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ABSTRACT 

Air-solution dynamic surface tensions (DSTs) of aqueous surfactant 
solutions have been measured by a maximum bubble pressure method. 
Initial experiments showed that by measuring DST as a function of 
amphiphile concentration, non-ionic and zwitterionic surfactants generally 
obey a diffusion-only mechanism at the beginning of adsorption at low 
surface coverages. However, towards the end of adsorption this gives way to 
an activated-diffusion mechanism with an adsorption barrier governing the 
process. This can be interpreted in terms of a free energy change for the 
formation of activated molecules, AG, which was typically between 5 and 
12 kJ mol"' at 298 K. This barrier appeared to be essentially independent of 
CMC and the presence of micelles. By measuring the DST of a well 
characterised non-ionic glucamide surfactant as a function of temperature, it 
was apparent that the final stages of adsorption were consistent with 
Arrhenius-type behaviour, giving values of enthalpy and entropy changes for 
the formation of the activated state as approximately +60 kJ mol'' and 
+180 J mol" K1. This may be due to the increase in surface pressure 
towards the end of adsorption. 

Anionic di-chained sulfosuccinate surfactants were synthesised in 
order to study DSTs of well defined ionic surfactants. The decays also 
obeyed a mixed mechanism. In the absence of salt, similar values of the 
activation parameters were obtained as the non-Ionics, although from the 
present results no interpretation could be made on the influence of the 
charged interface. DST curves in the presence of salt are presented. 

Micellar dissociation constants have been measured by absorbance 
stopped-flow spectrophotometry and time-resolved small-angle X-ray 
scattering. By combining these results with DST measurements on micellar 
solutions, it was observed that no special considerations need to be taken 
into account for the presence of micelles in the concentration range 
1 to 100 x CMC. 
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SUMMARY OF TERMS 

A absorbance 
AM-DS n-hexylammonium n-dodecylsulfate 

a activity of a solution 

ag effective area per molecule at the interface 

CMC critical micelle concentration 
CnEm n-alkyl polyglycol ether of alkyl length n and ethylene oxide length m 
C14TAB tetradecyltrimethylammonium bromide 
c concentration 

cs concentration in the subsurface 
D monomer diffusion coefficient 

Dell effective monomer diffusion coefficient 
(di-Cn)-PC di-chained phosphatidylcholine surfactant of single chain length n 
di-(Cn-Glu) di-chained glucamide surfactant of single chain length n 
diCnSS di-chained sulfosuccinate surfactant of single chain length n 
DST dynamic surface tension 

Ee activation energy 
EDTA ethylenediaminetetraacetic acid 
FISH a scattering modelling suite for obtaining micelle structure 
H, H° enthalpy and standard free enthalpy 
G, G° Gibbs free energy and standard Gibbs free energy 
g acceleration due to gravity (= 9.81 m S-2) 
I(Q) Intensity of scattering as a function of momentum transfer Q. 
jade flux of adsorbing monomer 
ides flux of desorbing monomer 
kmic first-order micelle dissociation rate constant 
Na Avagadro's constant 
NMR nuclear magnetic resonance 
MBP maximum bubble pressure 
p pressure 



PC phosphatidylcholine 
PFGSE-NMR pulsed field gradient spin echo - nuclear magnetic resonance 
P(Q) Particle form factor 

Q a wave vector describing momentum transfer 

R gas constant (= 8.314 J K' mol'') 
S, S° entropy and standard free entropy 
SDS sodium dodecylsulfate 

S(Q) particle structure factor 

SANS small-angle neutron scattering 
SAXS small-angle X-ray scattering 
SLS surface light scattering 
TR-SAXS time-resolved small-angle X-ray scattering 
TC cloud point 
Tk Krafft point 
V volume 

Y, YCMC surface tension and surface tension at the CMC 

Yeq, y(t) equilibrium surface tension, surface tension as a function of time 

Yo surface tension of a solvent, here water 
I-, Teq surface excess and equilibrium surface excess of surfactant 
I. maximum adsorbed amount 
F(t), I'dyn surface excess measured as a function of time 

71 a wavelength 

µ, chemical potential and standard chemical potential 

v flow-rate 

n the surface pressure or 3.142: this is clearly defined in the text 

T, relaxation time for monomer exchange in micelles 
T2 relaxation time for complete micelle dissociation 



Project Overview 

This project is concerned with studying and modelling the dynamic 

surface tension (DST) of surfactant solutions with the aim being to 

investigate which physical parameters have the greatest effect on DST. 

Chapter One is intended as an introduction to some important 

properties of surfactants, including surface tension, equilibrium adsorption 
isotherms and the behaviour of micelles. Chapter Two introduces the theory 

behind dynamic surface tension and adsorption kinetics. It also gives a 
literature review on the recent work in this field. 

Chapters Three to Seven were based on the experimental work in this 

project, and as with any systematic study, the simplest and most basic 

systems were studied first. Once the basic understanding of dynamic 

adsorption was developed, more complex systems could then be studied. 
The first DST investigations were with n-alkyl polyglycol ethers (C�EmS), 

which were ideal because in solution they contain no counter-ions, have no 

electrical double layer and exhibit no (major) influences of electrostatics to 

influence adsorption. Also, due to the extensive range of CnEm surfactants 

available, a wide span of hydrophobicity, surface activity and CMCs could be 

investigated. This study forms the basis of Chapter Three. 

After obtaining ideas and models on the dynamic adsorption 
behaviour of non-ionic surfactants in solution, another class of neutral 
surfactants were studied, the zwitterionic phosphatidylcholines (Chapter 
Four). From comparing the behaviour of similar non-ionic and 
phosphatidylcholine surfactants in solution, it was possible to deduce 

whether they have similar adsorption properties, and hence if the chemistry 
of the surfactant was important in studying adsorption dynamics. 

To conclude, Chapter Five examines a series of ionic surfactants in 

order for the effects of electrostatics and ionic strength on DST to be 
investigated. 



Part Two of this thesis (Chapters Six and Seven) studies the 
dynamics of micelles in solution. Stopped-flow measurements were used to 

calculate micelle lifetimes, and this allowed new ideas to be formed on the 

presence and effects of micelles on adsorption dynamics. 
To complete this project, a study into whether combining Small-Angle 

X-ray Scattering (SAXS) with the stopped-flow technique could give 
information on both the lifetime and any accompanying structure change of 
the micelles upon break-up. This was the first ever study on the evolution of 
micelle structure during the break-up process. 



Chapter One 

Nature of Surfactants 

This chapter is by no means intended to be a complete summary of 

surfactant behaviour, but instead acts to introduce properties that will be of 

use when reading through this thesis. 

Due to the current high demand for research into surfactant science in 

both academia and industry, it is hardly surprising that this subject is 

becoming more popular than ever. At many universities surfactant science, 

even at an undergraduate level, now requires a complete lecture course to 

itself. It is therefore not possible to include vast areas of this field such as 

emulsions, microemulsions and liquid crystals in this opening chapter. For 

these and other areas the reader is referred to the many excellent text books 

[1-5]. 

1.1 Overview of surfactants 

The word surfactant is an acronym for surface active agent. 
Surfactants are molecules that have a characteristic molecular structure 

which enables them to accumulate at interfaces and also aggregate or self- 

associate in aqueous solution. This latter property sets apart these 

molecules from other surface active agents, such as long chain alcohols, 

which'do not necessarily self-associate. Surfactants, or amphiphiles, have 

two well defined regions in their molecular structure, with the physical 
difference between these regions being their affinity for oil or water based 

solvents. Their structure consists of a hydrocarbon or halogenocarbon 

backbone which is oil but not water soluble (lipophilic, oleophilic or 
hydrophobic) and a polar group that can interact strongly with water 
(hydrophilic) which may be ionic in character or contain polar functional 

groups that can hydrogen bond. 

Due to the very small solubility of the hydrocarbon chains in water, 



there is a tendency for these molecules to minimise their hydrocarbon-water 

contact in aqueous solution and this may be done in two ways. At low 

concentration the molecules accumulate at the interface so the hydrophobic 

part can escape the aqueous environment whilst the hydrophilic head group 

remains immersed in water. This is shown schematically in Figure 1.1. 

However, above a well defined concentration known as the critical micelle 

concentration (CMC) the solubility limit of free monomers in the bulk is 

reached. The hydrocarbon-water interaction in the bulk can be minimised 

with the hydrophobic parts tending to aggregate due to their mutual dislike of 

the solvent. These aggregates are termed micelles and may take on many 

shapes and sizes depending on the nature of the surfactant. A schematic of 

this is also shown in Figure 1.1. In both cases of surfactant adsorption and 

micellisation the hydrocarbon aggregation allows the polar head groups to 

remain in contact with the water. 

Air 

Water 

i: % ý": 

hydrophobic tail 

polar head group 

Figure 1.1: Schematic of surfactant adsorption at the solution interface and micellisation 
in the bulk. Magnification shows the hydrophobic hydrocarbon tail group attached to the 

polar head group. 

The principle that explains most surfactant behaviour in aqueous 
solution is the hydrophobic effect [6] and this was elegantly described by 
Hartley in 1936 [7] : "The antipathy of the paraffin (oil) chain for water is, 
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however, frequently misunderstood. There is no question of actual repulsion 
between individual water molecules and paraffin chains, nor is there any 

very strong attraction of paraffin chains for one another. There is, however, a 

very strong attraction of water molecules for one another, and in comparison 

with the paraffin - paraffin or paraffin - water, attractions are very slight. " 
The standard free energy of the hydrocarbon chain is lower in the 

adsorbed and micellised state than in aqueous solution due to the low 

solubility in water. The gain in standard free energy on transferring a 
hydrocarbon chain from a non-aqueous phase into aqueous solution is 

typically 3.4 kJ mol" per -CH2- group [1]. 

1.1.1 Classes of surfactant 
Nowadays, surfactants are used on a very large scale. Synthetic 

materials are used in many industrial (detergency, fibres, pesticides), 
domestic (floor cleaners, personal care products, paint) and pharmaceutical 
formulations. Naturally occurring surfactants play a niche role in the body [8], 

such as fatty acids being used in the digestive process and 

phosphatidylcholine molecules ensuring health and stability of the alveoli. 
Cell membranes are essentially bilayers consisting of phospholipid 

molecules (the structure of bilayers can be seen in Figure 1.8). It is therefore 

hardly surprising that the variety of known surfactants is huge and demand 

for them is high. 

Nevertheless, most surfactants fit into one of the four basic classes 
described below. This characterisation is largely related to the type of polar 
head group. Examples of each type of surfactant can be found in Table 1.1. 

(1) Anionics 

Common hydrophilic groups are ionic. The ions have an affinity for 

water due to their electrostatic attraction being favourable with the water 
dipoles. Hence fairly long hydrocarbon chains can be solubilised. Anionic 
head groups such as carboxylates (-C02 ), used in early soaps, and also 
sulfate (-OS03) and sulfonate (-S03) groups, which are studied in Chapter 
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Five, are typical anionic head groups. They all possess a positively charged 

counter-ion, usually Na'. Their main applications are in detergency, personal 

care products, emulsifiers and soaps. Anionics are the most widely used 
surfactants due to their low cost. 

(2) Cationics 
The positively charged head group, e. g. the trimethylammonium ion 

(- N (CH3)3+), makes this surfactant ideal for use on negatively charged fibres 

such as in fabric and hair conditioners. Counter-ions on these head groups 
are usually halides. 

(3) Zwitterionics (or amphoterics) 
These surfactants contain both positive and negative charges in the 

molecule making the surfactant neutral, with no free counter-ions. Common 

synthetic compounds are betaines, and these are mild on the skin, so are 
often used in baby care products. There is a large group of naturally 
occurring lechithins in this class and some these are studied in Chapter 
Four. 

(4) Non-ionics 

The book "Non-ionic Surfactants" by Schick [9] gives an excellent 
account of this class. Non-ionics have no charged polar groups, but contain 
groups such as the ethoxylates, -(0 CH2 CH2)m OH, and these have a strong 
affinity for water due to strong dipole - dipole interactions arising from 
hydrogen bonding. The advantage of these surfactants is that the lengths of 
both the hydrophobic and hydrophilic groups can be varied to obtain 
maximum efficiency in its use. They find applications in low temperature 
detergents and emulsifiers. Other types of non-ionics include amine oxide 
and glucamide surfactants. Also recently under investigation are surfactants 
with semi hydrocarbon and semi fluorocarbon chains [10]. 
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Table 1.1: Examples of surfactants and their uses. 

Class Example of 
Surfactant 

Uses 

Anionic R- S03 Na' 
R-O-SO3 Na' 
R- COZ Na' 

Cationic R- N(CH3 ' CI- 
R2> N(CH3)2 CI' 

Zwitterionic R-N; (CH3)2 - CH2 - COz 

Non-ionic R- (OCHZCH2),, OH 

R= alkyl hydrocarbon chain 

Detergents 
Personal Care Products 
Soaps 

Bitumen emulsions 
Fabric conditioners 

Baby Shampoos 

Detergents and emulsifiers 

The hydrophobic part of the surfactant is commonly a single or di- 

chain hydrocarbon. If the chains contain alkyl branches, aryl or olefin 

groups, this can result in major effects on the surfactant physical properties. 
As well as these standard types there are plenty of novel synthetic 

surfactants, for example, catanionics which are neutral molecules containing 

in part both anionic and cationic amphiphiles minus their counter-ions. One 

such example is studied in Chapter Five. 

1.1.2 Surfactants at interfaces 

Surfactant molecules accumulate at interfaces to gain a state of lower 
free energy and this situation is most accurately described as a 

monomolecular layer of adsorbed surfactant monomer. It is customary to 

consider the molecules to be monomeric if they are at a surface or are single 
entities in solution, i. e. not forming part of a micelle. This interface is not 
static but in a state of turbulence due to the continuous adsorption and 
desorption of monomer and the effect of thermal roughening (capillary 

waves). The lifetime of a monomer at the interface is typically 106 s [11 j, 
however, the time-averaged surface concentration of monomer is a 

S 



measurable and meaningful quantity and will be discussed in Sections 1.2 

and 1.3. An increase in surface concentration from monomer adsorption 
leads to a decrease in the surface tension. This is a point of discussion in 

Section 1.2. 

It should be noted that there is no distinction between the terms 

surface and interface in this thesis and they both may be used 
interchangeably to describe the air - water boundary. 

1.1.3 The Critical Micelle Concentration (CMC) 

In dilute solution, surfactants behave as normal solutes. However, at 

well defined concentrations sharp changes occur in many physical 

properties of the solution, such as surface tension, electrical conductance, 

osmotic pressure and turbidity (Figure 1.2). It should be noted however that 

a change in turbidity is not general for all surfactant solutions and is only 

particularly noticeable for solutions with very large aggregates or for non- 
ionic solutions above their cloud point. 

osmotic pressure 

turbidity 
i 

-" equivalent conductivity 
----------------------- 

surface tension 

I/ 
1/ 
1/ 

--_"- 

CMC. 11 Concentrration 

Figure 1.2: Changes in physical properties around the CMC. (After Lindmann and 
Wennerström (121) 
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McBain [13] suggested that this behaviour can be explained in terms 

of surfactant aggregates or micelles. The concentration above which micelle 
formation occurs is known as the critical micelle concentration (CIVIC). The 

CMC is mainly dependent on the hydrophobicity of the surfactant. Properties 

of micelles are discussed in Section 1.4. 

1.2 Surface tension 

1.2.1 What is surface tension? 

Short range forces of attraction such as dipole-dipole interactions and 
London dispersion forces existing between molecules account for the liquid 

state. Molecules in the bulk of a liquid are subjected to equal forces in all 
directions, whereas molecules at the surface experience a net inward pull, 

as shown in Figure 1.3. Therefore the molecules will tend to leave the 

surface for the bulk, causing the surface to contract. This is why droplets of 
liquid are usually spherical in shape. 

Surface tension is the force required to increase the area of a surface 
isothermally and reversibly by a unit amount. The S. I. units are N m'', which 
can also be expressed as J M-2 or work done per unit area. Hence surface 
tension can also be thought of as the energy required to increase the 
surface by unit area. The surface tension is therefore related to the strength 

of the intermolecular forces. Molecules such as hydrocarbons have only 
London dispersion forces acting between the molecules. They therefore 
have lower surface tensions than water, which has a stronger interaction 

force due to hydrogen bonding. 

Monomers adsorbed at an interface have a lower free energy than 
those in the bulk. Therefore it may be thought that less work will be needed 
to create a unit area of fresh interface on a surfactant solution than that of 
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creating a unit area for water. Put another way, surfactants adsorbing at an 

empty interface will disrupt the strong intermolecular bonding of water and 
therefore the resulting surfactant film will consist only of weak dispersion 

forces, thus lowering the surface tension. Example values of surface 
tensions of different liquids are given in Table 1.2 [14]. Further information 

on intermolecular forces in pure liquids can be found in Israelachvili's 

detailed text on Intermolecular and Surface Forces [15]. 

Air 

--- p -W- ý-0-º ý-0-. -4--p-. - 
_ 

. e- jý. - A- jß. .1 jß4 
- 

#- jß. 

jx 
--o- E) 

Liquid - 
ýº -_ 

Figure 1.3: Attractive forces between molecules at the surface and in the bulk of a 
liquid. 

Table 1.2: Surface tensions of various liquids at 20° C. Taken from [141. 

Liquid Surface Tension / mN m-1 

Water 72.8 
Acetic acid 27.6 

Acetone 23.7 
Ethanol 22.3 

n-octanol 27.5 
n-octane 21.8 

8 



1.2.2 Thermodynamics of adsorption - the Gibbs equation 
The Gibbs adsorption equation can be used to relate surface tensions 

to surface concentrations [16]. 

