38 x 10°
K, 1.20 x 10°m3/mol | 2.27 x 10*

Table 7.19: Frequency factor (Ay) and the fitting parameter related to energy barrier (E)
obtained from fitting the experimental data of the adsorption rate constants (k9 k! ) and

equilibrium constants (K, K3) for 1-butanol system to the Arrhenius expression (equation

7.20).

Parameter | Ay E(j/mol)

g 1.10 x 10%m® fmol.s | 1.87 x 10°
kL 5.37 x 10*m?/mol.s | 2.08 x 107
K, 1.73 x 10*m3/mol | 2.62 x 10?
K, 3.00 x 10*m?/mol | 2.92 x 102
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Figure 7.34: tg5 versus temperature for 1-octanol aqueous solutions. Concentration of
the environment solution is indicated in each graph. Experiments were performed at four
different drop concentrations (Cgrep): 0.2mM (blue diamond), 0.6mM (red square), 1mM
(green triangle), 2.92mM (blue cross); Lines represent the best quadratic regression model
to the experimental data.
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Figure 7.35: tg5 versus temperature for 1-hexanol aqueous solutions. Concentration of the
environment solution is indicated in each graph. Experiments were performed at four dif-
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experimental data.
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7.5 Summary

The effect of temperature on adsorption kinetics and surface tension of 1-octanol, 1-hexanol
and 1-butanol aqueous solutions was investigated in this chapter. Experiments were per-
formed in a closed chamber where the effect of adsorption/desorption from both sides of
the liquid/vapor interface could be considered simultaneously. The modified Langmuir
equation of state was used to correlate the steady-state surface tension as a function of
temperature and concentration. The fitting parameters for this modelling were: the equi-
librium constant for adsorption from the vapor phase (K7), the equilibrium constant for
adsorption from the liquid phase (K3) and the maximum surface concentration (I's,). The
experimental results showed that the steady-state surface tension decreased linearly with
temperature for all three chemicals at different concentrations of the drop and environ-
ment solutions and at temperature ranging from 10 °C to 35°C. It was shown that K;
>K, and hence the contribution to adsorption from the vapor side was more important
than that from the liquid side. This behavior was much more important in the short
chain alcohol (1-butanol) than that of the long chain alcohol (1-octanol). It was found
that the contribution to adsorption from both sides of the vapor/liquid interface increased
with temperature. The contribution to adsorption from vapor phase (K;) and liquid phase
(K3) showed an increase with chain length from 1-butanol to 1-octanol. Furthermore, the
adsorption kinetics for 1-octanol, 1-hexanol and 1-butanol was modelled using a kinetic
transfer equation. The fitting parameters for this modelling were: the maximum surface
concentration (I'y), minimum surface concentration (I',,;,) and the adsorption rate con-
stant from the vapor phase (k?). Results showed that the rate constants for adsorption
from both sides of the vapor/ liquid interface increased with temperature in all three sys-
tems of 1-octanol, 1-hexanol and 1-butanol. The modelling results also showed that the
rate constant for adsorption from the vapor phase increased when the chain length was
increased from 1-butanol to 1-octanol.
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Chapter 8

Effect of Carbon Dioxide Pressure on
the Surface Tension of 1-octanol,
1-hexanol and 1-butanol Aqueous
Solutions

The effect of carbon dioxide pressure on the surface tension and adsorption kinetics of 1-
octanol,1-hexanol and 1-butanol aqueous solutions is investigated in this chapter. For each
chemical, the experiments performed at four different drop concentrations, four different
environment concentrations and five different carbon dioxide pressures. To consider the
effect of adsorption/desorption of the two species (surfactant and carbon dioxide) from
both sides of a vapor/ liquid interface on the surface tension, the modified Langmuir
equation of state and the modified kinetic transfer equation were derived. The steady-
state and dynamic (time-dependent) surface tension data were modelled using the modified
Langmuir equation of state and the modified kinetic transfer equation, respectively. The
equilibrium constants and adsorption rate constants of the surfactants and carbon dioxide

were evaluated through a minimization procedure for CO, pressures ranging from 0 to 690
KPa.

8.1 Introduction

For over a century, the effect of compressed gases, such as carbon dioxide, nitrogen and
hydrogen, on the surface tension of water has been one of the most intriguing research
subjects in interfacial phenomena and surface science [29, 63}, [64], [65, 66, 67, 68, [69]. Jho et
al. showed that an increase in the pressure of gases, such as carbon dioxide, methane,
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ethane, ethylene, normal butane, and isobutene, over gas-water systems can produce
marked changes in surface tension by virtue of enhanced adsorption of the gas component
at the interface [65]. The surface tension of ethanol-carbon dioxide and ethanol-nitrogen
systems showed a decrease with the pressure of carbon dioxide and nitrogen, respectively
[68]. Massoudi et al. showed that the surface tension of aqueous solutions of sodium
chloride and tetra-n-butylammonium bromide decreased with the pressure of sourrounding
gases, such as CHy , CoHy , CoHg CyHyp, and CO, [64]. Tt has been shown that the inter-
facial tension of fish oil triglycerides (T'G) and fatty acid ethyl esters (FAEE) in contact
with carbon dioxide decreased substantially with the COy pressure [70]. Georgiadis et al.
showed that the surface tension of water and n-alkane mixtures in contact with carbon
dioxide decreased with the pressure of carbon dioxide [71].

In chapters 4-7 we showed that when a volatile surfactant, such as 1-octanol, 1-hexanol
and 1-butanol, is dissolved in a liquid, it presents a finite partial pressure in the vapor
phase, and the surface tension of the solution can be affected by surfactant adsorption
from both sides of the vapor/liquid interface [25 59, 60, 61, [72]. Tt was shown that at
steady-state, the effect of adsorption from the vapor side is more important than that
from the liquid side [25, 59, [60] 61, [72]. The main objective and the unique approach of
the current research is to investigate the effect of carbon dioxide pressure on the surface
tension and adsorption kinetics of 1-octanol, 1-hexanol and 1-butanol aqueous solutions
when adsorption/desorption of two species (carbon dioxide and surfactant) from both sides
of a vapor-liquid surface is considered simultaneously. 1-octanol, 1-hexanol and 1-butanol
were chosen because of their applications in flavors and essences. They are used as an
intermediate solvent in the pharmaceutical and perfume industry [27]. Also, they are used
in the production of plasticizers and fatty alcohols.

8.2 Experimental Section

8.2.1 Materials

The chemical 1-octanol, 1-hexanol and 1-butanol with purity greater than 99% , was pur-
chased from Sigma-Aldrich (Oakville, Ontario, Canada). The water used was purified by
an ultra-pure water system (Millipore Ltd., Mississauga, Ontario, Canada), with resistiv-
ity of 18.2 mf). The relative humidity of the environment during the experiments was
around 80%. Four different concentrations: 0.2, 0.6, 1 , and 2.92 mM for 1-octanol, four
different concentrations: 2.0, 6.0, 10.0, and 25.0 mM for 1-hexanol and four different con-
centrations: 20, 40, 100, and 400 mM for 1-butanol were prepared. They were used in
preparation of both the sample drop solution (Cgy.p) and the environment solution (Cep,).
The sample with the highest concentration was prepared as the stock solution, and the
lower concentration samples were made by diluting this stock solution.
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Figure 8.1: Schematic of the environment chamber: (a) front view and (b) side view.

8.2.2 Surface Tension Measurement

In this chapter the ADSA-P method was used for measuring the surface tension of 1-
octanol, 1-hexanol and 1-butanol aqueous solutions in different pressures of carbon dioxide.
The theoretical, numerical and experimental procedures for surface tension measurements
using this method were explained in chapter 3-7. Figure 3.1B shows the experimental set-
up of ADSA-P used in this work. For surface tension measurements at high carbon dioxide
pressure a new environment chamber was designed and fabricated. The new environment
chamber, used to hold the pendant drop, had two sapphire windows mounted perpendicular
to the chamber axis (Figure . The inside of the chamber was cylindrical in shape, with
dimensions of 30 mm (diameter) by 25 mm (length). Two flat optical-quality sapphire
windows (Meller Optics, Inc.), sandwiched between Brass and Teflon gaskets within the
chamber, permitted illumination and viewing of the drop.

A pressure gage was attached to the chamber (Figure to measure the pressure
inside the chamber. In the case of de-pressurizing the chamber, the pressure inside the
chamber was relieved from an exhaust valve connected to the pressure gage. In order to
protect the chamber from being subjected to a pressure exceeded from the designed limit, a
pressure relief valve was connected to the chamber to open at a predetermined set pressure.
A high pressure syringe was attached to the chamber to form a pendant drop within the
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Figure 8.2: Schematic of the environment chamber: (a) front view and (b) side view.

cell.

In the experimental approach, at each combination of the prescribed concentrations of
the drop and environment solutions, the dynamic surface tension of 1-octanol, 1-hexanol

and 1-butanol aqueous solutions was measured at five different pressures of carbon dioxide
(0 psi (0Kpa),10 psi (69KPa), 20 psi (138KPa), 50 psi (345KPa) and 100psi (690KPa)).

8.3 Theoretical Framework: Kinetic Transfer Equa-
tion

8.3.1 The Gibbs Equation and the Thermodynamic of Surface
Adsorption

In Gibbs’s treatment, a column containing two bulk phases « and f is considered (Figure
in which they are separated by a surface region (AA'BB’). Gibbs realized that the
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Figure 8.3: (left)The phase column in the real system (left) and in the idealized system
(right).

actual surface region is inhomogeneous and hard to define. Thus, he considered a math-
ematical plane GG', called dividing surface, parallel to AA" and BB’ (Figure . The
two phases a and [ are separated by this dividing surface. In the actual system, the bulk
concentration of the i component in o and 3 phases are C® and CZ’-B , respectively, and
n! stands for the total number of moles of the i** component in all three regions. In the
idealized system, the chemical compositions of o and [ phases are assumed to remain

constant right up to the dividing surface.