The derivation starts by setting up an interface between two planes 

given as PP in Figure 1.4a. However, this ideal system is unrealistic as the 

adsorbed film will have a thickness of molecular dimensions. Therefore 

defining this plane as ideal is an important assumption and in reality the 

system is better represented in Figure 1.4b. Adsorption in the plane PP is 

described in terms of surface excess concentration. Given that the 

parameter n; is the amount of component i in the surface phase a in excess 

of what would have been in a had bulk phases x and y extended to PP with 

unchanging composition, the surface excess 

x 
P 

y 

P 

x 
XX 

region of 
surfactant P --------- P 
film YaY 

Y 

(a) Ideal system (b) Real system 

Figure 1.4: Ideal and real interfaces between bulk phases x and y. 

concentration, r, of component i 

is: n r1 =J (1.1) 
A 

where A is the interfacial area. 
The Gibbs energy of the surface phase a is 

G° =TS°-pVa+yA+1: µ, n, ° (1.2) 

where T is temperature, SQ the total entropy in the surface phase, p the 
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pressure (acting as an expanding force), V° the volume of the surface phase, 

y the surface tension (a contracting force) and µ; is the chemical potential of 

component i. Differentiating this equation generally gives: 

dGQ =TdS° +S°dT-pdV° -V°dp+y dA+Ady 
(1,3) 

+, µ, dn, Q +Zn, Qdµl 

From the first and second laws of thermodynamics, the change in 

thermodynamic energy for the surface phase is given by 

dG° = TdS° - pdVa +y dA+Eµldn, a (1.4) 

and subtracting eqn. 1.4 from 1.3 gives 

S°dT-Vadp+Ady+Fni°dpi =0 (1.5) 

Hence at constant temperature and pressure 

ý dr = -E dpr = -Eridp, (1.6) 

and for a simple two component solution of water A and non-ionic surfactant 
B, equation 1.7 results: 

dy = -rAdPA - redp8 (1.7) 
where rA is the surface excess of the solvent and rB that of the surfactant. 

The Gibbs dividing surface is chosen such that the surface excess of the 

solvent, IPA, is zero. Equation 1.7 now reduces to 

dr = -F8dp8 (1.8) 

The chemical potential is related to the activity a8 by 

PB =/0 +RTlnae (1.9) 

where pB is the standard chemical potential of B at I atm and 298 K. 
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Differentiating eqn. 1.9 gives dp8 = RTInaB, and therefore 

re__ 1 dY (1.10) RT' dlnae 

Assuming that activities are equivalent to concentrations for dilute solutions, 
this results in 

re 1 dr (1.11) 
RT* dlnce 

The above expression is applicable to non-ionic surfactants, neutral 
molecules or ionic surfactants in the presence of excess electrolyte. 

For ionic surfactants both the anions and cations adsorb at the 

surface to maintain local electrical neutrality, therefore for a 1: 1 ionic 

surfactant a factor of 2 is needed to account for this in the Gibbs equation. 
The modified equation for ionic surfactants is 

1 dy Ta 
2RT' dlnc8 

(1.12 

assuming there is complete ionisation of the surfactant. The Gibbs 

expression for ionic surfactants is discussed in further detail in Chapter Five. 
Figure 1.5 shows how the Gibbs equation can be applied to surface 

tension data. The region just below the CMC, denoted by XY, is usually 

close to being linear on ay vs. In c plot, and hence there will be little change 
in I' over this region due to the surface being saturated. As the plot begins to 

curve, the local gradients will become smaller from Y to Z. This is associated 
with a fall in surface excess as the bulk concentration becomes lower. The 

resulting F vs. c plot is known as the adsorption isotherm. 

The agreement between this method of measuring the surface excess 
with techniques that measure the surface excess directly (such as neutron 
reflection) is good for neutral molecules but fairly poor for charged 
surfactants [17-21]. Evidence for this is given in the experimental sections. 
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Figure 1.5: Applying the Gibbs equation to surface tension data to obtain interfacial 

concentration, I: 

1.3 Adsorption isotherms 
The purpose of an adsorption isotherm is to relate the surfactant 

concentration in the bulk and the adsorbed amount at the interface. It is 

assumed that adsorption is monomolecular. 
While the Gibbs isotherm is derived using fundamental 

thermodynamics, there are a number of other isotherms which can be 

derived empirically or by making various assumptions. From these r(c) 

isotherms, a corresponding surface equation of state y(I'), and hence y(c), 

can be derived by applying the Gibbs equation. Surface equations of state 

can be used to fit y vs. c surface tension data but are only valid below the 

CMC due to the incorporation of the Gibbs equation. These approaches are 
described below in increasing order of complexity. 

1.3.1 Henry isotherm 

The simplest isotherm is 

r=KHC (1.13) 

where KH is the equilibrium adsorption constant, an empirical measure of the 
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surface activity of the surfactant [22]. This isotherm is only valid at low 

surface concentrations due to the assumptions that there is no interaction 

between the adsorbed monomers and also there being no defined maximum 

value of r. The surface equation of state can be derived by applying the 

Gibbs equation (1.11), where n=1 for neutral molecules and n=2 for ionics 

r= Yo -Y= nR7T (1.14) 

Here it defines the surface pressure and yo the pure solvent surface tension. 

1.3.2 Langmuir isotherm 

This is the most commonly used non-linear isotherm [23-25]. It is 

based on a lattice type model with the assumptions that 

(a) every adsorption site on the lattice is equivalent; 
(b) the probability for adsorption at an empty site is independent of 

the occupancy of neighbouring sites; 
(c) there are no interactions between the monomers in the lattice, 

and no intermolecular forces act between them. 

A schematic of this lattice structure is given in Figure 1.6. 

qsi 
a'` 

Figure 1.6: The Langmuir isotherm describes the interface as a lattice. Its derivation 
assumes the lattice sites are equivalent and independent. 
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The simple derivation of this isotherm is given below: 

The rate of change of surface coverage due to adsorption is 

proportional to both the concentration of surfactant in solution and the 

number of vacant sites available. The maximum number of sites available is 

r'. 

d{ 
= kecr. 1 -T (1.15) 

The rate of change of IF due to desorption is proportional to the number of 

adsorbed species: 
dI' 

kdr (1.16) 
dt 

At equilibrium these two rates are equal and introducing the Langmuir 

equilibrium adsorption constant KL = kads / kdes results in the Langmuir 
isotherm, 

r=r KLC (1.17) 
°° 1+ KLc 

The analogous surface equations of state for the Langmuir isotherm are the 

Szyszkowski equation (1.18) [26] and the Frumkin equation (1.19). 

z= nR7F� In(1 +KLc) (1.18) 

zt=-nRTI'« 1 1-ý1 (1.19) 

Any deviations from the Langmuir isotherm are due to the failure of the 

assumption of equivalent and independent sites. For example, 
intermolecular forces act between the molecules at the interface and these 
can be relatively small van der Waals or London dispersion forces, or larger 
forces due to electrostatic effects or hydrogen bonding. The enthalpy of 
adsorption often becomes less negative as IF increases suggesting the most 
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energetically favourable sites are occupied first [27]. 

1.3.3 Frumkin isotherm 

This approach builds on the Langmuir equation and accounts for 

solute-solvent interactions at a non-ideal surface [28]. It has been used in 

the study of many systems but is most appropriate for non-ionic surfactants. 
Equation 1.20 gives its usually quoted form: 

c= 
IF 

exp -A 
r (1.20) 

KF Too -r r� 

where KF is the Frumkin equilibrium adsorption constant and A is a constant 

which depends on the non-ideality of the interface layer. If A=0 this 

equation reduces to the Langmuir isotherm (1.17). The surface equation of 

state for the Frumkin isotherm is [29] 

-nRTT. In 1- r- nRTA rý I' (1.21) 
rý, 2 F. 

but due to the non-linearity of this equation no analytical expression for y(c) 
can be derived; however, limiting or numerical solutions can be calculated. 

1.3.4 Freundlich isotherm 

This originated as an empirical equation but can be theoretically 
derived by a model which considers the enthalpy of adsorption varying 
exponentially with surface coverage. It can be thought of as a summation of 
a distribution of Langmuir equations and its usual form for surfactant 
adsorption is given in equation 1.22 below: 

r. kc'1n (1.22) 
where k and n are both constants. 
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1.3.5 Volmer isotherm 

This model accounts for non-ideal non-localised adsorption and also 

for the finite size of the molecules, with their interactions being calculated 

from statistical mechanics [30]. Its usual form is quoted below 

c=Kr. 
r 

r 
exp 

r (1.23) 
- rý -r 

where Kv (units of concentration) is a constant. 
This isotherm is not currently applied in the study of adsorption 

dynamics but is included in this discussion for completeness [31]. 

The above is a list of traditional isotherms used in solution chemistry, 

although there have been recent advancements to account for other physical 

properties of surfactants. Borwankar and co-workers extended the Frumkin 

isotherm to account for the electrical double layer [32] and Lunkenheimer et 

a/. have discussed new approaches in obtaining the surface equation of 

state [33,34]. 

1.4 The structure, thermodynamics, kinetics and phase 

behaviour of micelles 

1.4.1 Structure of micelles 

Micelles may take on a variety of structures, such as spheres, 

ellipsoids, cylinders, discs, long worm-like tubes and bilayers. The size and 

shape depend on the geometry of the surfactant as well as parameters such 

as electrolyte concentration, pressure and temperature. A computer 

modelling picture of a spherical micelle is shown in Figure 1.7. The 

hydrocarbon chains in the micelle core are regarded as disordered and can 
be considered as a small volume of liquid hydrocarbon. Simple evidence for 

this is the ability to dissolve other liquid hydrocarbons within the core [6]. 
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Figure 1.7: Structure of a spherical micelle with an aggregation number of 60. 
Micelle was obtained by statistical mechanics (After Gruen and de Lacey [35,36]). 
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Figure 1.8: Various micelle structures: (a) cylindrical micelles of length 1, and radius r; 
(b) ellipsoidal micelles, with major axis 'a' and minor axis 'b'; (c) a surfactant bilayer, similar 
to the type found in cell membranes. 



Structures of other micelles are shown schematically in Figure 1.8, although 
it should be noted that these are time-averaged structures as micelles are 

dynamic (see below and [37]). 

The structure, geometry and aggregation number of micelles can be 

elucidated by a variety of methods including neutron and X-ray scattering 

[38]: these two techniques form an integral part of this project. 

1.4.2 Thermodynamics of micellisation 
The formation of micelles can be treated as a stepwise process of the 

equilibria involving sequential incorporation of monomer S, into an n-mer S,: 

K2 K3 K, 
S2 -qlz 

3...... NZ- ..... 

where Kn is the equilibrium constant for each step, given by equation 1.24: 

Kn = S[Sn 
S 

(1.24) 

although strictly these should be activities rather than concentrations. The 

standard free energy, enthalpy and entropy of micellisation AG°, OH° and 
AS° can be expressed in terms of K. Due to these individual equilibrium 

constants being physically unmeasurable, models have been derived to 

allow these parameters to be calculated. These include the closed 

association model (see any standard colloid textbook, e. g. [2]) and the 

multiple equilibrium model. The latter is more sophisticated and allows a 
distribution function of aggregation numbers in micelles to be calculated. A 

brief derivation of this model is given along with how other thermodynamic 

parameters are obtained. For further details see references [1,39,40]. 

The multiple equilibrium model can be used to account for three limiting 

conditions: 
(a) dimers are the most dominating micelle; 
(b) all values of Kn are equal; 
(c) one value of Kn is much larger than the others. 
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Considering again the equilibria given above, for any n-mer the 

stepwise association constant is given as: 
Kn 

Xn-1 + X1 x Xn 

so that the overall micellisation constant for the formation of x,, a micelle of 

size n, to x1, a monomer, is given as 

K*n= [Xn] (1.25) 
[Xl]n 

where K*n is the product of all stepwise association constants K2, K3.... Kn. 

The aim is now to relate the chemical potential of a free monomer to 

that of a same molecule in a micelle. At equilibrium the chemical potential of 

surfactant molecules is equal in all these aggregates. Equation 1.26 

expresses this chemical potential in terms of the concentration of monomeric 

surfactant using mole fraction as the concentration units 

l 
(X'- 

µn=µn + 
RT In 
n 

Here µ,, ° represents the standard chemical potential of a surfactant molecule 
in a micelle of aggregation number n, with X� being the mole fraction of 
monomer in micelles of size n. The (1/n) term is due to the expression being 

given per mole of monomeric surfactant. 
Equating µ� with the value for the monomer, µ,, gives equation 1.27 

o_ Pn, 
]n 

Xn =n Xýexpl 
RT 

Pno 

J (1.27) 

where pi° is the standard chemical potential for monomers. This equation 
gives the distribution function of micelles with aggregation number n. 
Rearranging eqn. 1.27 above gives: 

InXn = nInX, +Inn - 
n(pnO -µ, o) 

RT 

where the term n(µno - µi) is the value of OGn° for an n-mer to form n 
monomers. 
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Standard free energy of micellisation, AG° 

From equation 1.27 above, the free energy change on micelle 

formation is: 

OG° = µ�° -µ, ° =RTInX, - 
RTInXn 
n (1.29) 

RT 
RTIn(CMC)- 

n 
InX. 

neglecting the h"' In n term. At the onset of micelle formation the 

concentration of monomers is equal to the CMC. For most of the commonly 

used surfactants the value of n is at least 50, which enables a crude 

estimate of AGO for the micellisation process to be given as: 

E G° RT In(CMC) (1.30) 

Standard entropy of micellisation, AS° 

From the second law of thermodynamics and the Gibbs function, AS° is given 

as: 

QS° 
d AG° 

= -RT 
dln(CMC) 

_R In(CMC) (1.31) 
dT dT 

Standard enthalpy of micellisation, AH° 

Incorporating the Gibbs function with equations 1.30 and 1.31 results in 

AH° = AG° +T S° 

= -RT 2 dln(CMC) (1.32) 

dT 

These derived thermodynamic parameters will be referred to in the thesis. 

1.4.3 Micellar kinetics 

Just like adsorption layers, micelles are not static entities but are 

under a state of constant break-up and formulation. It is generally accepted 

there are two time-scales of micelle relaxation [411 with the fastest being 

monomers entering and leaving micelles typically on a microsecond time- 
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scale, ri. The slower relaxation represents the complete break-up of the 

micelle into monomers, T2, and this occurs typically over milliseconds. The 

time-scale of these kinetic processes depend on the size of the molecule 

and also on the strength of the hydrophobic bonding forces between the 

molecules in the micelle: generally the longer the alkyl chain, the longer the 

lifetime of the micelle. The theory behind micelle kinetics, along with 

experimental measurements, is discussed in Chapters Six and Seven. 

1.4.4 Phase behaviour of surfactants in solution 
The book "The Aqueous Phase Behaviour of Surfactants" by Laughlin 

[3] provides an excellent description of micellar and liquid crystalline phases 

of surfactants in solution. Since this project is only concerned with the 

monomeric and micellar phases, a description of liquid crystals is not 

necessary here. However, there are two important characteristic properties 

of surfactant phase behaviour which do require introduction, namely the 

Krafft Temperature and cloud point. 

Krafft temperature 

Surfactants in solution often exhibit unusual behaviour in that their 

solubilities show a rapid increase above a certain temperature known as the 

Krafft point, TK [42]. In general, monomers have a limited solubility whereas 

micelles have a greater solubility. Below TK the solubility of the surfactant is 

not great enough for micelles to form, but as the temperature is raised the 

solubility of the surfactant increases until, at the Krafft temperature, the CMC 

is attained. With micelles now having the ability to form, a larger amount of 

surfactant can dissolve. All the research in this project was carried out above 
the Krafft temperature in the single phase region of the surfactant. 

Cloud point 
Micellar solutions of aqueous non-ionic surfactant solutions become turbid 
(cloudy) above a well defined temperature, known as the cloud point. This 
temperature depends on the concentration of the surfactant and also on the 
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length of the ethylene oxide (EO) and alkyl chain. The lower consulate 

temperature (LCT) can be introduced and defined as the lowest temperature 

at which the micellar solution becomes turbid (bi-phasic). The LCT occurs at 

a specific surfactant concentration. In general, increasing the EO content 

increases the LCT, whereas increasing the alkyl chain length lowers it. 

Values of LCTs for various ethylene oxide non-ionics are given in Table 1.3. 

Table 1.3: Lower consulate temperatures (LCT) of various ethylene oxide (C�E j 

surfactants in 0 C. Data taken from Sjoblom et al. [43] 
E4 Es Ea Ee 

ca 34 55 

C1o 20 42 60 

C12 5 26 50 80 

C14 42 

C16 63 

A surfactant solution above its cloud point is essentially a two phase 

system and it initially appears turbid as it is often an emulsion of one phase 
in another. When allowed to separate under gravity, two transparent phases 

are obtained: a dilute phase that contains a solution just above its CIVIC and 

a concentrated micellar phase with a low viscosity. 
Light scattering of this cloudy two phase system has shown this 

turbidity to be due to a large increase in aggregation number of the micelle 

with long cylindrical worm-like micelles being formed [44]. Neutron scattering 
data, however, suggest that there is only a very small growth in the size of 
the micelles, whereas intermicellar attraction forces increase dramatically as 
the cloud point is reached [45]. All research carried out in this project was 

carried out on isotropic micellar solutions below their cloud points. 

This chapter has introduced many general features of surfactant 
behaviour and provides a useful background for the subject of surfactant 
kinetics. It is intended that the next chapter will introduce and address 

adsorption dynamics in fine detail. 
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Chapter Two 

The Theory and Methods for Studying Dynamic Surface 
Tension 

2.1 Aim of the project 
The equilibrium surface tension (Yeq) of a surfactant solution is not 

achieved instantaneously. For example, when a fresh interface is formed, 

surfactant molecules must first move from the bulk to the interface and 
then adsorb in a favourable orientation. The main question to be answered 
in this project is "What is (are) the main process(es) governing the rate of 
transport of surfactant molecules from the bulk to the adsorbed state at the 

air-water interface? ". In answering this question, a physical model can be 

constructed to account for the experimental dynamic surface tension (DST 

or y(t)) decays of various surfactant solutions. The rate surfactant 

molecules adsorb, or the change in their surface excess concentration, 
r(t), can be inferred from y(t) by applying an appropriate isotherm. This 

DST or y(t) decay can be measured by a variety of techniques such as 
maximum bubble pressure, drop volume and inclined plate [1,2]. 

The first part of this chapter gives an insight into what DST is and 
why it deserves to be studied, and then detailed models of DST will be 
discussed. Also included are suggested processes and parameters which 
may control dynamic adsorption, some of which are currently under debate 
in the literature. The final part deals with the techniques which may be 
used for studying equilibrium and dynamic surface tensions, including a 
full discussion on the maximum bubble pressure (MBP) technique and the 
LAUDA MPT1 equipment used in this project. 

This chapter is meant as both an introduction to DST and a 
literature review of relevant work. 
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2.2 Introduction to dynamic surface tension 

A freshly formed interface of a surfactant solution has a surface 
tension, y, very close to that of the solvent, yo. Over a period of time, y will 
decay to the equilibrium value, yeq, and this period of time can range from 

milliseconds to days depending on the surfactant type and concentration. 
Figure 2.1 shows a typical decay of y with time, and here the equilibrium 
interfacial tension is attained in less than 1 s. This dynamic surface tension 

(DST or y(t)) is an important property as it governs many important 

industrial and biological processes [1,2]. 

(t) / mN m-1 

Yeq 

tls 

Figure 2.1 How ydecays with time fora surfactant solution 

For example, in the photographic industry the formulation of thin 

gelatin films requires high flow velocities, and hence the DST of these 
formulations needs to be monitored during the fabrication process to 

prevent film deformation and irregularities. It is also of importance in 

agrochemicals where fast wettability plays a role in the easy spreading of 
pesticides onto leaves. DST also has a crucial role in metal, paper and 
textile production. One biological process where the control of DST is 

essential is in the lung where the correct y(t) of the phosphocholines is 

necessary for effective functioning of the alveoli. It is, of course, important 
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in other emulsifiers, wetting agents and foaming agents. Indeed, whenever 

surfactants are used, DST is an important property to quantify and 

understand. 

For a surfactant solution at equilibrium, the interfacial (or surface 

excess) concentration of surfactant is given by I'eq. However, adsorption is 

a dynamic phenomenon and at equilibrium the adsorbing flux of monomer 

to the surface, fads, is equal to the desorbing flux, ides. This is shown in 

Figure 2.2. 

Adsorption Equilibrium Desorption 

F< req r'"'2 req F> req 

surface expansion surface contraction 

"-0 monomer -0 ^-0 monomer 
transport transport 

Figure 2.2 Surface expansion and contraction affects the flux of monomer to the 
interface 

If a surface is stretched, say by creating a liquid drop or by forming 

an air bubble in a liquid, the surface excess concentration, I', immediately 

after the perturbation will now be less than Feq. Since IF <I'eq, the 

adsorbing flux jade will now be greater than the desorbing flux, Jdes, and in 

order to obtain equilibrium there will be an overall transport of monomer 
from the bulk to the interface. 

If the equilibrium surface is contracted, then I' > Feq and therefore 

27 



ides > Jads in order to re-establish equilibrium. This will lead to an overall 

transport of adsorbed monomer from the surface into the bulk (back 

diffusion). A simple relationship describing this kinetic mechanism is 

described in equation 2.1. 

dr 2.1 
df - fads - Ides 

As stated above, when a fresh surface is created, initially the surface 

excess of monomer is less than the equilibrium value and since r<req 

there will be a flux of monomer from the bulk to the interface. This flux will 

cause the surface tension to decay from yo to yeq, at which point the 

interfacial concentration has reached its equilibrium value, i. e. req. At 

present there are two main ideas or models on how monomer can be 

transported to the interface. These ideas are easiest considered by 

studying Figure 2.3. The subsurface may be taken as an imaginary plane, 

a few molecular diameters below the interface. 

Air-Water 
Interface 

(1) or (2) 
Subsurface 

z 

Diffusion 

Figure 2.3 Transport of monomer to the interface. Once the monomer has diffused 
to the subsurface it will either instantaneously adsorb at the interface in 
accordance with the diffusion controlled model (1), or will have to pass 
through a potential barrier to adsorb (2) 
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These models are: 

(1) The diffusion controlled model assumes that the monomer diffuses 

from the bulk into the subsurface and once in the subsurface it directly 

adsorbs at the interface. In this model the diffusion process from the bulk 

to subsurface is the rate controlling step and the time-scale of adsorption 
from the subsurface to the interface is very fast. This model is discussed in 

Section 2.4. 

(2) The mixed kinetic-diffusion model assumes that the monomer 
diffuses from the bulk to the subsurface, but the rate controlling process is 

the transfer of these monomers to the interface. Once the monomer has 

diffused to the subsurface, there may be an adsorption barrier present 
preventing the monomer from adsorbing. This barrier may be due to 
increased surface pressure as the interface becomes fuller or attributed to 
there being less "vacant sites" available for adsorption. There may also be 

steric restraints on the molecule in the proximity of the interface and it may 
have to be in the correct orientation to adsorb. This will cause the 

molecule to back diffuse into the bulk rather than adsorbing, slowing the 
time-scale of the DST process. This is discussed in detail in Section 2.5. 

2.3. Historical background 
In 1869 the first publication appeared suggesting the equilibrium 

surface tension was not achieved instantly. Dupre [3] presented evidence 
that tensions for fresh surfaces of soap solutions differed from their 

equilibrium value. This was also noted by Gibbs [4] in his theory of 
capillarity and by Rayleigh [5] who studied dynamics of soap solutions 
using the oscillating jet method. However, it was early into the twentieth 
century before anyone proposed a mechanism of how surface tension 
changes with time. In 1907 Milner [6] measured the DST of sodium oleate 
and proposed that the formation of the interface was a result of surfactant 
diffusing from the bulk phase. 
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During the 1930s there were many techniques investigated for 

measuring y(t) including Langmuir balances and electric surface potentials 
[7]. Adam and Shute showed that adsorption processes at the liquid-gas 

interface could not be explained by a simple diffusion mechanism, as the 
diffusion process alone was too fast to explain the experimental data [8,9]. 

They proposed monomers had to transfer through an adsorption barrier 

before they reached the interface. Doss proposed the barrier was 

connected with the transfer of surface active ions through the electrical 
double layer formed by the adsorbed film [10]. Alexander thought this 

barrier was connected with reorientation of surfactant molecules into the 

correct adsorption state before penetrating the interface [11 ]. Others have 

also tried to quantitatively describe DST using a diffusion model; these 
include Bond and Puls [12], Ross [13], and Langmuir and Schaefer [14]. In 

1944, Addison et al. [15-17] studied fast adsorption kinetics using various 
techniques and made attempts at estimating the magnitude of the 

adsorption barrier. 
It was not until 1946 that a quantitative model for surfactant 

adsorption by a diffusion-only mechanism was published. This contribution 
by Ward and Tordai [18] is the backbone to most current DST modelling 

and is discussed in Section 2.4. During the 1950s it was thought that any 

minor impurities in the surfactant solutions such as side products from the 

synthesis or excess reactants were responsible for (or simulated) this 

adsorption barrier [19-22] and that DST with pure surfactants would be 

purely diffusion controlled. This, coupled with the lack of accurate and 

reproducible instrumentation and techniques, was responsible for the fall 

off of interest in the subject for the following few decades. There was a 

revival in DST studies in the 90s due to the manufacture and availability of 
commercial set-ups of techniques such as maximum bubble pressure 
(MBP) [2,23] and drop volume [2], which made the field more accessible to 

new research groups. 
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2.4 Diffusion theory for surfactant adsorption 

2.4.1 The Ward and Tordai equation 
This general theory of surfactant adsorption accounts for the diffusion of 

monomers from the bulk to the interface and also allows for the back 
diffusion of monomer into the bulk as the interface becomes more 

crowded. It is based on Fick's diffusion equations to calculate the amount 
of monomers diffusing from the bulk to the subsurface. At the start of the 

process monomers from the subsurface adsorb directly, the assumption 
being that every molecule arriving at the interface is likely to arrive at an 
empty site, which is a reasonable postulate for the start of adsorption. 
However, as the surface becomes fuller there is an increased probability 
that a monomer will arrive at an already occupied site. Back diffusion from 

the subsurface to the bulk must then also be considered. If the subsurface 
concentration is known, then the diffusion of molecules from the 

subsurface to the bulk can also be treated with Fick's diffusion equations. 
Below is given a short derivation of this classic equation, which has been 
included as it introduces many important ideas behind the modelling of 
DST. 

(1) Start of adsorption process: neglecting back diffusion 

During the early stages of adsorption there is no overcrowding at 
the interface so back-diffusion can be neglected: the interface acts as a 
sink for monomers. The diffusion of molecules from the bulk to the 
interface is analogous to diffusion of heat along an infinite conducting rod 
[24]. Therefore, if c is the concentration in the surfactant solution at a 
distance x normal from the surface at time t 

x2 Sc_ co 
- Sx 7 Dt 

eXp 4Dt (2.2) 

where co is the bulk concentration of monomer and D the diffusion 

co-efficient of the monomer given by Fick's equation (2.3): 
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(2.3) 

From this, the surface concentration at any time, I'(t), is given by: 

t 

rýtý = 
r4c) dt = 2co °t (2.4) 

X_o 0 

which dictates how the interfacial concentration changes with time at the 

start of the adsorption process. 

(2) Diffusion theory incorporating back diffusion at longer times. 

The paper [18] gives a thorough proof of the classic Ward and 

Tordai equation incorporating back-diffusion, however, this thesis will 

present a simplified version as it is important to visualise how this complex 

equation has been derived and the physical meaning behind it. 

The back diffusion process 

Consider a surfactant solution with an initial bulk concentration of zero and 

a surface concentration kept constant at c. After a time t, the amount of 

monomer diffusing from the interface inwards towards the bulk is given by 

equation 2.5 

r"= 2c 
°t 

(2.5) 

which is a similar expression to adsorption of monomer from the solution 
to the empty interface (2.4). Imagine another system having a varying 

surface concentration 4(t). The surface concentration changes stepwise, 

so equation (2.5) holds for the short time that the surface concentration is 

constant, with this stepwise change being taken as fi(t). Each monomer 
diffusing from the surface does so independently from any other monomer 
and the surface concentration during this stepwise process is given as c,. 
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Now, 
A c, is surface concentration change due to diffusion from t=0 to t=T 

A cl is surface concentration change due to diffusion from t=1 to t=T 

d c� is surface concentration change due to diffusion from t=n to t-T 

where T= time taken to reach equilibrium. Hence the total back diffusion 

in this time T is obtained by adding all the stepwise portions: 

I: r'=2 
rq r Z ecr r-t (2.6) 

0 

The limit of the R. H. S. summation of equation 2.6 can be taken as n -> 0 

and can be represented as the area under the curve when plotting 4(t) 

against (T-t)'"2. Therefore the term accounting for monomer back diffusion 

is given by equation 2.7, where cs is the subsurface concentration and a 
function of time. 

Iff 
1 "(t)=2 

n 
Csd IT --t (2.7) 

0 

Hence, equations 2.4 (diffusion to the interface) and 2.7 (back diffusion) 

can be combined to account for the overall adsorption process. This gives 
the classic Ward and Tordai equation, usually quoted in the form below: 

Dt 1/2 Dl "Z 
f 

F(t) = 2co( 
J- 

2ý J 
JCs(t 

-, r) dt12 (2.8) 
nn 

0 

here r is a dummy variable in the integration. Obviously the back diffusion 
term (equation 2.7) is negative in equation 2.8, as diffusion from the 
surface to the bulk will lower the surface excess or interfacial 

concentration. This equation will be referred to throughout this thesis. 
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2.4.2 Asymptotic solutions to the Ward and Tordai equation 
Owing to the convolution integral in the Ward and Tordai equation 

(2.8) to account for back diffusion, this equation cannot be solved. Instead 

limiting laws can be used to account for the DST when y(t) is close to that 

of the solvent, yo, and for when it is close to the equilibrium value yeq. 

Asymptotic equations have been given by Miller et al. [25] and their short 

derivations are given below: 

(1) Short time approximation, t->0 

At the start of the adsorption process there will be no back diffusion. 

Neglecting this term from the Ward and Tordai equation (2.8) gives: 

r(t) = 2co 
Dt 
n 

(2.9) 

An appropriate isotherm can be used to relate r and y. At the start of 

adsorption when y -* yo the surfactant solution can be treated as dilute, so 

the linear Henry isotherm can be applied: 

y-yo =-nR7T (2.10) 

where n=1 for non-ionic surfactants, n=2 for ionics. Substituting 2.9 into 

2.10 gives 

y-yo=-2nRTco 
Dt 
7 (2.11) 

which gives the short time approximation for y(t) when y is close to yo. This 

equation can be written as a derivative of y with respect to t1 : 

(ddy t"ZJ r-. o 
- -2nRTco 

FR7C 

(2.12) 
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(2) Long time approximation, t -> c 

As t --* oo the subsurface concentration will get closer to the bulk 

concentration and therefore cs can be factored outside the back diffusion 

integral in eqn. 2.8, with the integral now tending to unity as t -> oo. Hence 

ýcýý� =co-cs=r 4Dt 
(2.13) 

After applying the Gibbs equation 2.14 

dy = -nRTF dlnc (2.14) 

the long time approximation can be derived by taking the limit in equation 
2.13 as Ac--> 0 

-_ 
nR1T2ý it 2.15) AY =Y Yea 

Co 
( 

The derivative of y with respect to t'1n is given in equation 2.16 

C dy 1_ nRTr2eq 'A (2.16) 
Co 4D 

Due to being derived from the Ward and Tordai equation, both equations 
2.11 and 2.15 describe the adsorption process as a diffusion only 
mechanism. They do not take into account any potential barriers to 
adsorption that may exist. These equations are tested in the experimental 
chapters. 

2.5 Mixed kinetic-diffusion controlled adsorption: 
presence of an adsorption barrier 

In this activated-diffusion mechanism, the monomers undergo 
diffusion from the bulk to the subsurface obeying the same diffusion 
equations as for the diffusion - only mechanism. However, once in the 
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subsurface the monomer is not instantaneously adsorbed at the interface. 

It may have to: 

(a) overcome a thermodynamic potential energy barrier; 
In order to adsorb, a monomer has to do work against the increasing 

surface pressure it. When it is high it is unlikely that every molecule 

reaching the subsurface will have enough energy to adsorb at the 

interface. Only those molecules possessing an internal energy greater 
than a specified activation energy will be able to adsorb [26-35]. 

(b) be in the correct orientation for adsorption; 
For the monomer to penetrate the surface film, it may have to adopt a 
certain configuration to adsorb. This is particularly the case for very long 

chain surfactants, polymers and proteins [36-40] where the monomer may 
not adsorb if the chain is closely entangled within itself, rather than being 

straight and having a greater contact with the solvent. In preference to 

rearranging itself in order to reach the adsorbed state, it may back diffuse 
into the bulk. 

(c) be present at a point in the subsurface which is below an "empty 

site" in the interface. 

When present in the subsurface there has to be an "empty site" in the 
interface above the monomer. Unlike the two factors above, which were 
thermodynamically based, this is a statistical parameter [32] and is partly 
accounted for in the Ward and Tordai equation. 

(d) The presence of micelles in the bulk and the time-scale of their 
break-up may hinder adsorption. 

Once the surfactant solution is above its CMC, the micelles present in the 
solution have a certain lifetime for break-up. If the micelles are stable 
entities with long lifetimes, the molecules in the micelles will not be 

available for adsorption [41-48]. In effect, the concentration of molecules 
diffusing to the interface will be equal to the CMC regardless of the bulk 
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concentration of surfactant, implying that the DST will not increase 

significantly above the CMC. 

The term adsorption barrier can be used as a catch-all to 
incorporate any or all of the above factors that affect surfactant adsorption. 
This barrier will decrease the adsorption rate and hence the transfer of 

monomer from the subsurface to the interface is the rate determining step. 
If during adsorption none of the above needs to be taken into account, 
then the adsorption barrier is in effect zero and the process is diffusion- 

only controlled. 
Baret [26] made the first major attempt to account for this 

adsorption barrier and summarised the process as "The number of solute 

molecules that adsorb at the interface is equal to the number of solute 

molecules which, having diffused from the bulk to the subsurface, cross 
the adsorption barrier". He also concluded that the diffusion process is 

predominant at the start and then loses its predominance to mixed kinetics 

as the process reaches adsorption equilibrium. 