In the real system, the total number of moles can be defined as follows:

ni=ng+n] +nf =CoV+CIV 0} (8.1)
where n{* | nf and nf are the number of moles of component " in phase o , 8 and in
the surface region of the real system, respectively. V¢ and V# are the volumes of phase o

and (3 in the real system, respectively. In the idealized system, the total number of moles
can be defined as follows:

nt =7+ 7] +nf = CHVE+ V) + CPVP+ V) 4t (8.2)

whereV'® and V'? are the volumes added to phase o and § because of the position of
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dividing plane GG’ in the idealized system. Substituting equation into equation
yield:
n? =n — CoV'e - V'8 (8.3)

Because the mathematical plane GG’ is arbitrary (theoretically for flat surfaces), it can
be so chosen that the n? for one component i would be zero. In constant temperature,
the 2-D Gibbs-Duhem relation among changes in intensive parameters at the interface can
be reduced to:

Where the surface concentration equals to the number of moles per unit area of the
surface:

n;
I; = a1 (8.5)

For three component systems, equation [8.4] can be written as:

dvy + Twdpy + Tidpy + Tadps = 0 (8.6)

where I'y, , 'y and T'y are the surface concentrations of solvent (water), solutes 1 and
2, respectively, and p,,, ;1 and ps are the chemical potentials of solvent and solutes 1 and
2, respectively. Based on the aforementioned discussion, if plane GG’ is chosen properly,
it is possible to set the number of excess molecules of the solvent (nZ ) on the surface GG’
equal to zero ( I'y, = 0), so that equation can be reduced to equation

At equilibrium, chemical potential is uniform throughout the interface, and two adjacent
bulk phases:

p = i + RTIn(fiz1) (8.8)

p = piy + RTIn( o) (8.9)

where 19 and p3 are the reference chemical potentials, f; and fo are the activity coeffi-
cients, 1 and xy are the mole fraction of the two solutes, R is the universal gas constant,
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and T is the absolute temperature. For dilute solution, the activity coefficients can be
considered as one (equation ). If the mole fractions are replaced by concentrations
(equation and [8.12)), then the Gibbs adsorption equation (equation [8.13]), which re-
lates the changes in the surface concentrations (for solute 1 and 2) to the surface tension,
will be derived:

fi=fo=1 (8.10)

o =Cy (8.11)

2y = Cy (8.12)

— dy = Ty RTd(In(Cy)) + Ty RTd(In(Cy)) (8.13)

C} and C5 are the concentrations of the solutes in the bulk liquid phases.

8.4 Modified Langmuir Adsorption Isotherm

In the derivation of the classic Langmuir isotherm, just adsorption from the liquid phase
was considered. In the previously derived modified adsorption equation, adsorption from
the liquid phase and the vapor phase was considered simultaneously [25]. As a result, the
modified Langmuir adsorption isotherm is a relation between the surface concentration
and either the concentration in the bulk liquid phase or the partial pressure of the vapor
phase. In the current system the simultaneous contribution to adsorption of two solutes
from the two sides of a vapor/liquid interface will be considered. The derivation will follow
the same rationales and level of assumptions as the classic Langmuir isotherm. The first
step in the derivation is to write expressions for the rates of adsorption and desorption to
and from either side of the vapor/liquid interface [75]:

I'o
ra1 = kg1 Pr(Sm1 — 51 — SQF_;) (8.14)
l l Fool
Ta1 = kg C1(Sm1 — S1 — 52F—2) (8.15)
g g Foo2
Ty = ko Pa(Sma — Sa — Slr_l) (8.16)
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roy = kiaCo(Sma — B2 — 51&) (8.17)

Lot
rd = k95 (8.18)
rh = k4, 51 (8.19)
rd, = k9,5, (8.20)
rhy = Kkl Sy (8.21)

where r?,, 79,7, and 1} are the rates of adsorption and desorption for species 1 from
the vapor (g) and liquid (1) phase, respectively. 77, 1%, rl, and r}, are the rates of ad-
sorption and desorption for species 2 from the vapor (g) and liquid (1) phase, respectively.
k9, k9, k!, and kY, are the kinetic rate constants of adsorption and desorption for species
1 from the vapor phase(g) and liquid phase (1), respectively. k%, k%,, kL, and k!, are the
kinetic rate constants of adsorption and desorption for species 2 from the vapor phase(g)
and liquid phase (1), respectively. P, and P, are the partial pressures of species 1 and
2, respectively. C and Cy are the concentrations of species 1 and 2 in the liquid phase,
respectively. S,,1 and S,,2 are the total number of adsorption sites per unit area of the in-
terface if surface is occupied only by species 1 or 2, respectively. S; and S, are the number
of occupied adsorption sites per unit area of the surface by species land 2, respectively.
['so1 and I'yp are the maximum surface concentrations of species 1 and 2, respectively. The
model follows Langmuir kinetics where the rates of adsorption minus the rates of desorp-
tion is equal to the change of surface concentration over time. Equations [8.22] and

show these relations for species 1 and 2, respectively:

dl’
d_tl = (Tgl + 7"21) - (7"21 + 7"511) (8.22)
dly
I = (riy + 7’22) - (rgQ + 7’£Z2) (8.23)

For the steady-state condition, the change in surface concentrations versus time should
be equal to zero:

dly  dly
@12 8.24
dt — dt (8.24)
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For this condition, equation can be achieved for species 1 if equations , ,
and substitute into equation [8.22}

lw lw
k9 P (S — Sy — Szr—l) + kL C( Sy — Sy — szr—l) = k9.8 + kY S, (8.25)
002 002

Relations [8.26| can be applied if we consider that the number of occupied sites at the
surface is proportional to surface concentration:

51 XX Fl, 52 X Fg, Sml XX Fool> Smg (0.8 FOOQ (826)

Equation [8.27| can be derived if relations [8.26| are applied into equation |8.25¢

Fl FQ Fl FQ F1
ELP(1— — — =)+ k011 — — — =) = (K}, + k}) =— 8.27
a1 = == ) Fha Gl = 5= = =) = (ko + Fa) 7 (8.27)
After rearranging equation equation [8.28| can be achieved:
g l g l e g F

In a similar way, equation [8.29 can be derived if the net rate of adsorption and desorp-
tion for the second species equate to zero:

I

(k3o P + koaCa) = (K3 Po + kguCo + Ky + kd2>r + (kg P + ka202) (829)
002 ool
. . I Iy

Solving equations [8.28 and [8.29| for T and T yields the following results for the

ool 002

new modified adsorption isotherms:

Iy _ K\ P, + K>Cf (8.30)

i 1+ KP+ KO+ K3 P+ Ky Oy

I 14+ KPP+ KOy + KsPy + K4Cy .

where K; and K, are the equilibrium constants for adsorption from the gas phase
and liquid phase of species 1, respectively. K3 and K, are the equilibrium constants for
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adsorption from the gas phase and liquid phase of species 2, respectively. The equilib-
rium constants represent the contribution to adsorption from each side of a vapor/liquid
interface:

K, = /{:glkTglk‘fﬂ (8.32)
Ky = kgléé}kgl (8.33)
Ks = %kTékéQ (8.34)
ng%%- (8.35)

8.4.1 Modified Frumkin Equation

Equation |8.36|can be derived if equations and substitute into the Gibbs adsorption
equation (equation 8.13)):

K\ P + KyCy
1—|—K1P1 +K201 +K3P2—|—K4CQ

—dy=Tu, RTd(InCy)+

K3P2 + K4CQ
2 LK P+ KoCy + KaPy + K4Co

r RTd(InCy) (8.36)
For integrating purposes, the partial pressures P, and P, can be related to the con-

centrations of species 1 and 2 in the liquid bulk phases C; and C5 through Henry’s law
(Pl = H101 and P2 = HQCQ)I

K P +K;P1

; ; RTd(InPy)+
1+ K\ P+ K, Py + K4Cy + K4Cy (inFy)

_d’)/ - F<><>1

KéCg + K4CQ

|IFSS ; ;
1+ K\ Py + K,Py + KyCy + K,Cy

RTd(InCy) (8.37)
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Where K, = Ky/H, and K; = K3/H, . The new modified kinetic transfer equation
(equation can be derived if the first expression in the right hand side of equation m
is integrated from P; = 0 to P; and the second expression is integrated from Cy = 0 to Cs.
The expression in the left hand side is integrated from ~,, (pure water surface tension) to
7 (surface tension at specific condition of P,T,C; and Cy):

1+ K;Co + K4Co )] N

— Y = RT |T'sc1ln : ;
7 7 |: ! (1+K1P1+K2P1+K302+K402

1—|—K1P1+Kép1 )1

RT Foo In 7 7
[ 2 (1+K1P1+K2P1+K302+K402

(8.38)

Using the new modified adsorption isotherms (equations and , equation [8.38]
can be simplified as the modified Frumkin equation (equation [8.39):

r r
v ="w + RT [Foolln (1 — F—l) + Tooaln (1 — —2)} (8.39)

ool Fc>02

The second term in the right hand side of equation |8.39| represents the effect of adsorp-
tion of first species (i.e., carbon dioxide) on the steady-state surface tension (), and the
third term represents the effect of adsorption of the second species (i.e., 1-hexanol) on the
steady-state surface tension.

8.4.2 Modified Langmuir Equation of State

Since the source of the surfactant vapor pressure inside the chamber is the environment
solution, the partial pressure of the surfactant in the vapor phase (P,) can be related to the
concentration of the environment solution (Cepye) through Henry’s law. For more clarity
the concentration of surfactant in the liquid bulk phase (Cs) can be replaced by Coropa. It
should be noted that the Henry’s law constant has been incorporated into Ky and K3 so
the units of the equilibrium constants for each species are uniform. In this case, equation

can be simplified as the modified Langmuir equation of state (equation [8.40] ):

1 Koenfu KOT’O
7:%,JFRT{szn( + B5Cenva + NaCarope >}+

1+ K P+ Ko Py + K3Cepe + KyClorop2

(8.40)

1+ K P+ Ko P
RT{Foogln< il G B 2 )}

1+ Klpl + K2P1 + K3Cenv2 + K4Cdrop2
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The modified Langmuir equation of state (equation can be applied for mod-
elling the experimental data of the steady-state surface tension when the effect of ad-
sorption/desorption of two species from/to the both sides of an interface is considered
simultaneously. Equation can be simplified to equation if carbon dioxide pres-
sure would be zero. Equation [8.41| was applied in chapter 7 for modelling the steady-state
surface tension of 1-octanol, 1-hexanol and 1-butanol aqueous solutions.

Y =Y — RTTy2ln (1 + K3Cenpo + K4Cdmp2) (841)

Equation can be simplified to equation [8.42]if the surfactant concentrations in the
environment solution and in the drop solution would be zero (Cepy = Cyrop = 0).