2.5.1 Mixed kinetic mechanism according to Lin et a/. 
Mixed adsorption kinetics has also been observed for long chain 

alcohols: 1-9-nonanediol by Adamczyk [49] and decanol by Lin et al. [50]. 
Lin et al. thought the barrier for long chain alcohols was due to strong 
cohesive forces at high surface coverage. The molecules are considered 
to be oriented at the surface enabling van der Waals bonding between 
them which creates a large energy barrier. To quantitatively account for 
the adsorption rate which incorporates an activation barrier, Lin et al. 
utilise the Langmuir isotherm where the rate of adsorption is proportional 
to the subsurface concentration cs and the number of interfacial sites that 
are available for adsorption (1 - IF / r. ). The desorption rate is proportional 
to the surface coverage F. Hence the overall adsorption rate is: 

dr 
df [Q exp(-Ea I RT)]. cs (r0 - r) - [a exp(-Ed / RT)] r (2.17) 
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Figure 2.4b: Values of the effective diffusion coefficient Doff from the DST data 
and the model predictions from the Langmuir (L)and Frumkin (F) isotherms as a function 
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where ß and a are pre-exponential factors and Ea and Ed are activation 

energies for adsorption and desorption. Here pexp(-Ee °/ R7) is defined as 

the adsorption rate constant and I'. the maximum number of interfacial 

sites that are available for adsorption. 
From pendant bubble tensiometry experiments on decanol they 

conclude that the activation barrier plays a greater role at the tail end of 

the process, as it is only at these extended times that the interfacial 

concentration becomes high enough for this cohesive energy between the 

monomers to become substantial. 
Lin et al. have also performed studies on two non-ionic 

polyoxyethylene alcohols (CnEm) [30,31]. For both C12EB and C1oE8 they 

concluded that the controlling mechanism for mass transfer changes as a 

function of bulk concentration from diffusion to mixed kinetic-diffusion 

control. The DSTs of C1oEB solutions for a wide span of concentrations 
below the CMC is given in Figure 2.4a. Figure 2.4b shows how the 

apparent or effective diffusion coefficient of the molecules to the interface, 

Deft, decreases as the concentration is increased, indicating that 

adsorption is hindered as the bulk concentration becomes higher. The 

adsorption of C1oE8 molecules onto a clean air-water interface is therefore 

not purely diffusion controlled. From examining both the DST decays (Fig. 

2.4a) and how Deff changes with concentration (Fig 2.4b) this evidence 

would suggest a diffusion controlled mechanism at dilute bulk 

concentrations where the equilibrium surface coverage is low, and mixed 
kinetic-diffusion control as the bulk concentration becomes higher and the 

equilibrium surface coverage is increased. In comparing their theoretical 

profile (eqn. 2.17) and experimental DST curves they concluded that the 

adsorption / desorption process varies significantly with surface coverage 

rather than purely bulk concentration. It should be noted that this work was 
published in 1997 and 1998, and hence was carried out at the same time 

as the DST work on non-ionic surfactants that is described here in Chapter 
Three [33,34]. Both pieces of work formed similar ideas at similar times, 
independently deriving similar models and coming to the same 
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conclusions for the DST of non-ionic surfactant solutions. 

2.5.2 Mixed adsorption kinetics according to Liggieri et a!. 
Liggieri et a/. also considered the possibility of an adsorption barrier 

[27,28]. Their model is based on the Ward and Tordai equation (2.8), but 

they introduce a renormalised diffusion coefficient which takes into 

account both the diffusion to the subsurface and then the crossing of any 

potential barrier. This interfacial barrier was taken into account by 

considering that among the molecules in the subsurface, only those with 

energy larger than ea are adsorbed, whereas among the adsorbed 

molecules, only those with energy larger than Ed are desorbed. The 

parameters Ca and Cd are activation energies of adsorption and desorption. 

This renormalised diffusion coefficient D* takes into account this activation 
barrier and is related to the physical diffusion coefficient D by an Arrhenius 

- type relationship and is defined as: 

D* =D exp(-Ea / Rfl (2.18) 

As sa -4 0, D* -4 D and the process tends towards the diffusion-only 

controlled mechanism. Using this renormalised diffusion coefficient, D*, 

this process can now be considered as a diffusion problem that can be 

solved using Fick's equation (2.3) with the new boundary condition 

dt 
D. 

(SE) 
sxJ 

(2.19) 
x=0 

giving a variation on the Ward and Tordai equation to account for a 
potential adsorption barrier: 

f 
Ra- 1/2 D 1/2 

r(t) = 2co( a) - 2(e) 
fcs(t 

- t)dr"' (2.20) nn 0 

where they define 

Da =D 
ý2 

=D exp(-tee / RT) 
D (2.21) 

39 



2.5.3 Activation barriers to polymer and protein adsorption at the 

air-water interface 

Adsorption barriers have also been seen in DST studies of proteins 
and polymers at the air-water interface. Cho et al. [37] studied the 
dynamics of bovine serum albumin (BSA) by using a radiotracer method to 

directly measure I(t). They concluded that the evolution of I'(t) at short 
times was diffusion controlled, but as adsorption continued there was an 

evolution of an electrostatic energy barrier which may partly be explained 
by the partial unfolding of the protein chain during adsorption. Ybert and di 

Meglio [39] also concluded that the initial stage of adsorption for BSA was 
diffusion controlled by studies using pendant drop. 

Pugh et al. studied the DST of cellulose polymers using MBP 
[38,40], and their results showed that there was a strong deviation from 

diffusion theory. They concluded that for the diffusion equation (2.8) to be 

valid, the interface needs to be empty so that each molecule arriving at the 

surface can arrive at an empty site, and since this can only occur in the 

initial stages, the process overall is kinetically controlled and governed by 

an activation barrier [38]. They suggested that in the dynamic studies of 

polymers, the rate of adsorption step is dependent on the configuration 

changes in the polymer segments between the adsorbed state and the 

bulk. 

This section has given an overview of mixed activation-diffusion 
kinetics and how an adsorption barrier can affect surfactant kinetics at the 
interface. All these ideas and their application to experimental results will 
be discussed at greater length in the forthcoming chapters. 

2.6 Effect of micelles on adsorption dynamics 
Another factor that could possibly affect the rate of adsorption is the 

presence of micelles. Micelles are also dynamic entities that continually 
undergo formation and dissolution with characteristic time constants 
[51,52]. If this lifetime is longer than the time taken for y(t) to reach Yeq then 
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the monomers of the micelle will not be available for adsorption, and 
hence this will slow the DST decay. 

Adsorption of monomers results in a concentration gradient at the 

subsurface. This gradient will return to equilibrium, on one hand by the 

usual diffusion of monomers in the bulk and, on the other hand, by the 
dissolution of micelles. This situation is schematically shown in Figure 2.5. 
It is reasonable to postulate that the aggregation number and hence the 

rate of formation and dissolution may influence the adsorption dynamics. 
Rillaerts and Joos [43] and later Fainerman et a/. [45-47] turned this 

argument around and obtained rate constants of micelle dissolution, kmic, 
from DST measurements on micellar solutions. 

Adsorption 
of monomers 

---- --- -- 
-%----------- 

Diffusion of 
mors Micellar 
and micelles Kinetics 

Figure 2.5 Possible effects of micelle kinetics on adsorption. 

Interface 

Subsurface 

This study [43] yielded the following relationship between kmic and y(t): 

1 
(dY / dt'uzl 

2 

km;, It-ºao, c=cmc (2.22) 
Y' 

and hence [46] 

Wt -º = 7eq + n2 ot2 
Dkmc 

(2.23) 

This relationship and the theory of micellar influences will be tested in the 
experimental section of the thesis. 

Johner and Joanny [53] studied the dynamic adsorption of A-B 
block co-polymers which also micellise. They concluded that micelles play 
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an indirect role in the adsorption process and that they release free 

monomers on a relatively fast time-scale. This small reduction in 

aggregation number of the micelle is an important mechanism for 

supplying fresh monomer, rather than the longer process of complete 

micellar dissociation. A micelle in the subsurface region can "leak" 

releasing one or two monomers, re-equilibrating the monomer 

concentration. It will then leave the subsurface and be replaced by another 

micelle which can also provide monomers. Since the lifetime of a 

monomer in a micelle is typically of the order of 10"5 -10-4 s [52], this time- 

scale is much shorter than characteristic DST time-scales studied in this 

thesis, so it may be concluded that micelle leakage will not limit the 

adsorption. 
These two conflicting views will be investigated in Part Two of this thesis. 

2.7 Empirical and theoretical models for adsorption 
kinetics 

2.7.1 Empirical modelling: Rosen's analysis 

In a series of eight papers on DST by Rosen et al. [54-61 ], DST 

curves were fitted by an empirical equation. The equation contains no 

physical parameters and at first seems to give little scientific insight into 

the adsorption process. However, it needs to be included in any discussion 

of adsorption dynamics as it models experimental data well and certain 

physical parameters can be indirectly inferred from it. It also gives a 
different approach to studying DST, as the simple mathematical equation 

can be built on to incorporate other physical models. 
After examining a series of DST curves, it can be seen that on a 

logarithmic time-scale, regardless of concentration or surfactant type, they 

all have essentially the same profile [54]. A generic curve is given in Figure 

2.6. Rosen divided this curve into four regions: (1) the induction region; (2) 

the rapid fall region; (3) the meso-equilibrium region and (4) the 

equilibrium region; t; and tm are defined as the end of the induction period 
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and beginning of the meso-equilibrium period respectively. 
Providing yo and yeq are known for the surfactant solution, most 

dynamic surface tension data will fit the equation 

y(tý . Yq + 70-7q (2.24) 
1+(t/t*)" 

where n and t* are constants, t* having units of time, and n being 

dimensionless. Equation 2.24 can be manipulated to 

Yo - Yl 
_( 

tn 
Yr Yq 

(2.24a) 
f 

where the L. H. S. is the ratio of depression of surface pressure at time t to 
that remaining before equilibrium is attained. Rosen defined the induction 

region to end when this ratio equals 1/10 and for the rapid fall region to 

end when the ratio equals 10. 

The two parameters n and t* give insight into the characteristics of 
the surfactant, such as concentration of the solution, surfactant type, 
hydrophobic nature, diffusion coefficients and area per molecule at the air- 
water interface. 
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Figure 2.6: A typical DST curve according to Rosen et al. 
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Although this alternative approach to DST modelling has its uses, it 

does not build on many of the strong physical and chemical theories 

already in the literature. Due to the main aim of this project being to 

propose and build on models based on the physico-chemical properties of 

surfactant solutions, this model will not be discussed further. 

2.7.2 Theoretical modelling : Fillipov and Fillipova 

Fillipov has theoretically modelled adsorption kinetics by incorporating 

various isotherms into diffusion-convection [62,63] and diffusion- 

convection-kinetic [64,65] controlled adsorption models. It builds on the 

work of Rosen, but due to the high complexity of the modelling it cannot be 

easily applied to the experimental DST studies described here. It has been 

included here to demonstrate the enthusiasm for modelling adsorption 
dynamics from a theoretical perspective as well as an experimental one. 

2.8 Experimental methods for measuring equilibrium and 
dynamic surface tension 

Recent books [66,67] and reviews [1,2] give details on techniques 

available for measuring both yeq and y(t). This section portrays the ideas 
behind the main techniques, along with contributions to the literature by 

various authors using the respective methods. 
The plot in Figure 2.7, taken from reference 66, shows the time 

windows over which dynamic surface tension measurements can be made 
using the techniques. 

2.8.1 Oscillating jet 

This technique was one of the first to be developed for studying 
liquid-gas interfaces [6,68]. Figure 2.8 shows how a jet of surfactant 
solution issued from a capillary into air gives rise to a sinoidal wave 
oscillating about its equilibrium cross section. Before this stream breaks up 
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into individual drops, the stationary liquid jet will have characteristic 

wavelengths Xi, and amplitude a, with the surface tension being calculated 
from the wave parameters at the nodes. Hence, analysis of the jet at 
increasing distances from the capillary orifice will give information on the 

y(t) decay. 

a 
2r 

yap i::: " 2rmax 2rmin 

Capillary 

09 ow wo 00 
X1 ý2 

Figure 2.8 Schematic of the oscillating jet method. 

2.8.2 Inclined plate 

This method was developed by Van den Bogaert and Joos [69] and is only 
applicable to air-water interfaces. Surfactant solution is pumped over an 
inclined plate where a fresh interface will form at the top. The surface 
tension is measured with a Wilhelmy blade, with y(t) being obtained by a 
series of measurements at different distances from the top of the plate. A 
schematic is shown below in Figure 2.9. This technique, however, has its 
limitations. There is no method of thermostating the set-up and the DST is 

only measurable over a narrow time range. There is also a problem with 
the correct time definition and resolution at the very short times that this 
method is capable of measuring. 
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Figure 2.9 Schematic of inclined plate according to Van den Bogaert and Joos (691. 

2.8.3 Drop methods 

Drop volume or Drop weight 
This has long been used as a method of obtaining dynamic and 
equilibrium tensions, however only recently has a commercial set-up 
become available. The LAUDA TVT1 [2,70-73] has made drop volume 
measurements a more accessible method of measuring DST, with the time 

window covering a few seconds to half an hour. The schematic in Figure 
2.10 shows the principle of the M1. A full description of this instrument 

can be found elsewhere [2,66]. The motor, calibrated to the nearest tenth 
of a micrometre, drives a plunger into the syringe containing the liquid 

under study causing a drop to be formed on the circular tip of a well - 
defined capillary. This drop will become detached from the capillary when 
the weight of the drop acting downwards (mg) exceeds the tension force 

acting upwards (2nrcapy). Hence the surface tension of the drop can be 

calculated from equation 2.25: 

VgFp 
(2.25) 

2nrcep 

where V is the volume of the drop, g is the acceleration due to gravity, p is 
the density of the solution and rcap is the radius of the capillary. F is a 
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Figure 2.10: Schematic set-up of the LAUDA TVTI drop volume instrument. 
Parameters are as described in the text. 



correction factor applied due to the necking of the drop near the tip of the 

capillary [74]. The volume of the drop is calculated from the position of the 

syringe and the distance the motor has translated. The dimensions of the 

capillary and the syringe are all accurately known. For dynamic 

measurements, the drop formation time can be increased from a few 

seconds to longer times by incrementing the speed of the motor between 

each drop. The TVT1 can be set to do this automatically, as the motor is 

driven by a series of gears. The drop formation time is measured by the 

light barrier which registers the detachment of the drop from the capillary. 

Pendant or sessile drop 

This technique has been developed to calculate y from the shape of liquid 

drops. A typical instrument described in [75] consists of a digital video 

camera and processor which photographs and then digitises the drop 

image. The drop shape geometry and co-ordinates are fitted to the Gauss- 

Laplace equation to obtain the surface tension. This fitting is done by a 

recent new software package, Axisymmetric Drop Shape Analysis (ADSA) 

[76,77], which determines the drop geometry from the digitised drop image 

and fits it to the Laplace equation. This can be used for liquid-air and 
liquid-liquid interfaces [70,78]. 

Growing drop 

Here the surface tension is obtained by measuring the pressure in growing 
drops [79]. The pressure is measured by a highly sensitive transducer and 
the sensitivity is related to the accuracy of the tension measurements. It 

can be used for both air-liquid and liquid-liquid interfaces. 

2.8.4 Maximum force methods: Du Noüy ring and Wilhelmy Plate 
Both these methods involve measuring the force required to pull a 

solid body through a liquid interface [67]. The du Noüy ring is lowered into 

the liquid and then slowly raised upwards, whilst a force F acting 
downwards on the ring is measured. As the ring is pulled through the 
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interface this force will reach a maximum value F,, ax, or the maximum pull 

of the ring on the liquid. Very soon after, the system will lose stability and 
the force will fall. Fmax is related to the surface tension of the liquid via 

equation 2.26 

y= 
ý4 

(2.26) 

where r is the radius of the ring and ß is a correction factor. This correction 
factor, calculated by Harkins and Jordon [80], accounts for the fact that the 

force is not acting vertically downward on the ring. Although the 

detachment methods can be used for studying DST, they are traditionally 

used for studying equilibrium tensions. The Wilhelmy plate method 

operates under a similar principle and more details can be found in [67]. 

2.8.5 Spectroscopic method: Ellipsometry 

Ellipsometry measures the polarisation of light reflected from a liquid 

surface and is dependent on the thickness of the adsorbed layer and its 

refractive index [81]. The polarisation can be related to the surface excess 
of the surfactant solution. Ellipsometric instruments can be constructed to 

measure these parameters on a time-scale of about 1 s, which makes it 

useful for studying adsorption kinetics. However, although models have 
been constructed for computing adsorbed amounts, the accuracy here is 
lower than for any other tensiometric techniques. The main use is being 

combined with the overflowing cylinder or inclined plate so that both y and 
r can be obtained [82]. 

2.8.6. The overflowing cylinder (OFC) 

The surfactant solution is pumped upwards through a cylinder 
which then flows radially outwards from the centre to the rim creating a 
freshly formed surface which, when at steady state, has an expansion rate 
usually in the range I to 10 s" [83-85]. The OFC has a large flat surface 
that enables ellipsometric, spectroscopic and other scattering 
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measurements to be carried out on it. Figure 2.11 shows a schematic of 
the set-up. 

A recent paper by Bain et al. [86] studied the DST of CTAB (cetyl 

trimethylammonium bromide) solutions using the OFC combined with two 

non-invasive spectroscopic methods, surface light scattering (SLS) [87] 

and ellipsometry [81 ], and one invasive method, the Wilhelmy plate. It was 

seen that for an approximate surface age (T 0.1 s) the three independent 

methods agreed well with each other. The DST of various CTAB 

concentrations at a surface age of approximately 0.1 s have been 

obtained by SLS and ellipsometry on the OFC. These values of y(t) are 

shown in Figure 2.12. The equilibrium surface tensions of the solutions 

measured by du Nouy ring and are also shown. For information on how 

these tensions are obtained the reader is referred to [82]. 

As expected the tensions obtained by SLS and ellipsometry are 
higher than those measured at the same concentration by the du Nouy 

ring. The tension is still decaying at this short time as the surface is not at 
equilibrium. 

Bain et at. have also obtained I'dyn of CTAB by using this OFC in 

conjunction with neutron reflection [88] which has the advantage of rdy� 
being measured directly rather than being obtained indirectly from y(t). 