Y= — RTToa1ln (1 + K, P) (8.42)

where K, = K; + K5 . In section 8.5.1, equation [8.42] is applied for modelling the
steady-state surface tension data of water/carbon dioxide system. Two fitting parameters
including I'yo; and K, are evaluated by minimization residual sum of squares between the
experimental data and theoretical prediction of the steady-state surface tension of wa-
ter/carbon dioxide system. In chapter 7 the three groups of fitting parameters including
w2, K3 and K4 were evaluated from modelling the steady-state surface tension data of
l-octanol, 1-hexanol and 1-butanol aqueous solutions (at different temperatures) using
equation . In section 8.5.1, the two groups of fitting parameters ( Iy , Koy [oca K3
and K, ) evaluated from minimizing the residual sum of squares between the theoreti-
cal predictions and experimental data of the two systems (water-CO, and surfactant in
aqueous solutions) substitute in equation m The significance of fit of the theoretical
prediction (from equation to the experimental data of a the surfactant aqueous solu-
tions surrounded by carbon dioxide is evaluated through the analysis of variance (ANOVA
table).

The theoretical prediction of the dynamic surface concentrations can be achieved if

equations and are simplified based on equations [8.14} [8.21] and [8.32] - [8.35}

dl'l KQ K2 1
W = kglFool <P1 + Ecdropl) - kglrl (P1 + E(Jdmpl + E) —
s K.
k21r2r—; (Pl + ?jcdropl) (843)
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dFQ K4 K4 1
W = kZQFOOQ (OenUQ + Ecdrozﬂ) - ngFQ (CenUQ + ECdTOPQ + E) —
' K
k221—‘1r_j <Cenv2 + ?;lcdrop2> (844)

If the concentration of species 1 (carbon dioxide) in the liquid phase (Cyyop1) is related
to the partial pressure of species 1 (P;) through Henry’s law (P; = H1Cyp1), the equation
8.43] can be simplified as equation [8.45}

dr'1 K, I
=k Ky Pl — KTy | KP4 =2 ) — k9, K, P Tyt (8.45)
dt Ka FooZ

K
where K, = 1 + FZ . It should be noted that the Henry’s law constant has been

incorporated into Ky SOl the units of the equilibrium constants are uniform. Equations
B.44] and are first order ordinary differential equations and can be solved to give the
surface concentrations of the two species as a function of time. A theoretical prediction of
dynamic surface tension can be achieved from the modified Frumkin equation [8.39/and the
two solutions for I'; and I'y calculated from equations and [8.45 Using a minimization
procedure, fitting parameters including the adsorption rate constants from the vapor phase
for two species (k?, k%,) and constant K}, can be evaluated by minimizing the residual sum
of squares between the model prediction (using equations [8.39] [8.44] and [8.45)) and the
experimental data of the dynamic surface tension.

8.5 Results and Discussion

Using the outlined experimental procedure, the dynamic and steady-state surface tension
of 1-octanol,1-hexanol and 1-butanol aqueous solutions were measured at 25°C and at
five different pressures of carbon dioxide and four different concentrations of the drop and
environment solutions. Each experiment repeated three times to ensure that the results
are reproducible. The reproducibility test of the surface tension values showed that the
results were reproducible with the 95% confidence intervals less than 0.2 mN/m. A total of
80 profiles were collected for each chemical and divided into four different categories based
on the concentrations of the environment solution. The concentrations of the environment
solution for 1-octanol were: 0.2 mM (Figure [8.4)), 0.6 mM (Figure[8.5), 1 mM (Figure
and 2.92 mM (Figure [8.7)). The concentrations of the environment solution for 1-hexanol
were: 1mM (Figure B.8), 6mM (Figure .9), 10mM (Figure 8.10] ) and 25mM (Figure
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8.11). The concentrations of the environment solution for 1-butanol were: 20 mM (Figure
8.12), 60 mM (Figure [3.13), 100 mM (Figure and 400 mM (Figure [3.17)). In profiles
of Figures R.48.15 the dynamic surface tension initially increases if the concentration
of the environment solution is less than that of the drop solution, eventually reaching
a plateau value. The dynamic surface tension initially decreases if the concentration of
the environment solution is greater than that of the drop solution. The surface tension
essentially remains constant when the concentration of the drop solution is as same as
the concentration of the environment solution. In Figures the reduction of the
steady-state surface tension can be observed when pressure increases from 0 to 690 KPa.
Furthermore, in Figures the time required to reach to the steady-state surface
tension increases if the pressure is increased. For instance for 1-hexanol aqueous solution,
when the concentration of the environment solution is 6mM and concentration of the drop
solution is 25mM (Figure 8.9D), the time required to reach to the steady-state surface
tension is 7000 second when the carbon dioxide pressure is 690 KPa, while it is 3000
second at 0 KPa of carbon dioxide pressure.

8.5.1 Steady-State Surface Tension

In chapter 7 three groups of fitting parameters ( w2, K3, andK, ) were evaluated from
modelling the steady-state surface tension data of 1-octanol, 1-hexanol and 1-butanol aque-
ous solutions using equation [8.41, Equation was applied for correlating the steady-
state surface tension of water surrounded by carbon dioxide. Two fitting parameters (I'oo;
and K,) were evaluated by minimization residual sum of squares between the experimen-
tal data and theoretical prediction of the steady-state surface tension. The theoretical
prediction from equation and the experimental data of the steady-state surface ten-
sion of water in the presence of carbon dioxide at different pressure of carbon dioxide and
at 25°C are illustrated in Figure [8.16, Table shows the fitting parameters obtained
from fitting equaton to the steady-state surface tension data for water surrounded
by carbon dioxide at 25°C . Table shows the ANOVA table and the F test for the
experimental and modeling results of the steady-state surface tension of water at different
pressures of carbon dioxide. The large F,pserveq Value compare to the tabulated value of
F shows the significance of the model and goodness of fit. Table [8.3] shows the fitting
parameters obtained from minimization procedures for 1-octanol, 1-hexanol and 1-butanol
aqueous solutions at 25°C (obtained from chapter 7).
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Figure 8.4: Effect of pressure on the surface tension of 1-octanol aqueous solution [Con-
centration of the environment solution (Cl,,) is 0.2 mM in all experiments, and A: Con-
centration of the drop solutions (Cgrep) is 0.2 mM, B: Cy,0,=0.6 mM, C: Cypop=1 mM and
D: Cyrop=2.92 mM. Each graph represents a different pressures : 0 KPa (pink diamond),
69 KPa, (green square), 138 KPa (red triangle), 345 KPa (black circle), 690 KPa (blue
triangle). Solid lines represent theoretical predictions from the dynamic modelling.

Table 8.1: ANOVA table and the F test for experimental and modeling results of the
steady-state surface tension of water at different pressure of carbon dioxide based on the
Langmuir equation (equation [8.42))

Source Sum of Square | Degree of Freedom | Mean Square
Regression | SSR=11.8 p-1=2-1=1 MSR=11.8 Fopservea =MSR/MSE
=898
Error SSE=0.0394 n-p=5-2=3 MSE=0.0131 R?*=1-SSE/SST=
0.997
Total SST=11.7 n-1=5-1=4 Ftabulated =10.13 Fobser'ued > Ftabulated
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Figure 8.5: Effect of pressure on the surface tension of 1-octanol aqueous solution [Con-
centration of the environment solution (Cl,,) is 0.6 mM in all experiments, and A: Con-
centration of the drop solutions (Cgyep) is 0.2 mM, B: Cy0,=0.6 mM, C: Cypop=1 mM and
D: Curop=2.92 mM. Each graph represents a different pressures : 0 KPa (pink diamond),
69 KPa, (green square), 138 KPa (red triangle), 345 KPa (black circle), 690 KPa (blue
triangle). Solid lines represent theoretical predictions from the dynamic modelling.

Table 8.2: The equilibrium constant for carbon dioxide adsorption (K, = K; + K3) and
the maximum surface concentration for carbon dioxide (I'w1) obtained from fitting the
experimental data to the modified Langmuir equations of state (equations [8.42]).

K, x10° | Toy x 10°
m3/mol | mol/m?
3.31 7.56
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Figure 8.6: Effect of pressure on the surface tension of 1-octanol aqueous solution [Con-
centration of the environment solution (Ce,,) is 1 mM in all experiments, and A: Concen-
tration of the drop solutions (Cgrep) is 0.2 mM, B: Cgrpp=0.6 mM, C: Cypp=1 mM and
D: Curop=2.92 mM. Each graph represents a different pressures : 0 KPa (pink diamond),
69 KPa, (green square), 138 KPa (red triangle), 345 KPa (black circle), 690 KPa (blue
triangle). Solid lines represent theoretical predictions from the dynamic modelling.
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Figure 8.7: Effect of pressure on the surface tension of 1-octanol aqueous solution [Con-
centration of the environment solution (C,,) is 2.92 mM in all experiments, and A: Con-
centration of the drop solutions (Cgyep) is 0.2 mM, B: Cy,0,=0.6 mM, C: Cypop=1 mM and
D: Cyrop=2.92 mM. Each graph represents a different pressures : 0 KPa (pink diamond),
69 KPa, (green square), 138 KPa (red triangle), 345 KPa (black circle), 690 KPa (blue
triangle). Solid lines represent theoretical predictions from the dynamic modelling.
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Figure 8.8: Effect of pressure on the surface tension of 1-hexanol aqueous solution [Concen-
tration of the environment solution (Ce,,) is 1 mM in all experiments, and A: Concentration
of the drop solutions (Cyep) is 1 mM, B: Cgpp=6 mM, C: Cyp0p=10 mM and D: Cgy0,=25
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lines represent theoretical predictions from the dynamic modelling.

124



Surface Tension (mN/m)

54

6

48

R

e, A e

e Lo
Ey

I L L i I L L
0 1000 2000 3000 4000 £000 G000 7000

L L I hd} L L I
0 1000 2000 3000 4000 £000 G000 7000 8000

L I L L L I
0 1000 2000 3000 4000 &000 B000 B000

a0t .
0 000

L L 1 L L L
2000 3000 4000 5000 6000 7000 8000

Time(S)

Figure 8.9: Effect of pressure on the surface tension of 1-hexanol aqueous solution [Concen-
tration of the environment solution (Ce,,) is 6 mM in all experiments, and A: Concentration
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lines represent theoretical predictions from the dynamic modelling.
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Figure 8.10: Effect of pressure on the surface tension of 1-hexanol aqueous solution [Con-
centration of the environment solution (Cl,,) is 10 mM in all experiments, and A: Con-
centration of the drop solutions (Cyrep) is 1 mM, B: Cyppp=6 mM, C: Cyp=10 mM and
D: Curop=25 mM. Each graph represents a different pressures : 0 KPa (pink diamond),
69 KPa, (green square), 138 KPa (red triangle), 345 KPa (black circle), 690 KPa (blue
triangle). Solid lines represent theoretical predictions from the dynamic modelling.
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Figure 8.11: Effect of pressure on the surface tension of 1-hexanol aqueous solution [Con-
centration of the environment solution (Cl,,) is 25 mM in all experiments, and A: Con-
centration of the drop solutions (Cyrep) is 1 mM, B: Cyppp=6 mM, C: Cyp=10 mM and
D: Curop=25 mM. Each graph represents a different pressures : 0 KPa (pink diamond),
69 KPa, (green square), 138 KPa (red triangle), 345 KPa (black circle), 690 KPa (blue
triangle). Solid lines represent theoretical predictions from the dynamic modelling.
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Figure 8.12: Effect of pressure on the surface tension of 1-butanol aqueous solution [Con-
centration of the environment solution (C.,, ) is 20 mM in all experiments, and A: Concen-
tration of the drop solutions (Cyep) is 20 mM, B: Cy0,=60 mM, C: Cgp,p=100 mM and
D:Crop=400 mM. Each graph represents a different pressures : 0 KPa (pink diamond),
69 KPa, (green square), 138 KPa (red triangle), 345 KPa (black circle), 690 KPa (blue
triangle). Solid lines represent theoretical predictions from the dynamic modelling.
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Figure 8.13: Effect of pressure on the surface tension of 1-butanol aqueous solution [Con-
centration of the environment solution (C.,, ) is 20 mM in all experiments, and A: Concen-
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triangle). Solid lines represent theoretical predictions from the dynamic modelling.
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Figure 8.14: Effect of pressure on the surface tension of 1-butanol aqueous solution [Con-
centration of the environment solution (C.,, ) is 20 mM in all experiments, and A: Concen-
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130



! ! ! L L L L L I =% L L L 1 ! ! ! ! I
1000 2000 3000 4000 5000 GOOO 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
47 T T T T T T T T T 33 T T T T T T T T T
H 3795 “
3 o o ? '::oeé e o cop . LS
1 379l AL Y. Botthy AL e sl Bl

2 e

Surface tension (mN/m)

R . £ Fooegi] -
g L A T g
B P 7 o

4 378 T =

1 1 1 L 1 1 1 1 1 3?5 1 1 1 1 L L L L 1
] 1000 2000 3000 4000 5000 BOO0  7OOO 8000 8000 10000 a 1000 2000 3000 4000 5000 6000 7000 BOO0 9000 10000

Time (S)

Figure 8.15: Effect of pressure on the surface tension of 1-butanol aqueous solution [Con-
centration of the environment solution (C.,, ) is 20 mM in all experiments, and A: Concen-
tration of the drop solutions (Cyep) is 20 mM, B: Cy0,=60 mM, C: Cgp,p=100 mM and
D:Crop=400 mM. Each graph represents a different pressures : 0 KPa (pink diamond),
69 KPa, (green square), 138 KPa (red triangle), 345 KPa (black circle), 690 KPa (blue
triangle). Solid lines represent theoretical predictions from the dynamic modelling.
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Table 8.3: The equilibrium constant for adsorption from the vapor phase (K3) and from
the liquid phase (K4) and the maximum surface concentration (I'y2) obtained from fitting
the steady-state surface tension of l-octanol, 1-hexanol and 1-butanol to the modified
Langmuir equation of state (equation .

K3 K, [ooo X 10°
m3/mol | m3/mol | mol/m?
l-octanol | 1.73 0.096 7.63
1-hexanol | 0.319 0.013 6.24
1-butanol | 0.19 0.0011 3.18

A theoretical prediction for the steady-state surface tension of 1-octanol, 1-hexaol and
1-butanol aqueous solutions surrounded by carbon dioxide was achieved when the fitting
parameters ( o1, Ky, T2, K3 and K3) evaluated from two minimizing procedures of the
two systems (water surrounded by carbon dioxide and surfactant aqueous solutions) sub-
stituted in equation [8.40

In statistics, one of the best tools to identify if the model is fitted to the experimental
results is the F' test. The ANOVA table and the F test for the steady-state modelling of 1-
octanol, 1-hexanol and 1-butanol are illustrated in Tables[8.4] [8.5]and [8.6] respectively. The
definition of parameters introduced in Tables was described in chapter 7. The large
Fopserveq compare to the tabulated value shows the overall regression for all three systems
is significant. The results in Tables [8.448.6| support the idea that the equilibrium constant
for adsorption a species from each side of an interface is not dependent to the other species
involved in the adsorption. Tables show that the equilibrium constants obtained
based on fitting equations or to the experimental data of the steady-state surface
tension (when adsorption of just one species is involved) can be applied for fitting equation
to the experimental data of the steady-state surface tension of the surfactant aqueous
solutions surrounded by carbon dioxide (when simultaneous adsorption of two species is
involved). These results show that, at a constant temperature, the equilibrium constants
and maximum surface concentration for a species are always constant regardless of the
number of species involved in the adsorption process.

The equilibrium constants are often used to describe the tendency of surfactant molecules
to adsorb at the interface and reduce the surface tension ([23]). The values obtained for the
equilibrium constants (Table show that at the final steady-state condition the equi-
librium constant for 1-octanol, 1-hexanol and 1-butanol adsorption from the vapor phase
(K3) is much greater than that from the liquid phase (K}). From equation 13-16 it implies
that adsorption rate constant from the vapor phase is much greater than that from the
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Table 8.4: ANOVA table for the steady-state modelling of 1-octanol data based on Lang-

muir equation (equation |8.40))

Source Sum of Square | Degree of Freedom | Mean Square
Regression | SSR=7579.90 | p-1=5-1=4 MSR=1895.0 Fopservea =MSR/MSE
=130987
Error SSE=1.09 n-p=80-5=T75 MSE=0.014 R*=1-SSE/SST=
0.9998
Total SST=7595.08 | n-1=80-1=79 Fiavutated = 2.53 | Fopserved => Frabuiated

Table 8.5: ANOVA table for the steady-state modelling of 1-hexanol data based on Lang-

muir equation (equation |8.40))

Source Sum of Square | Degree of Freedom | Mean Square

Regression | SSR=7870 p-1=5-1=4 MSR=1967.5 Fopservea =MSR/MSE
=1970000

Error SSE=0.083 n-p=80-5=T75 MSE=0.001 R%*=1-SSE/SST=
0.9999

Total SST=7870 n-1=80-1=79 Ftabulated =2.53 Fobserved > Eabulated

Table 8.6: ANOVA table for the steady-state modelling of 1-butanol data based on Lang-

muir equation (equation [8.40)

Source Sum of Square | Degree of Freedom | Mean Square

Regression | SSR=4744.2 p-1=5-1=4 MSR=1186.1 Fopservea =MSR/MSE
=401685

Error SSE=0.2 n-p=80-5=T75 MSE=0.003 R?*=1-SSE/SST=
0.9999

Total SST=4757.0 n-1=80-1=79 Fiavutated = 2.53 | Fovserved => Flabuiated
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liquid phase (k¢>>k.). The values presented in Tables and also show that the con-
tribution to adsorption for 1-octanol, 1-hexanol and 1-butanol is much greater than that
for carbon dioxide (K3 >K, and K; >K,). This may be due to the amphiphilic behavior
of 1-octanol, 1-hexanol and 1-butanol molecules. Both hydrophobicity and hydrophilicty
characters of these amphiphiles can be satisfied when they adsorb at the interface.

The experimental data for the steady-state surface tension of these surfactant aqueous
solutions surrounded by carbon dioxide (obtained from Figures showed a decrease
with carbon dioxide pressure (Figure[8.178.19). A linear relation was observed between the
steady-state surface tension and carbon dioxide surrounding pressure. Thus, the following
linear regression model fitted to the experimental data of the steady-state surface tension
at different concentrations of drop and environment solution and different pressures of
carbon dioxide.

y=r1P+ry (8.46)

In this equation ~ represents the steady-state surface tension. P is carbon dioxide
pressure in KPa, and 7, and r; are two constants. The values of Cepy, Carep, 71, T2 and
the coefficient of determination (R?) related to each regression model for 1-octanol, 1-
hexanol and 1-butanol are illustrated in Tables [8.7], and [8.9] respectively. The values
of the coefficients of determination show that the linear regression is a good candidate for
investigating the effect of carbon dioxide pressure on the steady-state surface tension of

1-octanol, 1-hexanol and 1-butanol aqueous solutions at pressure ranging from 0 KPa to
690 KPa.

The values presented in Figures and Tables show that the depen-
dency of the steady-state surface tension on carbon dioxide pressure (slope of the lines)

decreases as the concentration of 1-octanol, 1-hexanol and 1-butanol in the environment
solution is increased. It shows that the effect of carbon dioxide pressure on the steady-
state surface tension of these aqueous solutions is almost negligible at high concentration
of these surfactants in the environment solutions. This behavior is probably due to the
higher tendency of adsorption for surfactants than that for carbon dioxide (especially at
high concentration of surfactants in the vapour phase). The higher tendency for adsorption
of surfactants than carbon dioxide can be observed by the higher values of equilibrium con-
stants for surfactants adsorption (especially from the vapour phase) than that for carbon
dioxide adsorption (K3 > K,).
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Table 8.7: Concentration of the environment solution (C,,), concentration of the drop
solution (Cgrep), slope (r1), Surface tension intercept (r3), and the coefficient of determi-
nation (R?) of a linear regression model (equation [8.46)) fitted to the steady-state surface
tension of 1-octanol at different pressures of carbon dioxide (Figures[8.17])

Ceno(mM) | Carop(mM) | ri(mN/mK Pa) | ro(mN/m) | R?

0.2 0.2 -0.0044 66.30 0.99
0.2 0.6 -0.0042 65.75 0.99
0.2 1.0 -0.0042 65.27 0.99
0.2 2.92 -0.0036 63.00 0.99
0.6 0.2 -0.0028 58.57 0.97
0.6 0.6 -0.0028 28.17 0.99
0.6 1.0 -0.0026 57.84 0.99
0.6 2.92 -0.0023 56.26 0.99
1.0 0.2 -0.0019 53.09 0.99
1.0 0.6 -0.0018 52.78 0.99
1.0 1.0 -0.0018 52.53 0.99
1.0 2.92 -0.0016 51.32 0.99
2.92 0.2 -0.0006 38.12 0.98
2.92 0.6 -0.0005 37.97 0.98
2.92 1.0 -0.0005 37.85 0.99
2.92 2.92 -0.0004 37.30 0.97

It also can be observed that the slopes of the lines are almost independent to the drop
concentration of 1-octanol, 1-hexanol and 1-butanol solutions. These results support our
previous finding that the effect of adsorption from vapour phase is more important than
liquid phase for a group of short carbon chain alcohols [25, [59] 60], 61, [72).