The neutron reflectivity measurements were carried out on the 
SURF reflectometer at ISIS, U. K. Neutron reflectometry is a technique 
recently institutionalised by Thomas et al. for use in studying the structures 
of surfactant monolayers and also in determining the interfacial 

concentration of surfactants [89-92]. As with all neutron studies, the main 
advantage of this technique is the ability to contrast the surfactant layer by 
isotopic substitution. 

Reflectivity R(Q) is measured as a function of momentum transfer, 
Q, where Q is a wave vector = [(4n / %) sin 0] (see Chapter Four), X is the 
wavelength of the neutrons, (0.5 - 6.5 A at ISIS), and 0 the angle of 
incidence (1.50 on SURF). The neutron refractive index n of a component 
depends on its scattering length density p given by equation 2.27: 
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Figure 2.12: DST of CTAB at t-0.10s obtained by SLS (9 ) and ellipsometry (0). 
yeq measured by du Nouy ring (") is also shown. Figure taken from [86]. 



p=Enib, (2.27) 

bi is the scattering length of nucleus i, with n; its number density. 

Surfactant solutions were made up in null reflecting water (nrw), a mixture 

of 8% D20 in H2O where the scattering length density p=0 and the 

refractive index n=1, the same value as air. Due to the scattering length 

density being zero, there is no scattering contribution from the nrw and 
therefore the scattering pattern from the neutrons is purely from the 

surfactant monolayer. Using a deuterated chain surfactant in nrw, R(Q) 

can be modelled [90,91] as a single uniform layer of surfactant of 
thickness T and scattering length density of surfactant psurf. The area per 

molecule, as, is given by equation 2.28. 

as =b (2.28) 
psunt 

Neutron reflection measurements from d-CTAB in nrw provide a direct and 

accurate measurement of the interfacial concentration. The OFC used for 

the experiment is suitable for measuring DSTs on the 0.1 -1s time-scale 

and, using this in conjunction with neutron reflection, the effective area per 

molecule as a function of time was detectable down to 300 A2. Figure 2.13 

compares the values of I'dyr,, the surface concentration at - 0.1 s, with 

static measurements of I'eq obtained by Lu et al. from neutron reflection 
[93]. Values of I'dyn obtained were lower than req, as would be expected 

when measuring the surface excess before surface equilibrium has been 

reached. These neutron reflection measurements were in good 

agreement with the ellipsometric measurements previously measured. It 

can be seen that as the d-CTAB solutions become more dilute, the 

difference between the values of I'dyn and I'eq become increasingly larger 

indicating that the more dilute the solution, the longer it takes for rdy� to 

reach req. This work is an important contribution to adsorption dynamics 

as it is the first attempt at measuring the dynamic surface excess directly 

using neutrons. 
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2.9 Measurements of equilibrium and dynamic surface 
tensions using maximum bubble pressure. 

The dynamic surface tension measurements in this thesis were 
carried out using the maximum bubble pressure technique. It was chosen 
due to the recent availability of the LAUDA MPT1 which is a current "state- 

of-the-art" tensiometer. MBP is also a well established classical technique 
in surface science and, due to recent instrumental advancements, the 

experiments can be carried out at very short adsorption times and over a 
relatively large time window. This section offers a description of the MPT1 

commercial set-up, the MBP technique, and how the previous problems 
associated with MBP have been overcome. 

2.9.1 The LAUDA MPT1 commercial set-up 
The LAUDA MPT1 maximum bubble pressure tensiometer can measure 
surface tensions in the time window 0.005 to 20 s and the design and 
operation of the instrument has been covered extensively by Miller et a!. 
[2,23,66,94]. 

The principle and set up of the maximum bubble pressure (MBP) 
technique is outlined in Figure 2.14. A glass capillary [95] of known radius 
is immersed approximately 2 mm into the liquid under study. It is held in 
place in a PTFE block by a capillary holder which is connected via tubing 
to an airflow supply. 

With airflow through the capillary, a bubble is formed at the tip. This 
is shown in Figure 2.15. At the first instant, the bubble radius ro is greater 
than the capillary radius, r. After time r, known as the surface lifetime, the 
radius of the bubble has decreased and has become equal to r. The 
pressure inside the bubble has now reached its maximum. After this time 
T, the radius of the bubble increases again and the bubble grows quickly 
until it detaches itself from the capillary. The detachment of the bubble 
from the capillary is monitored by an acoustic or electric sensor in the 
instrument. The time between the bubble reaching its maximum pressure 
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and the point of release from the capillary is known as the 'dead-time', rd. 

The time interval between bubbles, Tb, is the sum of the surface lifetime T 

and the dead time Td. 
To obtain dynamic surface tension measurements using MBP three 

main problems have to be overcome: (1) the measurement of bubble 

pressure to obtain the surface tension; (2) the measurement of bubble 

frequency; and (3) from this the surface lifetime and a value of the 

effective surface age. 
The problem of measuring the pressure in the bubble is overcome 

by having a very large system volume connected to the bubble in 

comparison to the volume of the bubble itself, hence the pressure in the 

system is the same as the maximum pressure in the bubble. Figure 2.16 

shows how the pressure both in the MPTI system and inside the bubble 

changes with time. The pressure inside the bubble and the system are 

equal as the bubble radius decreases from ro to r. As the radius of the 

bubble then increases from r to R the pressure in the bubble decreases 

but the system pressure remains constant. The pressure P of the system 
is determined by a pressure transducer. This pressure remains constant 
for a constant flow - rate through the capillary. 

The bubble frequency, or lifetime of the bubble, is measured either 
by an acoustic sensor consisting of a microphone to detect the sound 

waves emitted from the gas in the bubble when it detaches from the 

capillary, or by an electric sensor which detects any change in electrical 

conductivity as the bubble grows and comes into contact with the platinum 

electrodes. 

Using the bubble frequency, the surface lifetime, t, can be obtained 
from the dead time of the bubble. The dead time can be calculated by 

analysing the geometry of the capillary and bubble, however this only 
gives an approximate value. A recent advancement was made by 
Fainerman who has calculated the dead time by analysing experimental 
pressure - flow-rate curves measured by the MPTI [47]. Figure 2.17 

shows how the maximum pressure in the bubble and the flow-rate u of gas 
through the capillary are related for a surfactant solution where y changes 
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Figure 2.16: How the pressure in the system, P, and the pressure in the bubble, Pb 
changes during bubble growth. i is the surface lifetime, td is the dead time and Tb 
the lifetime of the bubble. 
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Figure 2.17: Pressure - flow-rate curve describing the bubble and jet regions 
fora DST decay. 



with time. The air flow-rate is changed automatically by a certain increment 

from user-defined initial values. It can be seen that there are two distinct 

regions: a jet regime at high flow-rates and a bubble regime when the flow- 

rate is slower. As the flow-rate decreases there will be a crossover point 

where individual distinct bubbles will form, this is known as the critical 

pressure point pc and flow-rate point uc. 

Using the Poiseuille law [47], Fainerman et al. have related the time 

interval between bubbles Tb to the dead time Td via equation 2.29 

Td = Tb 
(v pc) (2.29) 

uc p 

and hence the surface lifetime, r: 

T=Tb - Td=Tb 
Cl 

-upc) (2.30) 
vcp 

where the values of pc and uc can be located from the pressure - flow-rate 

curve. 

The models of adsorption kinetics that have been discussed in the 

previous sections are based on interfaces with constant interfacial area. 
For the process of forming a bubble in MBP this is not the case as the 

surface area of the bubble increases with time. Due to this expanding 

surface area the surface lifetime has therefore to be reconsidered in terms 

of an effective surface age. 
Fainerman et al. [25,94] calculated this effective surface age by 

considering the relative expansion 0 of the bubble surface, which is given 
by the rate of growth of bubble surface area with respect to time 

dlnA ' 
0- 

dt t (2.31) 
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resulting in the value of effective surface age Ta 

(2.32) ýa = 2t+1 

2 sinSo 
where =2 +sin9o 

and So = arccos 
Yo 

. Here y is the dynamic surface 

tension of the solution and yo is the surface tension at r=0 or the surface 

tension of the solvent. At very low surface coverage Ta 3, c / 7, whereas 

for values of y at slightly fuller surface coverage Ta ti / 2. Figure 2.18 

shows the dramatic difference between calculated surface tension at the 

bubble time Tb, the bubble lifetime r and the effective surface age, ra. The 

software running the MPTI automatically calculates the surface lifetime 

and the effective surface age. All DSTs measured in this thesis are given 

in terms of this effective- surface age. 

7 

Ta Z Tb 

1 

0 0.1 1 10 
time /s 

Figure 2.18 Schematic shows how different bubble time parameters, r, the effective 

surface age, rthe surface lifetime, and rb the lifetime of the bubble will 

give rise to DST decays over different time ranges. 

The surface tension is calculated from the maximum pressure in the 

bubble, p, via the Laplace equation 

2Y+ 
h+e P=r P9 P (2.33) 

where p is the density of the solution, g is acceleration due to free fall, and 
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h is the immersion depth of the capillary in the solution. Ap is a correction 
factor due to hydrodynamics and is related to the viscosity of the solution. 
This is negligible when water is used as the solvent. 

The MPT1 was calibrated against various standards before any 
DST analysis was carried out. The MPT1 gave reproducible results for 
both equilibrium and dynamic surface tensions and these agreed well with 
the literature. This calibration procedure is described in Chapter Three. 
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Chapter Three 

Dynamic Surface Tensions of Non-ionic Surfactant Solutions: 
Evidence for Activated-Diffusion Controlled Adsorption 

Overview of chapter 

The first part of this chapter deals with the calibration of the LAUDA 

MPT1 maximum bubble pressure tensiometer. This is followed by a series of 

experiments to determine the accuracy and reproducibility of the instrument, 
including a comparison of measurements made using MBP with other 
techniques that have been previously documented in the literature. It was 
essential that these preliminary experiments were undertaken before new 
research was carried out so that it could be ensured the MPT1 gave reliable, 
accurate and reproducible results. 

The main section of the chapter deals with analysing DSTs of a series 
of non-ionic n-alkyl polyglycol ethers (CnEms). The discussion will include 

building on ideas and models from the previous section. 

Finally, from the set of experiments carried out in this chapter, 
conclusions will be made on the adsorption mechanism for these non-ionic 
surfactant solutions, and what physical parameters have a greater effect on 
the rate of dynamic surface tension. 
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3.1 Calibration of the LAUDA MPT I 
This section describes the initial calibration, followed by a series of 

experiments to show that the MPT1 gives accurate and reproducible tension 

measurements over its complete dynamic time range. The first experiments, 

on ethanol - water mixtures, indicate that accurate tensions can be obtained. 
The second set illustrates that very good agreement is obtained when 
attempting to reproduce DST decays of well documented surfactant solutions. 

3.1.1 Internal calibration using benzyl alcohol 
Before the MPT1 was used for any dynamic measurements, the 

instrument was calibrated. The glass capillaries purchased from LAUDA have 

a well defined radius of 0.075mm, but due to the radii of these capillaries not 
being exactly the same, different capillaries will give rise to slightly different 

surface tension values for the same sample (see Laplace equation). Therefore 

the software operating the instrument is set into the calibration mode and a 
dynamic run on a liquid of known surface tension is carried out. This surface 
tension value is then input manually into the program. It is important that this 

standard displays no dynamic curve of its own, i. e. although a dynamic 

measurement is performed the tension is constant with time. The instrument 

calibrates the maximum pressure inside the bubble against the surface tension 

of the liquid and assigns a `calibration factor' to the capillary which is then 

used to correct surface tension data obtained in the measuring mode. This 

calibration factor was very small for all the capillaries used in this work and the 

correction was less than 1 %. 

What is the best liquid for calibrating the MPT1? 

When measuring the dynamic surface tension of a surfactant solution, 
the tension range measured by the instrument varies from 72.8 mN m'' at the 
beginning of adsorption to around 25 mN m" at equilibrium. A good calibrant 
should have a surface tension intermittent between these two values, ensuring 
a high accuracy on the surface tension at both the start and the end of the 
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DST decays. Benzyl alcohol (Aldrich, 99% Gold Standard) is therefore ideal: it 

has a surface tension of 39.0 mN m'1 at 25 °C and can be obtained at a high 

purity. Calibration using water is not ideal as the surface tension will become 

less accurate as a surfactant solution reaches its equilibrium tension. It is also 
difficult to obtain water pure enough to give a constant and accurate 

measurement of 72.2 mN m'1 at 25 °C [1]. 

Figure 3.1 shows the pressure-flowrate curve for benzyl alcohol. As 

shown previously, the jet region is linear in accordance with the Poiseuille law. 

In the bubble region the pressure remains constant as the flow-rate 

decreases, which is expected for a liquid whose surface tension shows no 
time dependence. Indeed the surface tension of benzyl alcohol is measured as 
39.0 ± 0.1 mN m"1 at 25 °C over the time range 0.025 - 1.0 s. 

3.1.2 Surface tensions of ethanol-water mixtures 
To determine the accuracy and reproducibility of the MPT1, dynamic 

surface tension measurements were carried out on a range of ethanol-water 

mixtures spanning the tension range from 22.0 mN m" (absolute ethanol, 
Hayman, >99.86% purity) to 72.2 mN m'1 for water (milli-Q reverse osmosis 

purification system) [1 ]. The pressure-flowrate curves for ethanol and water 

are given in Figure 3.2. This clearly shows how the different surface tensions 

of the two liquids give rise to different maximum pressures inside the bubble. 

Figure 3.3 shows the surface tensions of ethanol-water solutions at 
0,5.21,11.10,20.50,30.47,50.22,87,92 and 100% ethanol in water by mass. 
These tension measurements were carried out at 25 ± 0.1 °C by thermostating 
the MPTI with a Grant LTD6G circulator bath. It was found that values of y 
measured were essentially constant over the time range 0.025 - 1.0 s. 

Similar surface tension measurements on these ethanol-water mixtures 
were also carried out using a Krüss K10 du Nouy ring tensiometer and a 
LAUDA M1 drop volume tensiometer, the instruments used to measure 
yeq(c) and hence the equilibrium surface excess isotherms in this project. All 
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Figure 3.1: Pressure-flowrate curve for benzyl alcohol, as measured on the MPT1 
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Figure 3.2: Pressure-flowrate curves for absolute ethanol (squares) and water (circles) 



these equilibrium y values agreed well with the literature [1 ] with the maximum 

uncertainty in y between all the techniques being ± 0.5 mN m'1. This 

agreement is shown in Figure 3.4. 

3.1.3 Comparison of MPT I with other dynamic MBP literature data: 

Dynamic surface tensions of Triton X-100 surfactant solutions 
DST decays of the non-ionic Triton X-1 00 (octylphenol polyglycol ether, 

nominally C14 H21 O(C2 H4 O)x H, where 9<x< 10) measured by MBP have 

been reported in the literature by Miller et a/. [2]. DST decays measured on 

Triton X-1 00 (SigmaUltra) at concentrations of 5,2,0.5 and 0.2 g dm-3 agreed 

well with these literature decays by Miller et a/. to ±1 mN m"1 over the time 

range 5 ms-10 s. This is shown in Figure 3.5. 

3.1.4 Agreement of MBP with other tensiometric methods 
Figure 3.6, taken from reference [2] by Miller, Fainerman et a/. shows 

DST runs carried out by MBP, inclined plate and oscillating jet for 

Triton X-100 solutions. As seen, there is a very good agreement between the 

techniques, indicating that the MPT1 is a valid commercial set-up for 

measuring DST decays. 
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(") MBP. Taken from [2]. 
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3.2 Dynamic surface tensions of non-ionic CnEm surfactant 

solutions. 

3.2.1 Overview and introduction 

As outlined in the previous chapter, the effects of surfactant chemistry, 
CMC, micelle behaviour and equilibrium tension on y(t) decays were unclear at 

the start of this project. The motivation for this work was to improve 

understanding of these factors. 

This chapter shows that dilute non-ionic surfactant solutions exhibit 

similar DST behaviour and that the adsorption process can be understood by 

a mixed-kinetic mechanism, such as suggested by Liggieri et al. [3,4]. It would 

appear from this study that the CMC and micelle behaviour do not appear to 

play an important role in governing DST decay, contrary to the suggestions of 
Lucassen [5] and Fainerman [6]. From this initial study of non-ionic surfactants 
there is evidence of diffusion control at the beginning of adsorption, but 

towards the end of the process this mechanism switches towards mixed 
kinetics. 

The non-ionic surfactants under study are similar n-alkyl polyglycol 
ethers (CnEm s) with generic formula [CH3 (CH2)n_1 (OCH2CH2)m OH], with 
n=8,10,12 and m=4,5,6,7 and 8. These are ideal for initial studies since 
there will be no significant electrostatic effects to affect adsorption. The 

equilibrium properties of CnEms are well documented [7, and references 
therein], they are widely used and can also be purchased to a high purity. 

As detailed in Chapter Two, if the adsorption process were governed 
purely by diffusion, the Ward and Tordai equation (2.8) should describe how 
the surface excess increases with time. However, due to the convolution 
integral [8] in this expression, it cannot be solved and hence limiting solutions 
have been derived by Miller et al. [9]. For non-ionic molecules the change of 
surface tension with time is approximated by eqn. 3.1 when y(t) is close to yo, 
and eqn. 3.2 when y(t) is close to yeq : 
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(short times y(týt, o = yo - 2RTc 
Dt (3.1) 

R7Teg n v2 
) long times Y(t)rý. = Yeq + 2c 

(-5-t) 
(3.2 

where c, Feq and D are the bulk concentration, equilibrium surface excess and 

monomer diffusion coefficient of the surfactant. Most DST data in the literature 

linearise with t'n or t1"2, but it is still unclear whether adsorption is purely 

diffusion controlled over the complete time range of adsorption, and if these 

equations can be used to accurately predict y(t). 
Alternatively, adsorption may be slower than predicted by equations 3.1 

and 3.2, and an adsorption barrier similar to that suggested by Liggieri et al. 

can be used in conjunction with the above expressions [3]. The apparent 

activation energy can be calculated from equation 3.3 by introducing an 

effective diffusion coefficient, Def, which is smaller than D, and is defined as 

the rate at which monomers diffuse to the interface, overcome the potential 

barrier and then adsorb. 