8.5.2 Dynamic Surface Tension

A theoretical prediction of dynamic surface tension was achieved from the modified Frumkin
equation (equation and the two solutions for I'; and I'y calculated from equations
and Using a minimization procedure, fitting parameters including kinetic rate
constant for adsorption from the vapor phase for species 1 and species 2 (k?; and kY, ) and
constant K were evaluated by minimizing the residual sum of squares between the model
predictions and the experimental data of the dynamic surface tension. For each chemical,
80 fitting procedures were performed at four concentrations of the environment solution,
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Table 8.8: Concentration of the environment solution (C,,), concentration of the drop
solution (Cgrep), slope (r1), Surface tension intercept (r3), and the coefficient of determi-
nation (R?) of a linear regression model (equation [8.46)) fitted to the steady-state surface
tension of 1-hexanol at different pressures of carbon dioxide (Figures

Ceno(mM) | Carop(mM) | ry(mN/mK Pa) | ro(mN/m) | R?
2 2 -0.0045 67.8 1
2 ) -0.0043 67.0 1
2 9 -0.0041 66.5 1
2 30 -0.0035 64.5 1
d 2 -0.0018 55.6 1
D D -0.0017 55.3 1
D 9 -0.0017 55.0 1
D 30 -0.0016 54.0 1
9 2 -0.0011 50.0 1
9 5) -0.0011 49.8 1
9 9 -0.0010 49.6 1
9 30 -0.0010 48.9 1
30 2 -0.0002 38.3 1
30 D -0.0002 38.1 1
30 9 -0.0002 38.1 1
30 30 -0.0002 37.7 1
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Table 8.9: Concentration of the environment solution (C,,), concentration of the drop
solution (Cgrep), slope (r1), Surface tension intercept (r3), and the coefficient of determi-
nation (R?) of a linear regression model (equation [8.46)) fitted to the steady-state surface
tension of 1-butanol at different pressures of carbon dioxide (Figures

Ceno(mM) | Carop(mM) | ri(mN/mK Pa) | ro(mN/m) | R?
20 20 -0.0011 59.73 1

20 60 -0.0013 59.69 1

20 100 -0.0011 59.59 1

20 400 -0.0010 59.08 0.98
60 20 -0.0003 22.27 0.93
60 60 -0.0003 52.26 0.99
60 100 -0.0003 52.21 0.99
60 400 -0.0002 52.00 0.88
100 20 -0.00007 48.53 0.96
100 60 -0.00009 48.52 0.92
100 100 -0.0001 48.5 0.99
100 400 -0.00009 48.35 0.80
400 20 -0.0001 37.92 0.99
400 60 -0.0001 37.92 1
400 100 -0.00007 3791 0.91
400 400 -0.0001 37.90 0.92
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Table 8.10: 95% confidence intervals for k%,, k%,, k. k', K;, K; and K, obtained from

al>y a2y ™alyr Va2
fitting the experimental data of 1-octanol surface tension to the kinetic transfer equation

(equation [8.39)) at pressure ranging from 0 KPa to 690 KPa.

P ka1 kas k}lu kllzz Ky K Ky
KPa | m3/mol.s m3 /mol.s m3 /mol.s m3 /mol.s 1/KPa| 1/K Pa
0 9.15 x 10784 [ 2.93 x 1073 & | 3.27x 10719+ | 1.63 x 107* £ | 1.004| 3.30 x | 1.30 x
2.36 x 1078 7.86 x 107* 8.42 x 10~ 4.36 x 107° 107° 1077
68.93 | 6.45 x 1078 4 | 2.02 x 1073 & | 2.30x 107194 | 1.12 x 107 £ | 1.004| 3.30 x | 1.30 x
1.61 x 1078 5.32 x 1074 5.75 x 10711 2.95 x 107° 107° 1077
137.86) 4.54 x 107° £ | 1.39 x 1073 & [ 1.62x 107104 | 7.74 x 107° & | 1.004| 3.30 x | 1.30 x
9.40 x 107 3.19 x 1074 3.35 x 10711 1.77 x 107° 107° 1077
344.65] 2.42 x 1078 4 | 7.07 x 1074 & | 8.63x 10711 & | 3.92 x 107> £ | 1.004| 3.30 x | 1.30 x
4.25 x 1079 1.48 x 10~* 1.52 x 1071 8.23 x 1076 107° 1077
689.3 | 1.66 x 1078 4 | 5.33 x 1074 & | 5.93x 10711 & | 2.96 x 107> £ | 1.004| 3.30 x | 1.30 x
3.23 x 1077 1.80 x 1074 1.15 x 1071 1.00 x 107° 107° 1077

four concentrations of the drop solution and five pressures of carbon dioxide. The theo-
retical prediction from the kinetic transfer equation (equation is plotted along with
the experimental data in Figures [B.15] For all profiles, the kinetic transfer equation
fits the experimental data very well. At each pressure, the three fitting parameters (k9
and k7, , and K ) along with k!,, k!, (calculated from equation 8.35), K; and K,
(calculated from equations and are tabulated in Tables for 1-octanol,

1-hexanol and 1-butanol aqueous solution surrounded by carbon dioxide.

Kaq

K ==
1 K,

(8.47)

KQ - Ka - Kl (848)

The results show that the equilibrium constants for carbon dioxide adsorption from
both sides of a vapor/liquid interface (K; and K, ) similar to equilibrium constants for
l-octanol, 1-hexanol and 1-butanol adsorption from both sides of a vapor/liquid interface
(K3 and K, presented in tables do not change with carbon dioxide pressure.

The limitation of this type of model is the variation in the fitting parameters (Tables
8.1048.12 ). An obvious limitation is that material properties and their corresponding
constants or fitting parameters are varying with time. Thus, these parameters may have
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Table 8.11: 95%

confidence intervals for k7

g l
al» ka27 k

kl

al’ Va2

K, K; and K, obtained from

fitting the experimental data of 1-hexanol surface tension to the kinetic transfer equation
(equation [8.39)) at pressure ranging from 0 KPa to 690 KPa.

P ka1 ks kél k(lﬁ Ky Ky Ky
KPa | m?/mol.s m3 /mol.s m3 /mol.s m3 /mol.s 1/KPa| 1/K Pa
0 1.22x 10774+ | 825 x 1074+ | 4.37x 10719+ [ 3.36 x 107° £ | 1.004| 3.30 x | 1.30 x
411 x 1078 473 x 1074 147 x 10719 1 1.93 x 107° 1075 1077
68.93 | 6.08 x 1078+ | 290 x 107* + | 2.17x 107194+ | 1.18 x 107° £ | 1.004| 3.30 x | 1.30 x
9.40 x 107? 5.97 x 107° 3.36 x 107'* | 243 x 1076 107° 1077
137.86) 4.67 x 1078+ | 233 x 1072 £ | 1.67x 10710+ | 9.48 x 107% £ | 1.004| 3.30 x | 1.30 x
7.79 x 1079 7.11 x 107° 2.78 x 1071 1 2.90 x 1076 107° 1077
344.65 3.32 x 1078+ [ 1.56 x 1074+ | 1.18 x 1070+ | 6.34 x 1079 £ | 1.004] 3.30 x | 1.30 x
7.10 x 107? 4.66 x 107° 2.53x 107" | 1.90 x 1076 107° 1077
689.3 | 2.86 x 1078+ [ 1.30 x 107*+ | 1.02x 107+ | 5.31 x 1079 £ | 1.004] 3.30 x | 1.30 x
5.63 x 107? 3.85 x 107° 2.0l x 107" | 1.57 x 1076 107° 1077

Table 8.12: 95%

confidence intervals for k7

g l
al» ka27 k

kl

alr Va2

Ky, K1 and K, obtained from

fitting the experimental data of 1-butanol surface tension to the kinetic transfer equation
(equation [8.39)) at pressure ranging from 0 KPa to 690 KPa.

P kgl ng k(lﬂ kiﬂ Ky Ky Koy
KPa | m?/mol.s m3 /mol.s m3 /mol.s m3 /mol.s 1/KPa| 1/K Pa
0 6.98 x 1078+ [ 549 x 10°°+ [ 249x 107194+ [ 2.24 x 1075+ | 1.004] 3.30 x | 1.30 x
2.98 x 1078 1.33 x 107° 1.06 x 10710 | 5.41 x 1077 107° 1077
68.93 | 553 x 1078+ [ 527 x 1072+ [ 1.97x 1070+ | 2.15 x 1079+ | 1.004] 3.30 x | 1.30 x
2.25 x 1078 2.24 x 107° 8.03 x 107 ]9.15x 1077 1075 1077
137.86/ 3.97 x 1078+ [ 2.96 x 10 °+ | 1.42x 10710+ | 1.21 x 107+ | 1.004| 3.30 x | 1.30 x
1.67 x 1078 6.66 x 1076 5.95 x 10711 | 2.71 x 1077 107° 1077
344.65 2.49 x 10784+ [ 1.95 x 107>+ [ 8.90 x 107"+ | 7.94 x 10~7 £ | 1.004] 3.30 x | 1.30 x
1.07 x 107° 5.20 x 1076 3.80 x 1071 | 2,12 x 1077 1075 1077
689.3 | 1.72 x 10784+ [ 1.67 x 107>+ [ 6.15x 107"+ | 6.81 x 10~7 £ | 1.004] 3.30 x | 1.30 x
6.66 x 107 5.42 x 1076 2.38 x 1071 | 2.21 x 1077 1075 1077
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different values between the initial and the final stages of the experiment. Discrepancies
would occur depending on which set of data points is used in the model predictions over
the entire time range. Improvements may be made when incorporating the varying nature
of these fitting parameters.

Of course, other experimental errors or factors may also contribute to the discrepancies,
such as temperature and pressure fluctuations, the changes in surface area and volume of
drop during the experiments, the presence of impurities and loss of surfactant due to vapor
leakage that may distort the experimental results. Similar to any minimization procedure
any imperfections in the experimental results will be reflected in the value obtained for the

fitting parameters in Tables to[8.12]

Figures |8.7H8.12] also show that when the pressure is increased from 0 KPa to 689 KPa,
the slopes of the profiles decrease, and the time required reaching to the steady-state surface
tension increases dramatically. For instance for 1-hexanol, when the concentration of the
environment solution is 6mM and concentration of the drop solution is 25mM (Figure[8.9D),
the time required to reach to the steady-state surface tension is 3000 second at 0 KPa,
while it is 7000 second at 689 KPa. The time required reaching to 95% of the steady-state
surface tension (tgs) is chosen to show how fast the surface tension reaches the steady-state
value. Figures show that tg5 increases with carbon dioxide pressure for all three
systems. Thus, the time required reaching to the steady-state surface tension increases
with carbon dioxide pressure. This trend can be observed in all different concentrations
of the drop and environment solutions. This is due to the fact that the adsorption rate

constants from the vapor phase (kJ,, k%, ) and the adsorption rate constants from the liquid

phase (K., kl,) decreases with carbon dioxide pressure (Tables ). According to
Figures B:22] tg5 is zero when there is no concentration difference between drop and
environment solutions because there is no driving force for molecular exchange across the
interface. Figures also shows that tg¢5 increases when the concentration difference
between drop and environment solutions is increased. This may be due to the fact that at
higher concentration difference, a larger number of molecules should be adsorbed /desorbed
from/to the surface to reach to the steady-state condition.

8.6 Summary

This chapter reported the effect of carbon dioxide pressure on adsorption kinetics and
surface tension of 1-octanol, 1-hexanol and 1-butanol aqueous solutions. Experiments were
performed in a closed chamber where the effect of adsorption/desorption from both sides
of the liquid /vapor interface could be considered simultaneously. The experimental results
showed that the steady-state surface tension of the surfactants (1-octanol, 1-hexanol and
1-butanol) aqueous solutions surrounded by carbon dioxide decreased linearly with carbon
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Figure 8.20: tg5 versus carbon dioxide pressure for 1-octanol aqueous solutions. Concentra-
tion of the environment solution is indicated in each graph. Experiments were performed at
four different drop concentrations (Cgrop): 0.2 mM (brown circle), 0.6 mM (purple square),
1 mM (blue triangle), 2.92 mM (green diamond); Lines represent the best quadratic re-
gression model to the experimental data.
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Figure 8.21: tg5 versus carbon dioxide pressure for 1-hexanol aqueous solutions. Concentra-
tion of the environment solution is indicated in each graph. Experiments were performed
at four different drop concentrations (Cyrep): 2 mM (brown circle), 5 mM (purple square), 9
mM (blue triangle), 30 mM (green diamond); Lines represent the best quadratic regression
model to the experimental data.
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dioxide pressure. The modified Langmuir equation of state was applied to correlate the
steady-state surface tension of two systems: water surrounded by carbon dioxide and
surfactant aqueous solutions. The fitting parameters including the equilibrium constant
for carbon dioxide adsorption from the vapor and liquid phase (K,) and the maximum
surface concentration of carbon dioxide (I'w;) were evaluated in a minimization procedure
using the steady-state surface tension data of water surrounded by carbon dioxide. The
fitting parameters for surfactants aqueous solutions including the equilibrium constant for
adsorption from the vapor phase and liquid phase (K3 and K;) and the maximum surface
concentration of the surfactants (I'n2) were obtained from chapter 7. The results showed
that the theoretical prediction of the steady-state surface tension obtained from modified
Langmuir equation of state (based on the fitting parameters obtained from two systems:
water surrounded by carbon dioxide and surfactants aqueous solutions) can satisfy the
experimental results of surfactants aqueous solutions surrounded by carbon dioxide. It
was shown that equilibrium constants from vapor phase were much greater than that
from the liquid phase for carbon dioxide and three surfactants; hence the contribution to
adsorption from the vapor side is more important than that from the liquid side. The
experimental and modelling results showed that the effect of surfactant adsorption is much
greater than that of carbon dioxide adsorption in the steady-state surface tension. In the
dynamic simulation, the adsorption kinetics for 1-octanol, 1-hexanol and 1-butanol aqueous
solutions surrounded by carbon dioxide was modelled using a kinetic transfer equation. The
fitting parameters for this modelling were: The constant K, the kinetic rate constant for
adsorption of carbon dioxide from the vapor phase ( K?,) and the kinetic rate constant for
adsorption of surfactant from the vapor phase (KY, ). It was found that the adsorption rate
constants ( K7, K%,, K!, and K',) decreased with carbon dioxide pressure. Thus, the time
required to reach to the steady-state surface tension increased with carbon dioxide pressure.
Because of the measurement and experimental errors or more likely due to limitations of
the proposed model, some variations were observed in the values obtained for the fitting
parameters (KY, and K7, ). A major limitation of the model is due to large differences in
adsorption/desorption between initial and final stages of the process, and a single set of
property parameters cannot describe both initial and final states of the system. Variations
may occur depending on which set of data, of initial or final states, is used in the model
predictions over the entire time range.
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Chapter 9

The Role of Carbon Chain Length in
Adsorption Kinetics of Amphiphiles
in Aqueous Solutions

The effect of carbon chain length on adsorption kinetics and surface tension of amphiphiles
(1-octanol, 1-hexanol and 1-butanol) in aqueous solutions is studied in this chapter. The
effect of carbon chain length in adsorption parameters including the equilibrium constant
for adsorption from the vapor phase, the equilibrium constant for adsorption from the liquid
phase, the adsorption rate constant for adsorption from the vapor phase, the adsorption
rate constant for adsorption from the liquid phase and the maximum surface concentrations
is investigated. All experiments and modelling (based on equations presented in chapters
7 and 8) are repeated for four concentrations of the drop solutions, four concentrations of
the environment solutions, six temperatures and five carbon dioxide pressures.

9.1 Introduction

Amphiphiles in aqueous solution that possess a dual character (hydrophobic and hy-
drophilic) are employed in many chemical, pharmaceutical and biological applications
[0, (77, [78, 79, BO]. An amphiphile molecule that includes a hydrophilic head and a hy-
drophobic tail can easily adsorb at a liquid/vapour interface to reach to the minimum
free energy and hence the most thermodynamically stable state. Surface tension is a key
parameter for understanding the behavior of an amphiphile (or a surfactant) in many
physiological and industrial applications [81], 82, [83] 84], [85]. For example, surface tension
of pulmonary surfactant that influences alveolar capillary shape and oxygenation, plays a
vital rule in proper breathing [85]. In the foam industries, surface tension of a polymer
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foam at the polymer/bubble interface is a key parameter in the efficiency of the foaming
[86].

Effect of temperature and carbon dioxide pressure on the surface tension and adsorption
kinetics of surfactants in aqueous solutions is an important factor affecting their applica-
tions [87, 88,89, [72]. In chapter 7 and 8, we showed that temperature and carbon dioxide
pressure have significant effect on the dynamic and steady-state surface tension of am-
phiphiles in aqueous solution. We showed that the equilibrium and kinetic rate constants
could be affected by temperature and carbon dioxide pressures.

Carbon chain length of many chemicals in aqueous solutions can alter their surface
behavior and hence their applications. Basketter et al. found a biphasic relationship
between the skin sensitization potential and the bromoalkane carbon chain length [90].
It was also found that the toxicokinetics of perfluorocarboxylic acids was changed with
carbon chain length [91]. M. F. Cox observed that the surface activity, viscosity, foaming
and detergency abilities in a series of linear alcohol ether sulphates could be affected by
changing the alkyl carbon chain length and ethylene oxide content [92]. It was shown that
the thermodynamic properties including transition temperature, phase change enthalpies
and heat capacities in the solid or liquid state of n-alkanes could be varied as a function of
carbon chain length [93]. Flora et al. observed the importance of carbon chain length with
regard to the hepatic effects associated with perfluoro-n-carboxylic acids [04]. In another
research a series of individual fatty acids (caprylic, capric, lauric, myristic, palmitic, and
steric acids) and their mixtures present in vegetable oils, namely, coconut oil, ground nut
oil, olive oil, and soybean oil, were selected for esterification with methanol at different
reaction temperatures. The esterification reactivity was found to be inversely proportional
to alkyl chain length of the acid [05]. Grundke et al. found that the contact angle and
surface tension of maleimide copolymers with two different backbones, poly(propene-alt-
N-(n-alkyl)maleimides) (PAIkMI) and poly(styrene-alt-N-(n-alkyl) maleimides) (SAIkMI)
could be changed with lengths of n-alkyl side chains (methyl, ethyl, propyl, butyl, pentyl,
hexyl, octyl, and dodecyl) [96]. Hamdorf et al. realized that the surface tension and shear
stress at the surface of polystyreneis was dependant on the chain length [97]. Surface
tension studies of copper soap solution in benzene plus methanol mixture confirmed that
CMC values decrease with increase in chain length of the soap anion [9§]. Surface tension
measurements for three ternary mixtures containing alkanes (hexane + cyclohexane +
benzene, pentane + hexane + benzene and cyclohexane + heptane + toluene at 298K)
revealed that the surface tension depend ultimately upon the chain length of the component
of the mixtures [99]. Diaz et al. observed that an increase in the alkyl chain length
of tetradecyl and octadecyl trimethyl ammonium bromide decreased the critical micelle
concentration [I00]. In another research, the foaming properties and dynamic surface
tension of aqueous solutions of a series of sodium 2,4,5-trialkyl benzene sulfonates and
sodium 2,5-dialkyl benzene sulfonates were determined. It was found that with increasing
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the chain length, foam stability decreases [101].

In previous chapters, it was observed that when a volatile surfactant such as 1-octanol,
1-hexanol and 1-butanol was dissolved in water, it exerted a partial pressure in the vapor
phase and the surface tension could be affected by adsorption/desorption from both sides
of a vapour/liquid interface 72} 25 59, [60], 61} [73]. The experimental results showed that
the effect of adsorption from vapor phase is more important than that from liquid phase
especially at the final steady-state condition [72] 25 [59, [60} [61), [73]. The unique approach
and main objective of this chapter is to investigate the effect of carbon chain length on the
dynamic and steady-state surface tension of 1-octanol, 1-hexanol and 1-butanol aqueous
solutions. In addition, the effect of carbon chain length on the adsorption kinetics of these
chemicals is also studied. These chemicals have many applications in perfume, wine and
food industries [102, 103} 104]. In addition, the mixture of these chemicals and vegetable
oils are used as an alternative to diesel fuel [105].