Detf =D exp (-Ea / RT) (3.3) 

This equation originally introduced by Liggieri et al. [3,4] can be reinterpreted 
and written in terms of an apparent free energy change for formation of 

activated molecules, iG. 

Derr =D expl -AG 
' RT / 

(3.3a) 

This free energy may be considered in terms of an enthalpic and entropic 
contribution giving 
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Derr = Dexp(R) exp( R-AH T) 
(3.3b) 

where the term exp(OS/R) shares an analogy with the steric factor P in 

chemical kinetics for reactions with a specific orientation requirement [10]. For 

an Arrhenius-like analysis of DST data in terms of equation 3.3b these 

activation parameters would have to be essentially temperature independent 

over the temperature range studied. This is discussed later in the chapter. 

In order to make a consistent analysis of DST measurements, the 

different quantities in equations 3.1 and 3.2 (Yo, yeq, y(t) and r) have all been 

measured independently as a function of concentration, c. Monomer diffusion 

coefficients, D, obtained by PFGSE-NMR for CsE4 [111 were used to 

approximate other D values assuming the relationship below: 

D, 
= 

ýM2 
(3.4) 

D, M, 

where D1 (= 4.8 x 10'10 m2 s'1) and M1 are the diffusion coefficient and 

molecular weight of C8E4 respectively, with similarly D2 and M2 for any other 
CnEm system. These values for the diffusion coefficients obtained from 

PFGSE - NMR measurements are given in Table 3.1. This equation is 

generally applicable for larger polymeric molecules [10]. However, it should be 

noted that for small molecules, if the particle is assumed spherical, an M'ßß 

scaling for the diffusion coefficient may be used under the assumption M 

a (4nR3)/3 and Da 1/R, where R is the radius of the particle. However, since 
there is no firm evidence given in the literature as to which relationship is the 
best to use, equation 3.4 will be used here. It should also be noted that 
equations 3.1 and 3.2 depend on the square root of D, so any small 
discrepancy in its calculation will have a very minor effect on the DST 

modelling and therefore should not affect significantly any generalised 
conclusions. 
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3.2.2 Materials and methods 
The n-alkyl polyglycol ethers (CnEmS) all had purities >97% (Fluka), with 

any major impurity being the homologues of the surfactant. It therefore may 
have been possible to obtain a greater purity of surfactant by using column 

chromatography to separate these homologues, but due to the high cost of the 

surfactant (- £30 per gram) this would have proved uneconomical. The 

surfactants were kept in a dessicator cabinet over refreshed P205 (Lancaster 

standard grade). Water was either doubly distilled or from a milli-Q reverse 

osmosis purification system. 
Glassware used for the experiment was cleaned in an ultrasonic bath, 

firstly with a 5%'Decon' solution for 30 minutes, followed by 50% nitric acid for 

30 minutes. The glassware was then steam checked: if the surface was clean, 
steam would not condense on the glassware. Surface tension measurements 

were carried out on the MPT1 to obtain y(t), and the Krüss K10 was used to 

obtain yeq and I'(c) by du Nouy ring measurements. The instruments were 

calibrated against various standards as described in Section 3.1. This gave an 
error in yeq of ± 0.2 mN m" and an error in y(t) as ±2 mN m'1 when t<0.01 s 
and ±I mN m'1 at t>0.01 s. Samples were thermostated to ± 0.1 °C using a 
Grant LTD6G circulator bath, and any cloud points were avoided. 

3.2.3 Results and discussion 

Experiments were carried out on seven C�Em surfactants. In order to enable a 
clearer analysis on the DST of these surfactant solutions, C, 0E4 has been 

used as a example to show the typical behaviour. The equilibrium and 
dynamic surface tension data that were measured for the other six surfactants 
can be found in Appendix 3.1 at the end of this chapter. All measurements 
were made at 25 °C with the exception of C10E4, where measurements above 
the CMC were carried out at 15 °C due to the cloud point of 21 °C. 
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Table 3.1: Data for non-ionic C�Em surfactants. Temperature was 25 °C for all 

measurements. 

Surfactant CMC I'q (CMC)x 106 Dx 1010 

/mol dm -3 /mol m'2 /m2s'1 

C8E5 (8.1 t 0.1) x 10 or, 3.33 f 0.3 4.48 t 0.1 

CjoE4 (6.1±0.1)x10' 4.07±0.3 4.59±0.1 

C10E5 (7.6 t 0.1)x 10-4 3.11 f 0.3 4.32: k 0.1 

C12E5 (5.0 t 0.1) x 10 5 3.26: L 0.3 4.17 f 0.1 

C12 (8.6±0.1)x 105 3.21 ±0.3 3.96±0.1 

C12E7 (8.5±0.1)x 10"5 2.82±0.3 3.78±0.1 

C12E8 (8.0±0.1)x 10"5 2.63±0.3 3.62±0.1 

(1) Equilibrium properties of the surfactant solutions. 
Figure 3.7 shows the yeq vs. c curve for C1oE4. The sharply defined 

CMC was observed for all the surfactants, indicating high purity. Measured 

values of these CMCs are given in Table 3.1. The pre-CMC tension behaviour 

can be well described by a quadratic, with the local tangents of this fitted 
function used to obtain the surface excess at each concentration via the Gibbs 

equation (3.5). For non-ionic surfactants this is 

r_ 1 dy 
(3.5) RT dln(c) 

where R is the gas constant and T is the temperature. The inset of Figure 3.7 
shows the I' vs. c isotherm for C, oE4, and the equilibrium surface excesses 
determined from this isotherm were used to analyse the DST data. Values of 
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Feq for all the CnEm surfactants are given in Table 3.1. Thomas et al. have 

shown that this method for measuring the surface excess works well for non- 
ionics of this type [12-15]. They found good agreement between I' values 
derived from tensiometry and the Gibbs equation with those measured directly 

by neutron reflection. Reference [12] illustrates this good agreement between 

the two techniques in obtaining Feq (c) for C12E8, and their value for I'eq (CMC) 

of 2.6 x 10"6 mol m'2 is in agreement with the value here. All CMCs and 

surface excesses measured for these surfactants are in good agreement with 
literature values [7,12-15]. 

(2) Dynamic surface tensions 
From the DST measurements on all surfactants, y(t) decays were made 

between 1000 x CMC and 0.1 x CMC. Example y(t) decays, for C10E4 

systems, are shown in Figure 3.8. For the higher concentrations the tension 

decay had already started in the very short time range before the MPT1 is 

capable of measuring (before -5 ms). Another technique such as inclined 

plate could be used to obtain these tension measurements at very short times, 

although, very recently, Miller et al. have designed a capillary for MBP that is 

capable of measuring DST in the pre-millisecond time-range [16]. 

Examining the 1x 10-3 mol dm-3 tension decay, the tension is close to 
being complete at 1 s, whereas at 1x 10-4 mol dm3 the tension is still very 
close to the solvent value. Bulk concentration of the surfactant therefore plays 
a crucial role in the rate of tension decay. The MPT1 software chooses the 
interval at which measurements are taken, so it is often not possible to 
eliminate any gaps that appear in the curves. For the 1x 10"2 mol dm3 

solution, yeq was reached at - 30 ms and hence there was no further decay 
after this time. 

Since the shortest measuring time on the MPTI being of the order of 
5 ms, it is not possible to obtain useful DST decays on surfactants with high 
CMCs (typically greater than 5x 10-3mol dm'3). This can be seen from the 
decays of C8E5 in Appendix 3.1. At the higher concentrations the decay was 
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almost complete by 5 ms, whilst for the lower concentrations, Yeq is relatively 
high, so the decrease will only occur over small surface pressures. Therefore 

no attempt was made to analyse the DST decays of these surfactants. 
The measured DST at the CMC of C1oE4 is shown as a line in Figure 

3.8. To describe the DST above the CMC there are two obvious limiting 

scenarios. Firstly, if the lifetime of monomers inside micelles is much greater 
than the time-scale of the adsorption process, then the micelles would 
influence the DST by'trapping' the monomers and thus making them 

unavailable for adsorption. It would therefore be expected that the rate of DST 

would not increase significantly above the CMC as only the free monomer 

present in solution has the ability to adsorb. The second case is that the 

lifetime of the monomer in the micelle is much shorter than the time-scale for 

adsorption. This means that the molecules are no longer trapped inside the 

micelles over the adsorption time-scale and hence will also be available for 

adsorption in addition to the free monomers. Here the micelles would not limit 

adsorption and there would be a regular increase in the rate of DST above the 
CMC of similar order to that found below the CMC. With reference to Figure 

3.8, the rate of DST is still increasing above the CMC and hence the second 

case seems to be the most appropriate explanation. More evidence to support 
this conclusion will be given later in Chapter Six when micelle kinetics is 

discussed. 

(a) Dynamic surface tensions at short times. 

From equation 3.1, it can be seen that plotting y(t) against t'rz should 
give intercept yo and gradient -2RTc (D/n)1/2. Figure 3.9 shows DST decays for 
C10E4 plotted against t'"2 in line with equation 3.1. As seen, the data are linear 

at the start of the adsorption process with y(t) -> 72 mN m'1 as 
t -* 0. The lines given in the figure are least squares fits to the data, with the 
intercept fixed at yo for water. Differentiating equation 3.1 with respect to tl 2 

gives 3.1' below: 
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dr) ( 
"Z J= -2RTco (3.1') 
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r 

which is an expression for the gradients given in the figure at each 

concentration. It can be seen that at surface pressures greater than about 

15 mN m'' equation 3.1 no longer holds and the plots begin to curve. 
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Figure 3.9: DST for C10 E4 plotted against t't2. Concentrations and temperatures are the 

same as in Figure 3.8. 

Theoretical gradients at these concentrations can be calculated using the 

value of D given in Table 3.1 obtained from PFGSE-NMR measurements. The 

ratios of the fitted to theoretical gradients {(dy/dt'4)ex / (dy/dt'4)th } are given in 

Figure 3.10 and these ratios are typically between 0.6 and 1.6 for all 

surfactants. 
An effective diffusion coefficient, Deff, can be calculated by equation 3.1' 

using the gradients of the least squares fits to the MBP data. The dotted line in 

the figure corresponds to the measured and predicted gradients being 
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identical, with therefore Deft being equal to D, indicating that the mechanism is 

essentially diffusion-only controlled. Note much stronger deviation of Deli from 

D are seen below in the long time limit. This is seen in the next subsection. 
The mean value of this gradient ratio for all the surfactants is 1.1, 

indicating that equation 3.1 can be reliably used to calculate y(t) in the early 

stages of adsorption. 

ratio of gradients: 
exp / theo 
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Figure 3.10: Ratios of fitted to calculated gradients at short times for the CnEm solutions. 
C10E4 (+), C10E5 (+), C12E5 (x), C12E6 (e ), C12E7 (13 ), C12E8("). 

The small deviation of the measured gradients to that predicted by 

equation 3.1' may be due to errors in the measurement of D by PFGSE-NMR 

measurements; measurement of the tension (can be up to 2 mN m'1 at these 
short times); and also from the assumptions in deriving equation 3.1 [9]. It is 
also seen from the spread in these data that there are no obvious effects of 
surfactant hydrophobicity and hence also CMC. However, this may be 
expected as at the start of the DST decay the monomers are simply filling the 
'empty sink' at the interface as the surface excess of surfactant is very low. It 
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can therefore be concluded that these Cn, Em surfactants show near universal 
behaviour for adsorption at an empty interface and equation 3.1 can be used 
to predict the y(t) decay at this early stage. 

(b) Dynamic surface tension at long times. 

Figure 3.11 shows the DST data for C1oE4 plotted against r'n in line 

with equation 3.2. It can be seen that at long times (small values of r1/2 ) the 

data Iinearise, indicating that diffusion is an important process in adsorption. At 

5x 10-5 mol dm3 the extent of decay is insufficient to enable analysis at long 

times, whereas at the higher concentration of 1x 10.2 mol dm-3 there is 

insufficient change in y(t) as t -> oo for the gradient to be meaningful. The 

gradients are least-squares fits to the data, with the intercept for each 

concentration fixed at its yeq value which was independently determined by du 

Nouy ring tensiometry (Figure 3.7). Differentiation of equation 3.2 with respect 
to r"2 gives 3.2' below: 

C dy 1_ RrrZý 7c 
dt"vz) t-º� Co 

j4UD 
(3.2') 

and values of theoretical gradients can be calculated from this, with I'q being 

obtained from they vs. c data and the Gibbs equation, and D from PFGSE- 

NMR measurements. The ratios of the DST experimental gradients to the 
theoretical values predicted by equation 3.2' are given in Figure 3.12. The 
inset in Figure 3.12 shows the ratio of gradients at short times, similar to 
Figure 3.10, but re-plotted on the same scale as this long time data, so a 
comparison in behaviour at the start and end of adsorption can be made. 
Values of the experimental gradients at long times are typically 3 to 7 times 
higher than that predicted by 3.2, which implies that the ratios (Deft / D) are 
typically between 0.1 and 0.02 for all the surfactants. This is consistent with 2 
to 10% of all molecules diffusing to the subsurface actually adsorbing. 
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Figure 3.11: DST for C1o E4 solutions plotted vs fl Conditions are as in Figure 3.8 

In other words, the rate of surface tension decay is somewhat slower than that 

predicted by the diffusion-only model of equation 3.2. Figure 3.13 shows the 

DST data for C1oE4 at 5x 10-4 mol dm' along with predicted tensions from 

equations 3.1 and 3.2. The solution is below the CMC to eliminate any 

possible effects of micelles. It is seen that equation 3.1 clearly describes the 

start of adsorption well, but there is poor agreement between the predicted 

and measured tensions at the end of the decay. The diffusion controlled model 

predicts a lower tension than is measured: at 1s the difference is 12 mN m'1 

and at 10 s, where equation 3.2 predicts the tension to be essentially Yeq, there 

is still some 5 mN m'1 difference. It can be deduced from Figure 3.12 that 

similar discrepancies were also seen for the other non-ionic surfactants. This 

behaviour at long times is entirely consistent with the presence of a weak 
adsorption barrier. This barrier can be interpreted in terms of the free energy 
change for formation of an activated state. 
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Figure 3.13: DST for C10 E4 below the CMC at 5x1 U4 mol dm"3 . The lines are calculations 

using equations 3.1 and 3.2 at short and long times respectively. 

(cJ Estimation of the free energy change of the activated state on adsorption. 
Some ideas about the possible nature of this activated state are given 

in the concluding section of this chapter. 
An estimation for AG can be obtained using equation 3.3a. Figure 3.14 

shows a plot of In (DefI / D) against concentration for the surfactants studied, 
along with their CMCs. The DST decays for all the solutions given in the figure 

were measured at 25 °C. 

Values for AG lie mainly between 5 and 12 kJ mol'1 at 298 K with the 

mean being -8 kJ mol''. It can be seen from this figure that there is near- 
universal behaviour for all the surfactants studied: neither CMC, micelle 

concentration nor surfactant type have any obvious influence on G. 
DST experiments have previously been carried out on di-chain non- 

ionic glucamide surfactants [17], di-(Cn-GIu)s, with generic formula 
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Figure 3.14: Values of -In (DV D) vs concentration c for C�Em surfactants. Arrows indicate 
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Figure 3.16: Values of -In (Des/ D) vs concentration c for C�Em and glucamide surfactants. 
Arrows indicate the CMCs. C10E4 0 ), C10E5 (& ), C1AE5 (& ), C12E6 @ ), 
C12E7 (4), C12E8 (x), di-(C5-GIu) (o), di-(C6-GIu) (s), di-(C7-GIu) (o). 



CnH2n+1 CH2NHCO(CHOH)4CH2OH 

CnH2n+1 

X 

CH2NHCO(CHOH)4CH2OH 

Figure 3.15: General chemical structure of a di-(Cn-Glu) glucamide surfactant. 

where n=5,6 and 7. 

The plot in Figure 3.16 is similar to Figure 3.14, but also includes the 

long time values of Derr /D for these glucamide surfactants. These values were 

taken from [17]. Measurements on di-(C7-Glu) were made at 35 °C to avoid 

the Krafft point. As seen, Figure 3.16 re-emphasises the conclusions made 

above : there are no obvious trends in the behaviour arising from surfactant 

hydrophobicity or CMC. It also illustrates that the rate of change in y(t) appears 

to be independent of the structure and chemistry of non-ionic surfactant as 
both these single and di-chained surfactants show similar behaviour. 

For all the surfactants and concentrations studied, towards the end of 
adsorption a relatively small free energy change of between 5-12 kJ mol"1 can 
account for the differences between measured and predicted tension. 

Liggieri et al. also arrived at a similar conclusion [3,4]. Their calculations 
showed that small barriers have a dramatic influence on IF(t) at long times and 

raising Ea (equations 2.18 and 3.3) will increase y. For example, at 10 s, for a 
surfactant of molecular weight 600, the predicted adsorptions for Ea = 1.1 RT 
and 3.2 RT are a factor of 5 and 10 lower than that for the purely diffusion 

controlled model. However, at the start of adsorption, y(t) data cannot 
discriminate between the pure diffusion and mixed mechanisms. 