9.2 Experimental Section

9.2.1 Materials

The chemicals 1-octanol, 1-hexanol and 1-butanol with purity greater than 99%, were
purchased from Sigma-Aldrich (Oakville, Ontario, Canada). The molecular weight, vapour
pressure, water solubility and specific gravity of these chemicals were listed in chapter
3. Four different concentrations: 0.2, 0.6, 1 and 2.92 mM were prepared for 1-octanol
aqueous solutions and four concentrations: 20, 60, 100, and 400 mM were prepared for
1-butanol aqueous solutions. For temperature experiments four concentrations: 2, 5, 9
and 30 mM were prepared for 1-hexanol aqueous solutions. For pressure experiments four
different concentrations: 1, 6, 10 and 25 mM were prepared for 1-hexanol aqueous solutions.
The sample with the highest concentration was prepared as the stock solution and lower
concentration samples were made by diluting the stock solution. The relative humidity
of the environment during the experiments was around 80%. The effect of carbon chain
length on the dynamic and steady-state surface tension of the systems was investigated at
six various temperatures (10, 15, 20, 25, 30 and 35C) and five different pressures of carbon
dioxide ( 0, 69, 138, 354 and 689 KPa)

9.2.2 Apparatus and Procedure

Dynamic surface tension, 95% confidence interval of the surface tension, surface area and
volume of the pendant drop were determined using the ADSA-P software as it was ex-
plained in chapter 3.
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9.3 Theoretical Framework

The theoretical framework followed the same rationales and level of assumptions that was
explained in chapters 7 and 8.

9.4 Results and Discussions

The dynamic and steady-state surface tension of 1-octanol, 1-hexanol and 1-butanol aque-
ous solutions were measured at six different temperatures and five different pressures of
carbon dioxide. To ensure about the reproducibility of the data, each experiment repeated
three times. The reproducibility test of the surface tension values showed that the results
were reproducible with the 95% confidence intervals less than 0.2 mN/m. For each chemi-
cal, a total of 96 profiles were collected at different temperatures and 80 profiles at different
carbon dioxide pressures. Experimental results were divided into four different categories
based on the concentrations of the environment solution. The experimental results at dif-
ferent temperatures were illustrated in chapter 7. The experimental results at different
pressures of carbon dioxide were presented in chapter 8.

9.4.1 Modelling Results

The modified Langmuir equations of state (presented in chapters 7 and 8) were applied for
correlating the steady-state surface tension of 1-octanol 1-hexanol and 1-butanol aqueous
solutions. For each chemical, the optimization routine was implemented in MATLAB, and
the fitting parameters including the maximum surface concentration ('), the equilibrium
constant for adsorption from the vapor phase and the equilibrium constant for adsorption
from the liquid phase were obtained by minimizing the residual sum of squares between the
model prediction and the experimental data of the steady-state surface tension. The mini-
mization procedure was repeated for six different temperatures and five different pressures.
The values of fitting parameters for 1-octanol, 1-hexanol and 1-butanol at different tem-
peratures were illustrated in Tables 7.1-7.3, respectively. For the effect of carbon dioxide
pressure on the steady-state surface tension of our three systems, the modified Langmuir
equation of state fitted to the experimental data and the fitting parameters, which are
not dependant on the carbon dioxide pressures, were presented in Tables 8.2. The kinetic
transfer equation was applied for modelling the dynamic surface tension of the three sys-
tems at all examined temperatures and carbon dioxide pressures. The fitting parameters
for temperature effect of the three systems were presented in Tables 7.10-7.12. The fitting
parameters for the effect of carbon dioxide pressure of the three systems were illustrated
in Tables 8.9 -8.11.
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Figure 9.1: Effect of carbon chain length on the equilibrium constant for adsorption from
the vapor phase (K7), equilibrium constant for adsorption from the liquid phase (K3), the
maximum surface concentration (I'y,) and the ratio of K;/K,. Results presented at six
different temperatures: 10°C( blue diamond), 15°C(green rectangle), 20°C(red triangle),
25°C(brown circle), 30 °C(blue star) and 35 °C(purple rectangle).

Carbon chain length of the surfactants in aqueous solutions can change their surface
tension and hence the adsorption parameters. Figures shows the effect of carbon
chain length in the equilibrium constant for adsorption from the vapor phase (K3), the
equilibrium constant for adsorption from the liquid phase (K3), the maximum surface
concentration (I's,) and the ratio of K7/K, obtained from fitting the experimental data of
steady-state surface tension into the modified Langmuir equation of state.

Figure shows that the equilibrium constants from vapor phase and liquid phase (K
and K5) increase with carbon chain length from 1-butanol to 1-octanol. Figure show
that the equilibrium constants also increase with temperature from 10 °C to 35°C. Results
show that the effect of carbon chain length in equilibrium constants is much more impor-
tant than the effect of temperature. These results show that the tendency of surfactant
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Figure 9.2: Direction of surfactant molecules at vapor/liquid interface

molecules to adsorb at the interface from both sides of a vapor/liquid interface increases
with carbon chain length from 1-butanol to 1-octanol. Figure [9.1] shows that the maxi-
mum surface concentration (I'y,) increases with carbon chain length. However, one may
expect that the maximum surface concentration, which is proportional to the inverse of
the area occupied by the surfactant molecules at the vapor/liquid interface, would decrease
with carbon chain length. This unexpected result may be due to the value of the angle
O (0° < O <90°) between the direction of surfactant molecules at the surface and the
plane of vapor/liquid interface (Figure . Angle © is zero when surfactant molecules
lay down the surface, and angle © is 90 ° if surfactant molecules are perpendicular to the
surface. The values of maximum surface concentrations (I'w,) for 1-octanol, 1-hexanol and
1-butanol support the idea that the angle © increases as the number of carbon in the
carbon chain of this group of surfactants is increased. As expected, results show that the
maximum surface concentration (I'y,) decreased with temperature at temperature ranging
from 10 to 35°C.

Figure also shows that the contribution to adsorption from vapor side is more
important than that of liquid phase ( K;/Ky >> 1). The ratio of equilibrium constant
from vapor phase to equilibrium constant from liquid phase (K;/K> ) shows a decrease
with carbon chain length. The modelling results showed that this ratio declined from 260
to 26 as the chain length was increased from 1-butanol to 1-octanol. This result supports
our previous discussion that the effect of adsorption from vapor side is more important than
that of liquid side, especially for short carbon chain alcohols [72 25, [59, [60% 61], [73]. Previous
results showed that this behavior was not quite observed for higher carbon chain length
surfactants such as 1-decanol (C19H220) [25]. The results showed that the steady-state
surface tensions of 1-decanol for different drop concentrations with the same environment
concentration were not exactly identical [25].
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Figure 9.3: Effect of carbon chain length and temperature on adsorption rate constant from
vapor phase (k?) and adsorption rate constant from liquid phase (k.). Results presented
at six different temperatures: 10°C( blue diamond), 15°C(green rectangle), 20°C(red
triangle), 25 °C(brown circle), 30 °C(blue star) and 35 °C(purple rectangle).

Modelling results presented in chapter 8 showed that equilibrium constants for adsorp-
tion from vapor phase and liquid phase and also maximum surface concentration remained
unchanged when carbon dioxide pressure was increased from 0 to 690 KPa.

Figures shows that the effect of carbon chain length and temperature on the adsorp-
tion rate constants (k¢ and k!) obtained from fitting the experimental results of dynamic
surface tension to the kinetic transfer equation (equation 7.14). Figures shows that the
effect of carbon chain length and carbon dioxide pressure on the adsorption rate constants
(k9 and k') obtained from fitting the experimental results of dynamic surface tension to
the kinetic transfer equation (equation 8.39 and the two solutions of equations 8.44 and

8.45).

Tables 7.10-7.12, 8.9-8.11 and Figures [9.3 and show that the adsorption rates con-
stants from vapor phase and liquid phase increase with carbon chain length from 1-butanol
to l-octanol. Results show that the adsorption rate constant from the vapor phase (k) is
much greater than that from the liquid phase (k!). Based on equations 7.7 and 7.8, this
is the reason why equilibrium constant from the vapor phase is much greater than that
from the liquid phase (K; >> K3). Results also demonstrate that the rates of adsorp-
tion from both sides of vapor/liquid interface increase with temperature for temperature
ranging from 10°C to 35°C, but the effect of carbon chain length on adsorption rates is
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Figure 9.4: Effect of carbon chain length and carbon dioxide pressure on adsorption rate
constant from vapor phase (k¢) and adsorption rate constant from liquid phase (k). Re-
sults presented at five different pressures: 0 KPa (blue diamond), 69 KPa (green rectangle)
, 138 KPa (red triangle), 354 KPa (brown circle) and 689 KPa (blue star).

more important than the effect of temperature on that. Figure show that the rates of
adsorption from both sides of vapor/liquid interface decrease with carbon dioxide pressure
for pressure ranging from 0 KPa to 690 KPa.

9.5 Summary

The role of carbon chain length on adsorption kinetics and surface tension of a group
of short carbon chain surfactants (1-octanol, 1-hexanol and 1-butanol) was studied in
this chapter. Experiments were performed at six temperatures and five carbon dioxide
pressures. Using a designed sealed chamber, effect of adsorption/desorption from both
sides of the liquid /vapor interface was considered simultaneously. The modified Langmuir
equation of state was fitted to the experimental data of the steady-state surface tension.
The effect of carbon chain length on the equilibrium constant for adsorption from the
vapor phase, equilibrium constant for adsorption from the liquid phase and the maximum
surface concentration was investigated. It was illustrated that the equilibrium constants for
adsorption from both sides of a vapor/liquid interface increased with carbon chain length.
It was shown that the ratio of K;/K, is much larger than 1, hence the contribution to
adsorption from the vapor side is much more important than that from the liquid side.
The modelling results showed that this ratio declined from 260 to 26 as the chain length
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was increased from 1-butanol to 1-octanol. Therefore, the contribution to adsorption from
liquid phase augmented as the chain length was increased. The adsorption kinetics for this
group of short carbon chain surfactants was modelled using a kinetic transfer equation.
The modelling results showed that the adsorption rate constants from vapor phase and
liquid phase (k¢ and k!) increased with carbon chain length. Steady-state and dynamic
modelling also revealed that the maximum surface concentration increased with carbon
chain length. This unexpected results may be related to the increased contact angle (©)
between the carbon chain at the surface and the plane of vapor/liquid interface when the
chain length is increased.
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Chapter 10

Conclusions and Future work

This thesis represents a comprehensive study on surfactant adsorption and surface tension
of slightly volatile, organic amphiphiles in aqueous solution. The research illustrates the
influence of concentration, temperature, carbon dioxide pressure and carbon chain length
on the interfacial properties of a liquid solution, particularly the surface tension. The si-
multaneous adsorption/desorption from both sides of a vapor/liquid interface is considered.
The following sections highlight some of the main conclusions based on the experimental
and theoretical approaches.

10.1 Conclusions

The Axisymmetric Drop Shape Analysis-Profile (ADSA-P) method was used to measure
the dynamic surface tension of a number of organic amphiphiles in aqueous solution. The
results showed that when 1-octanol, 1-hexanol or 1-butanol was dissolved in water, it
presented a finite partial pressure in the vapor phase, and the surface tension of the solu-
tion could be affected by surfactant adsorption from both sides of the vapor/liquid inter-
face.These results also showed that at the steady-state, the effect of adsorption from the
vapor side is more important than that from the liquid side. These results for 1-octanol,
1-hexanol and 1-butanol were in stark contrast to the surface tension behavior of con-
ventional surfactants such as aqueous octaethelene glycol monododecyl ether (C12Eg) and

aqueous Igepal CO-720 (Figure [25].

The surface tension response of 1-octanol solutions to surface compression and expan-
sion was investigated. The dynamic surface tension was measured under the condition
where both liquid and vapor phase adsorption were present. In compression, the surface
tension decreased followed by a gradual increase back to the value prior to compression.
In expansion, two categories of surface tension response were observed: First, when the
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change in surface area was smaller than 5%, the behavior similar to that of conventional
surfactants was observed. The surface tension increased followed by a gradual decrease
back to the value prior to expansion. Second, when the changes in surface area was greater
than 5%, and the drop concentration was sufficiently larger than the environment concen-
tration. In this case, the surface tension initially slightly increased; after a time delay,
it sharply decreased, which followed by a gradual increase back to the value prior to ex-
pansion. For this second category, using the Buckingham II theorem, a dimensionless
parameter for predicting the surface tension response to changes in surface area was de-
rived and the regression model for time delay versus dimensionless parameter F was fitted
to the experimental data.

The effect of six different factors such as: concentration of the environment solution
(Factor A), concentration of the sample drop solution (Factor B), the volume of the envi-
ronment solution (Factor C), the distance between the drop and the environment solution
(Factor D), the area of the environment solution (Factor E), and the saturation time (Fac-
tor F') was investigated on the steady-state surface tension of 1-octanol aqueous solutions.
Using an experimental design, it was found that only concentration of the environment
solution (Factor A) had significant effect on the steady-state surface tension of 1-octanol
aqueous solution. This result was supported by Analysis of variance and normal probabil-
ity plot. No unusual structure was observed in the residual plots, which proved that the
experimental results were reliable and only concentration of the environment solution had
significant effect on the steady-state surface tension of 1-octanol aqueous solutions.

The experimental results showed that the steady-state surface tension decreased lin-
early with temperature for all three chemicals at different concentrations of the drop and
environment solutions and at temperature ranging from 10 °C to 35°C. It was shown that
K7 >K, and hence the contribution to adsorption from the vapor side was more important
than that from the liquid side. This behavior was much more important in the short chain
alcohol (1-butanol) than that of the long chain alcohol (1-octanol). It was found that the
contribution to adsorption from both sides of the vapor/liquid interface increased with
temperature. The contribution to adsorption from vapor phase and liquid phase showed
an increase with chain length from 1-butanol to 1-octanol. Furthermore, the adsorption
kinetics for 1-octanol, 1-hexanol and 1-butanol was modelled using a kinetic transfer equa-
tion. Results showed that the rate constants for adsorption from both sides of the vapor/
liquid interface increased with temperature in all three systems of 1-octanol, 1-hexanol
and 1-butanol. The modelling results also showed that the rate constant for adsorption
from the vapor phase increased when the chain length was increased from 1-butanol to
1-octanol.

The experimental results showed that the steady-state surface tension of the surfactants
(1-octanol, 1-hexanol and 1-butanol) aqueous solutions surrounded by carbon dioxide de-
creased linearly with carbon dioxide pressure. The modified Langmuir equation of state
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was applied to correlate the steady-state surface tension of two systems: water surrounded
by carbon dioxide and surfactant aqueous solutions. The fitting parameters including the
equilibrium constant for carbon dioxide adsorption from the vapor and liquid phase (K,)
and the maximum surface concentration of carbon dioxide (I'w;) were evaluated in a min-
imization procedure using the steady-state surface tension data of water surrounded by
carbon dioxide. The fitting parameters for surfactants aqueous solutions including the
equilibrium constant for adsorption from the vapor phase and liquid phase (K3 and Kj)
and the maximum surface concentration of the surfactants (I's2) were obtained from chap-
ter 7. The results showed that the theoretical prediction of the steady-state surface tension
obtained from modified Langmuir equation of state (based on the fitting parameters ob-
tained from two systems: water surrounded by carbon dioxide and surfactants aqueous
solutions) can satisfy the experimental results of surfactants aqueous solutions surrounded
by carbon dioxide. It was shown that equilibrium constants from vapor phase were much
greater than that from the liquid phase for carbon dioxide and three surfactants; hence the
contribution to adsorption from the vapor side is more important than that from the liquid
side. The experimental and modelling results showed that the effect of surfactant adsorp-
tion is much greater than that of carbon dioxide adsorption in the steady-state surface
tension. In the dynamic simulation, the adsorption kinetics for 1-octanol, 1-hexanol and
1-butanol aqueous solutions surrounded by carbon dioxide was modelled using a kinetic
transfer equation. The fitting parameters for this modelling were: The constant K, the
kinetic rate constant for adsorption of carbon dioxide from the vapor phase ( k£Y;) and the
kinetic rate constant for adsorption of surfactant from the vapor phase (k%, ). It was found
that the adsorption rate constants ( k?;, k%, k!, and k.,) decreased with carbon dioxide
pressure. Thus, the time required to reach to the steady-state surface tension increased
with carbon dioxide pressure.

It was illustrated that the equilibrium constants for adsorption from both sides of a
vapor/liquid interface increased with carbon chain length. It was shown that the ratio of
K, /K5 was much larger than 1, hence the contribution to adsorption from the vapor side
was much more important than that from the liquid side. The modelling results showed
that this ratio declined from 260 to 26 as the chain length was increased from 1-butanol
to 1-octanol. Therefore, the contribution to adsorption from liquid phase augmented as
the chain length was increased. The adsorption kinetics for this group of short carbon
chain surfactants was modelled using a kinetic transfer equation. The modelling results
showed that the adsorption rate constants from vapor phase and liquid phase (k¢ and k')
increased with carbon chain length. Steady-state and dynamic modelling also revealed that
the maximum surface concentration increased with carbon chain length. This unexpected
results may be related to the increased contact angle (©) between the carbon chain at the
surface and the plane of vapor/liquid interface when the chain length is increased.

Because of the measurement and experimental errors or more likely due to limitations
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of the proposed model, some variations were observed in the values obtained for the fitting
parameters of the dynamic modelling. These discrepancies may be due to the measurement
and experimental errors or due to the restrictions of the model used. The measurement
errors can be related to temperature and pressure instabilities, variations of surface area
and volume of the drop during the experiments, the occurrence of impurities, and loss of
surfactant due to vapor leakage that may alter the experimental results. The restriction of
the model is that the adsorption parameters are changed during the adsorption process and
they may have different values at various steps of the adsorption process. Discrepancies
would occur depending on different time intervals in the experimental results and different
set of experimental results (based on different time required to reach to the steady-state
condition) is used in the model predictions over the entire time range.

10.2 Recommendations for Future Work

The following are some recommendations for future work based on the results and conclu-
sions of the current research.

a. The surfactants studied in this thesis are all similar in structure (i.e., linear hydro-
carbon chain with a polar group attached at the first carbon position). Thus, it would be
of interest to investigate other volatile organic amphiphiles with different structures. Some
possible suggestions may include: components with multiple polar groups, polar group
displaced towards the interior of the hydrocarbon chain, branched chain amphiphiles as
opposed to linear, and amphiphiles with other polar groups.

b. Surface tension study of amphiphiles aqueous solutions under the pressure of differ-
ent gasses such as nitrogen, helium, hydrogen, carbon monoxide and argon is suggested.
This study can reveal a possible relation between the gasses molecular structure and their
competitions with surfactant molecules for adsorption at vapor/liquid interface.

c. Additional surface characterization techniques should be used to further the un-
derstanding of this unique phenomenon. Although this research represents a significant
advance in surface science research, there are still many questions remaining. Explor-
ing different experimental techniques may shed some light on these areas of interest. A
technique such as Infrared Reflection Adsorption Spectroscopy (IRRAS), or Horizontal
Neutron Reflectometry could be utilized to help characterize the structure, orientation,
and composition of surfactant at the interface. This information would vastly develop
the understanding of the behavior of the surfactants at the interface and possibly confirm
or disprove the energy barrier hypothesis as an explanation to the diminish of molecular
exchange from the liquid phase at steady-state conditions.

d. The equilibrium adsorption isotherm, the modified Langmuir equation of state and
the modified kinetic transfer equation should be improved to account for molecular inter-
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actions between surfactant molecules at the interface. It has been reported that alcohol
molecules exhibit a cooperative effect for adsorption especially at high surfactant concentra-
tions due to intermolecular attraction. The cohesive forces among the adsorbed molecules
strengthen the energy barrier for desorption into the bulk and thus, decreases the rate of
desorption. Including an activation energy-type concept which incorporates the effect of
increasing surface concentration on the net rate of adsorption at the interface may modify
the equations and improve the accuracy of the model predictions. It is possible that some
of the discrepancies between the experimental results and the theoretical predictions (from
the adsorption isotherm, the modified Langmuir equation of state or the modified transfer
equation) may be caused by the failure to account for such interactions.

e. The limitation of the dynamic model is the variation in the fitting parameters.
An obvious limitation is that material properties and their corresponding constants or
fitting parameters are varying with time. Thus, these parameters may have different values
between the initial and the final stages of the experiment. Discrepancies would occur
depending on which set of data points is used in the model predictions over the entire time
range. Improvements may be made when incorporating the varying nature of these fitting
parameters. The kinetic transfer equation should be modified considering the varying
nature of the adsorption rate constants.

f. The dynamic surface tension model should be improved to allow for the simulation
of mixed diffusion/transfer-controlled adsorption. Although in this research a new kinetic
transfer equation was developed and solved independently to model transfer-controlled
adsorption, it may also be coupled with the diffusion equation to describe mixed control
systems. This requires the simultaneous solution of the diffusion equation to describe
the transport of molecules from the bulk to the subsurface, and the transfer equation to
describe the adsorption/desorption step. This improvement would greatly increase the
applicability of the model. However, it would also significantly enhance the complexity
and require the knowledge of additional surfactant properties such as the vapor and liquid
phase diffusion coefficients. Possible applications of the advanced model would include
alcohols and other similar amphiphiles with longer carbon chains where diffusion effects
become more important.
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