This change in free energy can be attributed to a number of reasons: 
the molecules must do work against the increasing surface pressure, be 

oriented favourably and strike an empty site. From these initial experiments a 
combined model to incorporate all these possibilities would be over complex 
and difficult to formulate with too many unknowns. The parameter AG 
described above is used as a catch-all. The average energy of the monomers 
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in solution is described by the Boltzmann distribution and hence only a 

proportion of the monomers will at any time be able to adsorb. This proportion 

will decrease with an increase in AG. 

The work of adsorption Wads can be estimated using Rosen's 

expression for work done when increasing the surface pressure from zero to 

TTcmc at the CMC where Wads = 6.0232 ; rcmc acmc with irc�x in mN m'1 and a,,,, in 

A2 [18]. For all the surfactants at their CMCs, Wads is between 4 and 6 RT and 
the similarity of Wads and AG may suggest that the barrier is mainly due to the 

increasing surface pressure. 
Although for larger surface-active species a contribution to AG from 

molecular reorganisations is evident [19,20], for these non-ionics OG does not 

appear to change with molecular weight or structure, so this factor does not 
seem significant. 

It can be concluded that the dynamic adsorption of these non-ionic 
surfactants is not purely diffusion controlled. Any effects that micelles have on 
DST will be discussed in greater detail in Part Two of this project. The 

experiments carried out in Part Two give information on the kinetics and 
structure of the micelles. These are essential characteristics that have to be 

understood before any systematic analysis can be made on the DST of 
surfactant solutions above their CMC. However, it can be deduced from the 

experiments here that any adsorption barrier appears independent of 
surfactant concentration and CMC. 

3.2.5 Conclusions 

For the non-ionic surfactants studied here, the DST decays are 
consistent with a mixed diffusion - activation adsorption mechanism as 
proposed by Liggieri et al. In addition Lin et al. have recently come to similar 
conclusions after studying similar non-ionic surfactants [21,22]. Activated 

adsorption is most evident at the end of the y(t) decay where monolayer 
coverage is nearly complete. Over a wide concentration range straddling 
CMCs, a free energy change OG of between 5 and 12 kJ mol'1 can account for 
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the final part of the DST decays. Although molecular configuration at the 
interface may have some influence, it is thought that the increasing surface 

pressure is the main contributor to AG. The chemistry of the non-ionic 

surfactants appears to have no effect on the interpretation of DST data and it 

would also appear that the presence of micelles does not seem to affect y(t) 
behaviour. 

The next section provides further evidence of mixed kinetics for non- 
ionic surfactants by measuring the effective diffusion coefficients as a function 

of temperature rather than concentration. 
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3.3 Evidence for activated - diffusion controlled dynamic 

surface tension with a non-ionic glucamide surfactant. 

All the DST measurements in the previous section were carried out at a 

specific temperature, usually 25 °C. It was evident that towards the end of 

adsorption the effective diffusion coefficient from DST was substantially less 

than that for the free monomer. This section investigates whether there is any 
temperature effect on the rate of the DST decay or the adsorption mechanism. 

3.3.1 Introduction 

The experiments detailed here show that below the CMC of a non-ionic 

surfactant, the final stages of the y(t) decay as a function of temperature are 

consistent with Arrhenius-type behaviour, giving further evidence to an 
activation - diffusion controlled adsorption mechanism. 

The di-chain non-ionic glucamide di-(C6-GIu) surfactant has been 

chosen for this temperature dependent DST experiment as its adsorption 
properties have recently been studied in detail [17,23-25]. The chemical 
structure was shown in Figure 3.15. 

The DST as a function of concentration has previously been measured 
[17] and it was observed that the behaviour was similar to all other non-ionics 
studied here (Figure 3.16). This surfactant is ideal for following the DST as a 
function of temperature for the following reasons: 

(a) Micelle phase less temperature sensitive 
Owing to the hydrophilic -OH groups, the micelle phase of this surfactant are 
much less temperature sensitive than comparable CnEms [17,23,24]. With di- 
(C6-Glu) there is no cloud point up to 90 °C, and there is no evidence of any 
Krafft point down to 0 °C. 

80 



(b) Adsorption essentially invariant over large temperature range 
Equilibrium du Nouy ring tension measurements over the range 10 - 50 °C 

show that the CMC and the maximum adsorbed amount I'max are essentially 

constant and are given as (1.35 ± 0.05) x 10-3 mol dm-3 and 
(2.75 ± 0.25) x 10-r' mol m'2 [17]. The y vs c plot for di-(C6-Glu) at 25 °C is 

given in Figure 3.17, with the inset showing the isotherm obtained by applying 
the Gibbs equation (3.5) to the tensiometric data. 

(cti- I ) The adsorption is well characterised by neutron reflection 
Thomas et al. have recently measured the r vs. c isotherm for di-(C6-Glu) 

using neutron reflection and tensiometry: good agreement between the 

techniques was found. Their value for the surface excess at the CMC is given 

as 2.55 x 10-6 mol m'2 by neutron reflection and 2.75 x 10-6 mol m'2 by 

tensiometry. These are in line with the value found here. Extensive neutron 

reflection work on this non-ionic surfactant shows that the surface excess 

changes little above the CMC and it is also essentially invariant down to 
CMC / 10 [25]. Due to the greater accuracy of directly measuring the surface 

excess by neutron reflection, values of r taken from [25] were used in the DST 

analysis. 

(d) The monomer diffusion coefficient has been measured independently 
The monomer self diffusion coefficient, D, has been measured below the CMC 

at 8.0 x 10-4 mol dm-3 and a temperature of 25 °C, using a pulsed-field gradient 
NMR method which has been described previously [26]. This gave a value of 
D=2.70x 10-10 m2 s-1 [27]. 

(e) Good DST decays are obtained below the CMC 
The CMC is ideal for obtaining decay curves over a large tension range in the 
time window of the MPT1. 
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(0 Absence of significant electrostatic effects. 

All of these properties combine to make di-(C6-Glu) an ideal surfactant for 

studying the effect of temperature on DST. To eliminate any possible effects of 

micelles on the DST, the concentration of di-(C6-Glu) used in this experiment 

was set below the CMC at 5.0 x 10-4 mol dm-3, which is 0.37 x CMC. 

3.3.2 Materials and methods 
The di-(C6-Glu), a gift from Kodak European Research R and D, 

Harrow, U. K., was stored in a dessicator over refreshed P205 until used. The 

1H and 13C NMR spectra were in agreement with the expected structure [17]. 

The y vs. c plot given in Figure 3.17 was characteristic of a pure surfactant in 

that no dip or shoulder around the CMC was observed. Water was from a 

Milli-Q reverse osmosis purification system. All surface tensions were 

measured as described in Section 3.1. The sample cells were thermostated 

using a Grant LTD6G circulator bath giving uncertainties ± 0.1 °C up to 30 °C 

rising to ± 0.5 °C at 50 °C. 

3.3.3 Results and discussion 

Figure 3.18 shows the y(t) data for di-(C6-Glu) at 5x 10"4moI dm3 as a 

function of temperature. These y(t) curves were reversible and reproducible 

and it can be seen that an increase in temperature leads to an increase in the 

rate of DST decay. The equilibrium surface tension was measured as a 
function of T by du Nouy tensiometry, with yeq decreasing from 41.0 mN m'1 at 

10 °C to 36.9 mN m'1 at 50 °C. Between 20 and 50 °C the DST decays were 

therefore essentially complete, with the final points close to the du Nouy 

values. At 20 °C the last DST measurement was 1.8 mN m'1 above yeq, and at 

50 °C this difference was 0.7 mN m''. The difference in yo (the surface tension 

of the solvent) at the start of the decay is consistent with the effect of 
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Figure 3.18: DSTs for solutions of di-(C6-Glu) below the CMC at 5x 10", mol dm4. 

Temperatures here are (in °C): 10.0 (0); 20.0 (U); 30.0 (d); 40.0 ("); 50.0 (0). 

temperature on the surface tension of water. 
To test the effect of temperature on the dynamic adsorption of 

di-(C6-GIu), equation 3.2 was used to obtain effective diffusion coefficients of 
the monomers at the end of adsorption. The DST data are plotted as a 
function of t1"2 in Figure 3.19. Similarly, as before, the data are linear at long 

times suggesting a diffusion-type process. The lines are least squares fits for 

t>0.25 s (i. e. C'"2 < 2) with the intercepts equal to the equilibrium tensions 

measured by the du Nouy ring. The gradients of these fitted lines are given in 

Table 3.2 along with values for the effective diffusion coefficients, Derr, 

calculated from the slopes using 

R1T2'cv' 2 
D011 : -- 2c. gradient 

(3.2') 

which can be obtained by rearranging equation 3.2., 
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Figure 3.19: DST data of Figure 3.18 plotted against f1? Lines are least squares with 

7 -4 yeq as t -+ oo. Symbols represent the same temperatures as given in Figure 3.18. 

As seen, Deff increases by almost two orders of magnitude on 

increasing the temperature from 10 °C to 50 °C, indicating that temperature is 

an important parameter governing DST. 

The monomer self-diffusion coefficient, D (2.70 x 10-10 m2 s'1 at 25 °C), 

obtained from PFGSE-NMR measurements was used to estimate D values at 
the other temperatures. Both the temperature, T, and viscosity, 17, of the 

solution will have an effect on D over the temperature range 10 - 50 °C and 
each of these will be considered in turn. Firstly, giving attention to 

temperature, assuming the Stokes - Einstein relationship holds for the 

solutions studied here, then DaT. The second parameter, viscosity, has a 
larger effect on D as its relationship is exponential with temperature. Using 
literature values of water viscosity at various temperatures (see Appendix 3.2) 

and the inverse linear relationship between i and D, the relationship between 

solution viscosity and the monomer diffusion coefficient was obtained. 
Combining the two influences of solution temperature and viscosity, 
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these calculated D values are reported in Table 3.2 along with ratios Derr / D. 

Table 3.2: Gradients of DST decays and diffusion coefficients as a function of 

temperature for di-(C6-Glu) solutions at 5x1 Q4 mol dm'3. 

T/°C Gradient Dellx 1010 Dx1010 Deft/D 
I mN m-'s, rz / m2s-' / m2s-1 

10 15.1 0.032 1.74 0.018 

20 9.6 0.086 2.24 0.038 

30 6.6 0.20 3.04 0.068 

40 3.7 0.66 3.93 0.168 

50 2.0 2.32 4.83 0.480 

The increase in the value of D over the temperature range is small 

compared to the increase in Derr. For example, at 10 °C the value of D is 36% 

of that at 50 °C, whereas for Deff this value is 1.4%. At 10 °C the ratio Deaf /D is 

0.018 indicating that the measured tension is substantially higher than that 

predicted by equation 3.2. Figure 3.20 shows the measured and predicted 
tensions for the y(t) curves at 10 °C and 50 °C. At 50 °C equation 3.2 appears 
to account for the measurements reasonably well from 0.01 s onward. At 
10 °C the calculated tension is too low and it is clear that temperature has a 
more important effect on the measured DSTs than is predicted by the diffusion 

- only theory, even taking into account the combined effect of Tand D(7) in 

equation 3.2. The temperature dependence on the DST can now be analysed 
using equations 3.3,3.3a and 3.3b. 

Figure 3.21 shows a plot of In (Deft I D) vs 1 /Tin line with equation 3.3b'. 

AHý IýDxfJ -l RT ) +l 7J (3.3b') 
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Figure 3.20: DST of a5x 10.4 mol dm-3 di-(C6-Glu) solution at 10° C (0) 
and 500 C (0). The filled (10 °C) and dotted (50 °C) lines are from calculations 
described in the text. 
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Figure 3.21: Arrhenius - type plot for a di-(C6-Glu) solution at 5xJ a4 mol dnr3. 
The fitted line gives AH = 62 kJ mot'. 



The gradient gives a value for the enthalpy of activation 

AH =+ 62 ±1 kJ mol''. Assuming that the activation parameters are 
independent of temperature over the experimental range 10 to 50 °C, then the 

entropy of activation obtained from the equation of this line is 

AS = +180 ±5J mol" K1. 

These activation parameters can be compared with literature values for 

the entropy and enthalpy of adsorption of some ethoxy anionic surfactants. 
Although these are anionic compounds they are the only ones for which 

reliable thermodynamic values could be found in a literature search. Note 

Al-loads and AS°ads correspond to thermodynamic parameters for adsorption at 

equilibrium whereas AH and AS relate to the formation of a notional activated 

state which must be formed before adsorption can take place. Rosen et al. 

report values of AH°ads between +2.4 and -12.5 kJ mol-1 for CIO and C12 

sulfonates and sulfates with one or two EO groups [18]. These values have 

been calculated from equilibrium surface tension measurements. Although the 

value calculated here of AH =+ 62 kJ mol'1 does not compare too favourably, 

this may be due to the value here being the enthalpy of formation of the 

activated state rather than of adsorption. A reason for why AH is positive here 

rather than Rosen's typically negative AH°ads [18] may be that AH can be 

interpreted here as the enthalpy change needed for formation of an activated 
state prior to adsorption. 

The corresponding entropies of adsorption are typically AS°ads = +78 to 
109 J mol'1 K1 [18]. Although the value here of AS for di-(C6-Glu) is slightly 
higher, it is of the same sign and similar magnitude. It may be thought that the 

entropy would decrease rather than increase upon adsorption as the 

molecules are becoming more ordered at the interface, but this can be 

explained by the hydrophobic effect in a similar way to the entropy change of 
micellisation, which is also often positive [29]. The free hydrocarbon 

components in solution are believed to be responsible for a degree of ordering 
of the water molecules around the hydrophobic chains. Upon adsorption this 
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order is lost, hence explaining the positive entropy change. 
From these values of iH and AS a value of the free energy of 

adsorption for di-(C6-Glu) can be calculated using AG = AH -T AS. At 298 K 

this gives a value for AG as -8 kJ mol-1 which is in line with the values 

calculated in Section 3.2 (see Figures 3.14 and 3.16). These thermodynamic 

parameters were obtained using the Stokes - Einstein linear dependence of D 

on T. If the kinetic theory of gases is used to describe this relationship, where 

D is proportional to SIT [10], then very similar values of these activation 

parameters are obtained . 
Miller et al. have also seen a similar dependence of DST with 

temperature [30]. For a pre-CMC solution of Triton X-1 00 at 
1.55 x 10" mol dm-3 it was observed that the gradient dy / dt''"2 also decreases 

with temperature. For example at 30 °C the slope was 17 mN m'' s112 whereas 

at 70 °C it was 8 mN m" s'"2. Using estimated values for D=2.6 x 10'10 m2s'' 

and F=2.65 x 10-6 mol m'2 this is consistent with a value of + 40 kJ mol" for 

the enthalpy of activation. A comparison of this with the value obtained here 

for di-(C6-Glu) is not appropriate as Triton X-100 is only a technical grade 

surfactant and is not as well suited to the temperature study as the glucamide. 
The DSTs of the non-ionics in Section 3.2 were studied as a function of 

concentration at a fixed temperature. For all these compounds including the di- 

(C6-Glu), the final part of the y(t) curves were also consistent with a mixed 
diffusion - activation adsorption, with a mean free energy change of 

%1O kJ mol'1 at 298 K. Therefore equation 3.3b' can be used to rationalise both 
the temperature and concentration dependence of the DST for these non- 
ionics. 

3.3.4 Conclusions 

The effect of temperature on the DST of the di-(C6-Glu) non-ionic 
surfactant is consistent with an activated-diffusion controlled adsorption. The 

enthalpy of activation DH for this surfactant below the CMC is of the order of 
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+ 62 kJ mol-1, which gives a value for the free energy change of -- 8 kJ mol" at 
298 K, in line with similar values obtained in Section 3.2. 

From these experiments it may be concluded that the adsorption barrier 

is energetic rather than statistical, as it appears that the magnitude of the 
barrier is described well by the free energy, enthalpy and entropy terms. 

These activation parameters help define the nature of the activated 

state, which can be thought of as a transient state of the monomers just before 

adsorption. The parameters DH and AG are both usually positive and may be 

thought of as the enthalpy and free energy 'barriers' to from this transient 

state. The interpretation of AS can be explained in terms of the hydrophobic 

effect. 
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Appendix 3.1 

Equilibrium and Dynamic Surface Tensions of CnEm 

Surfactant Solutions. 
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Appendix 3a. 1: yeq(c) and y(t, c) of C8E5 solutions 
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Figure 3a. 1: Equilibrium surface tension vs. concentration plot for C. E. 
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Appendix 3a. 2: yeq(c) and y(t, c) of C10E5 solutions 
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Figure 3a. 3: Equilibrium surface tension vs. concentration plot for C10E5 
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Appendix 3a. 3: Yeq(c) and y(t, c) of C12E5 solutions 
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Figure 3a. 5: Equilibrium surface tension vs. concentration plot for C12E5 
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Figure 3a. 6: Dynamic surface tension of C12E5 solutions at concentration I mol dm 3: 
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Appendix 3a. 4: 7,, q(c) and y(t, c) of C12E6 solutions 
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Figure 3a. 7: Equilibrium surface tension vs. concentration plot for C12E6 
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Appendix 3a. 5: Yeq(c) and y(t, c) of C12E7 solutions 
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Figure 3a. 9: Equilibrium surface tension vs. concentration plot for C12E7 
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Appendix 3a. 6: Yeq(c) and y(t, c) of C12E8 solutions 
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Figure 3a. 11: Equilibrium surface tension vs. concentration plot for C12E8 
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Figure 3a. 12: Dynamic surface tension of C12E8 solutions at concentration / mol dm-3: 
0.01 ("); 0.001 (0); 0.0005 (A); 0.0002 (0); 0.0001("). 



Appendix 3.2 

Viscosity of water as a function of temperature. Values taken from (101. 

Temperature /°C Viscosity / 10-3 kg m'1 s'1 

10 1.31 

20 1.05 

30 0.80 

40 0.64 

50 0.54 

90 



References 

[1] L. L. Bircumshaw, J. Chem. Soc. Trans. 1, (1922) 887. 
[2] V. B. Fainerman, R. Miller, P. Joos, Colloid Polym. Sci., 272 (1994) 

731. 

[3] F. Ravera, L. Liggieri, A. Steinchen, J. Coll. Int. Sci., 156 (1993) 109. 

[4] L. Liggieri, F. Ravera, A. Passerone, Coll. Surf. A., 114 (1996) 351. 

[5] J. Lucassen, J. Chem. Soc. Faraday Trans. 1,72 (1976) 76 

[6] V. B. Fainerman, A. V. Makievski, Kolloid Z. (English), 54 (1992) 890; 

897. 

[7] N. M. van Os, J. R. Haak, L. A. M. Rupert, Physico-Chemical 

Properties of Selected Anionic, Cationic and Nonionic Surfactants, 
Elsevier, Amsterdam, 1993. 

[8] M. L. Boas, Mathematical Methods in the Physical Sciences, (2nd Ed. ), 

page 655; John Wiley & Sons Inc., New York, 1983. 
[9] V. B. Fainerman, A. V. Makievski, R. Miller, Coll. Surf. A., 87 (1994) 61. 

[10] P. W. Atkins, Physical Chemistry, (5th Ed. ), Oxford University Press, 
Oxford, 1994. 

[11] B. Lindmann, B. Faucompre, J. Phys. Chem., 91 (1987) 383. 
[12] J. R. Lu, Z. X. Li., R. K. Thomas, E. J. Staples, L. Thompson, I. Tucker, 

J. Penfold, J. Phys. Chem., 98 (1994) 6559. 
[13] J. R. Lu, E. M. Lee, R. K. Thomas, J. Penfold, S. L. Flitsch, Langmuir, 9 

(1993) 1352. 

[14] J. R. Lu, T. J. Su, Z. X. Li, R. K. Thomas, E. J. Staples, I. Tucker, J. 
Penfold, J. Phys. Chem. B, 101 (1997) 10332. 

(15] J. R. Lu, Z. X. Li, R. K. Thomas, B. P. Binks, D. Crichton, P. D. I. 
Fletcher, J. R. McNab, J. Penfold, J. Phys. Chem. B., 102 (1998) 5785. 

[16] V. B. Fainerman, R. Miller, J. Coll. Int. Sci., 175 (1995) 118. 
[17] Measurements carried out by Phillipe Rogeuda; P. Rogueda, Ph. D. 

Thesis, University of Bristol, UK, 1996. 
[18] M. Dahanayake, A. W. Cohen, M. J. Rosen, J. Phys. Chem., 90 (1986) 

2413. 

91 



[19] S-U. Um, E. Poptoshev, R. J. Pugh, J. Coll. Int. Sci., 193(1997)41. 

[20] B. V. Zhmud, E. Poptoshev, R. J. Pugh, Langmuir, 14 (1998) 3620. 

[21] S-Y. Lin, T-L. Lu, W-B. Hwang, Langmuir, 11 (1995) 555. 

[22] S-Y. Lin, R -Y. Tsay, L-W. Lin, S-I. Chen, Langmuir, 12 (1996) 6530. 

[23] J. Eastoe, P. Rogueda, W. J. Harrison, A. M. Howe, A. R. Pitt, 

Langmuir, 10 (1994) 4429. 

[24] J. Eastoe, P. Rogeuda, A. M. Howe, A. R. Pitt, R. K. Heenan, Langmuir 

12 (1996) 2701. 

[25] D. J. Cooke, J. R. Lu, E. M. Lee, R. K. Thomas, A. R. Pitt, E. A. 
Simister, J. Phys. Chem., 100 (1996) 10298. 

[26] P. C. Griffiths, P. Stilbs, K. Paulson, A. M. Howe, A. R. Pitt, J. Phys. 
Chem., 101 (1997) 915. 

[27] Thanks and acknowledgement is given to Dr. Peter Griffiths (University 

of Cardiff) for measuring the diffusion coefficient of di-(C6-Glu). 

Measurement carried out at the Institute of Technology, Stockholm. 

[28] J. R. Lu, A. Marrocco, T. J. Su, R. K. Thomas, J. Penfold, J. Coll. Int. 
Sci., 158 (1993) 303. 

[29] J. Clint, Surfactant Aggregation, Blackie Academic, Glasgow, 1992. 
[30] R. Miller, V. B. Fainerman, K-H. Schano, A. Hofmann, W. Heyer, 

Tenside Sur. Det., 34 (1997) 357. 

92 



Chapter Four 

A Dynamic Surface Tension and Small-Angle Neutron Scattering 
Study of Di-chained Phosphatidylcholine Surfactants 

Overview 
Dynamic and equilibrium surface tensions have been measured for an 

homologous series of di-chained zwitterionic phosphatidylcholine (PC) 

surfactants, and the micelle structures have also been determined using small- 

angle neutron scattering. The purpose of this was to characterise these 

properties for typical zwitterionic surfactants. Furthermore this represents a 
logical and step-wise development from the non-ionics described previously. 
Properties of these zwitterionics were compared to structurally related non- 
ionic glucamide surfactants [1,2] to develop an insight into whether surfactant 
type, CMC, or the presence and shape of micelles have any discernible effect 

on surface tension decays. The overall aim of this chapter is to build on the 
ideas discussed in Chapter Three and to develop them further for these 

zwitterionic surfactants. 

4.1 Introduction 
Biosynthetically produced phosphatidyicholine surfactants (PCs) play a 

key role in life processes, especially in terms of cell membrane function. The 

man-made PC analogues such as those studied here are useful model 
compounds for biochemical and physical studies [3,4]. Figure 4.1 shows the 

generic structure of the saturated synthetic di-chained PCs investigated here. 
The nomenclature employed is (di-Cn)-PC, with the compounds having alkyl 
chains (n-1) carbon atoms long. This group of PCs can be compared to the 
di-(Cn-Glu) surfactants (where n=5,6,7 and 8) that were studied in Chapter 
Three (Figure 3.15), although it should be noted that the hydrophobic groups 
on (di-C6)-PC are the same lengths as those on di-(C5-Glu) etc. etc. 
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This accounts for the choice of nomenclature which includes the carbonyl 

carbon in the alkyl chain of the PCs. 

0 
II 

O/C- 
Cn-1 H2n-I 

II " 
,, o 

i 

N 
P-O /0111, \�ý0ý IC- 

Cn-1 "2n-I 
0 II 

0 
n=5,6,7,8 

Figure 4.1: Generic structure of the di-chained symmetric phosphatidylcholine surfactant. 

These PCs are derived biosynthetically from fatty acid chains forming 

the hydrophobic group and the glycerol, phosphate (negatively charged) and 

choline (positively charged) derivatives forming the head group. The saturated 
(di-C16)-PC is present in the extracellular liquid which lines the alveoli in the 

lung. It serves the purpose of decreasing the surface tension of the aqueous 

surface layer, preventing the lung from collapsing. It is therefore necessary for 

normal lung function. The DST of these surfactants is therefore of importance 
in the pharmaceutical industry in relation to respiratory diseases and lung- 
based therapies. 

The results given here for equilibrium tensiometric and SANS data 
indicate that there are close similarities in the evolution of surfactant properties 
for the zwitterionic PC and non-ionic glucamide surfactants as the hydrophobic 

chain length increases. It would appear obvious from these results that the 

alkyl chain length has a profound effect on the CMC and micelle structure. The 

aim of the chapter is to investigate its effect on the DST of the (di-Cn)-PCs, and 
also to compare their dynamic adsorption behaviour with the di-(Cn-Glu) 

surfactants to see if any generalities can be made. It will therefore be possible 
to conclude what effects, if any, the surfactant type, CMC and micelle structure 
have on DST. 
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After analysing the dynamic adsorption behaviour of these PCs it was 

concluded that the DST was also consistent with a mixed adsorption 

mechanism. A similar and comparable value of OG to the C�E,, and di-(Cn-Glu) 

surfactants was obtained for the adsorption process. When considering all the 

results from this chapter and the previous one, it could be concluded that the 

DST decays of pure, neutral surfactants generally obey a mixed adsorption 

mechanism. 

4.2 Dynamic surface tension studies 

4.2.1 Experimental detail 
The surfactants were purchased from Avanti Polar Lipids (AL, USA) with 

purity > 99%. They were stored at -20 °C and otherwise used as received. H2O 

was from a MiIIi-Q reverse osmosis purification system. 
Surface tension calibrations and measurements were carried out as 

described in Section 3.1. The du Nouy ring and MBP methods were used to 

measure the equilibrium and dynamic tensions respectively. The error in the 

tension measurements has been previously given in Chapter Three. For (di-C5, 

C6, C7)-PC solutions the samples were thermostated at 25 t 0.1 °C whereas 
(di-C8)-PC solutions phase separated below 35 °C, so these samples were 
thermostated at 40 ± 0.1 °C. Both the equilibrium and dynamic surface tensions 

were reproducible. 

4.2.2 Results and discussion 

(a) Equilibrium surface tensions 
The equilibrium y- log c plot for (di-Cn)-PCs with n=6,7 and 8 are given 

in Figure 4.2. The fit to the pre-CMC data is a quadratic, and values of the 
CMC and the surface tension at the CMC (ycmc) are in good agreement with 
previously reported values [5]. Owing to the cost and availability of (di-C5)-PC 
it was not possible to measure its CMC, but an estimate of 0.13 mol dm-3 was 
made, in line with values of the other PCs. The fitted quadratics were used in 

conjunction with the Gibbs equation for neutral molecules (equation 4.1) to 
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Figure 4.2: Equilibrium surface tension yq vs. concentration for (di-C6)-PC 
at 25 °C (0 ); (di-C7)-PC at 25 °C (0) and (di-C8)-PC at 40 °C (+ ). Pre-CMC 
data is fitted by a quadratic line. 



N 

E 

E 
Co 
0 

x 

I- (') Lf) M C-4 N 

N 
V- 

00 

lq* 

0 

C? 

E 
Ö 
E 
O 
"-- 
x 
0 

0 :r 

IQ 
jd 

t_ 
coo 

E 

h 
-O Q) 
o "ti 
CL 

'Ug o0 

ö_ E 

y 
bm 
N 
V 

41 

cm 2 

Z Ir- 



OGmjc / kJ moI-1 

-10 

-15 

-20 

-25 

-30 

-35 

-40 

" (di-Cn) - PCs 

p di-(Cn-GIu)s 

8 10 12 14 16 

chain length, n 

Figure 4.4: Gibbs free energy of micellisation for the PC series (filled line) 
and the glucamide series (dotted line). Gradients give d Gmic (CH2) = -2.75 kJ mot' 
for the PCs and -2.40 kJ mots for the glucamides. 
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calculate the equilibrium surface excess and effective area per molecule at the 

interface, as, as a function of concentration: 

as 
1_ RT d ln(c) 

(4.1) 
TNa Na dY 

where Na is the Avagadro constant. Values for the CMC, area per molecule at 

the CMC (acme), and ycmc obtained from these tension measurements are given 

in Table 4.1. Also given in this table are the relevant data for the di-(Cn-Glu) 

series. As described in the previous chapter, extensive tensiometric and 

neutron reflectivity work by Thomas et a/. have shown that this approach works 

well for measuring the adsorption isotherms of neutral surfactants. Figure 4.3 

shows an example adsorption isotherm for the (di-C7)-PC surfactant along with 
the inset showing the mean area per molecule at the interface as calculated by 

equation 4.1. 

For neutral surfactants, the Gibbs free energy change on micellisation 

may be estimated from AGm; c = RT. /n(CMC) (see Section 1.4.2) where the CMC 

is in mole fraction units. Values of OGm; c are given in Table 4.1 for the PC and 
glucamide surfactants. A plot of /n(CMC) vs. chain length n was linear, and the 

mean value for the increment in free energy iG(CH2) was calculated as 

-2.75 kJ mol" for the PC series. A similar plot for the glucamide surfactants 
gives a gradient iG(CH2) of -2.40 kJ mof' [2]. This is illustrated in Figure 4.4. 

(b) Dynamic surface tension 

DSTs for diC6, C7 and C8 PCs were measured over the concentration 
range 5x 10'3 mol dm-3 to 5x 10'5 mol dm3 and representative runs for these 
three surfactants are shown in Figure 4.5. As seen for the non-Ionics, the 
tensions for the higher concentrations had already decreased from 
72 mN m" before the first data point at N5 ms was measured. Just as for the 
non-ionics, extensive analyses in terms of diffusion-only, activated diffusion 
and micelle break-up kinetics. were carried out. The relevant equations for the 
diffusion-only mechanism are 3.1 and 3.2. It is important to re-emphasise that 
although these equations can be used for estimating the adsorption 

96 



mechanism, Miller et al. have recently warned against using the long time 

approximation for obtaining yeq and also its applicability to compounds of low 

surface activity near equilibrium [6]. However, it should be noted that yeq was a 
known and measured value in these analyses so this equation can be readily 

and reliably used to obtain the adsorption mechanism. 
Monomer diffusion coefficients were calculated from equation 3.4 using 

the previous reference value of D=2.7 x 10-10 m2 s'' (at 25 °C) for the 
di-chained non-ionic glucamide, di-(C6-Glu), obtained by PFGSE-NMR. This 

gave values for D of 3.1 x 10"10 m2 s'' at 25 °C for (di-C6)-PC, 3.0 x 10"10 m2 s'' 

at 25 °C for (di-C7)-PC and 4.1 x 10"10 m2s' at 40 °C for (di-C8)-PC. These were 

calculated using the same methods described in Chapter Three: the change in 

temperature and viscosity of the (di-C8)-PC solutions has been taken into 

account. 
Values of the effective diffusion coefficient, Doff, at long and short times 

were calculated using equations 3.1 and 3.2 as detailed in the previous 

section. Treatment of the short time decay for all the PCs gave Den values 

essentially equal to D and hence the mechanism at short times may be thought 

of as essentially diffusion controlled. This short time diffusion - only mechanism 

was consistent with the DST decays measured for the non-ionic solutions 

studied in Chapter Three. 

At long times the effective diffusion coefficients are always smaller than 

predicted by equation 3.2, with the ratio Def /D calculated as being between 
0.20 and 0.05 over the concentration range for the three PCs studied. These 
ratios for the various concentrations and surfactants are given in Appendix 4.1 
at the end of this chapter. There were also no obvious effects of CMC on either 
the DST decays or on the value of Dell /D in this long time region. These results 
are summarised in Figure 4.6 which shows a DST decay for (di-C8)-PC at 
2x 104 mol dm-3 along with calculated decays from equation 3.1 and 3.2. When 
considering Figure 4.6 along with Figure 3.13 for the non-ionic C. E. surfactant, 
it can be seen that these two classes of surfactant show similar DST behaviour. 
The discrepancy in the measured and calculated tensions at the end of 
adsorption can similarly be accounted for in terms of a change in free energy 
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AG (equation 3.3). Values of OG calculated from this equation for the PC 

series were all in the range 3-7 kJ mol" with there being no obvious effects of 

chain-length dependence. This compares reasonably well with the average 

value of - 10 kJ mol"' observed for the non-ionic surfactants. As before, the 

likely origin of this barrier is that to adsorb the incoming molecule must 

overcome the increasing surface pressure. 

In order to be able to assess whether micelles have any discernible 

affect on DST, their structure and kinetics were measured. The aggregate 

structures measured by neutron scattering will be discussed here, and micellar 
kinetics will be treated fully in Chapter Six. This SANS work is necessary to 

determine what the effects of aggregate size and micellar concentration are on 
the dynamics of adsorption. 

4.3 Small-angle neutron scattering studies 
Small-angle neutron scattering (SANS) is a powerful non-invasive 

technique for studying the structure of surfactant micelles. It can give details of 
size, shape and aggregation numbers, as well as giving information on the 
intermicellar interactions in the solution. The details behind this technique will 
be described here, firstly by introducing the general theory applicable to all 
scattering techniques. SANS instrumentation and measuring procedures are 
then discussed and finally the theories and models behind the data analysis of 
scattering data will be described. SANS is a rapidly growing method for the 

studies of small structures on the nanometre scale and there are a number of 
good reviews that describe the technique in more detail [7-10]. 

4.3.1 General scattering theory 

The theory behind scattering of radiation from a sample is general, 
whether it is an incident beam of neutrons, X-rays or light. Figure 4.7a shows 
how an incident beam of wavelength X is scattered by an angle 0 on passing 
through the sample, due to the interactions between the particles in the sample 
and the beam. Scattering can either be elastic, where the incident and final 
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Figure 4.7a: Instrument and beam set-up for a standard scattering experiment. 
0 is the angle the beam is scattered through when passing through the sample. 

0 

0 1, 

Figure 4.7b: Vector diagrams for scattering experiments illustrating the wave vector Q 
formed from the incident wave vector k1 and the scattered wave vector k, Wavelength 
of beam = 2; r/k. 



energies of the beam are equal, or inelastic where the beam gains or loses 

energy to the sample. The SANS experiment is set-up to look at elastic 

scattering. 

Coherent and incoherent scattering 
Coherently scattered waves have a phase relationship (described below) 

due to the fact that the scattering centres in the sample are correlated in some 

way. This correlation brings about an interference pattern that gives information 

on structure. Incoherent scattering is uncorrelated and gives no structural 
information, but does describe the dynamic processes in the sample [11 ]. The 

SANS detector measures both coherent scattering from the sample and 
incoherent scattering from the sample background (say the H2O solvent). The 
incoherent scattering is therefore experimentally determined and subtracted to 
leave the coherent scattering that gives the structural information. 

Wave vectors in radiational scattering 
Interpreting scattering data is easier if both the wavelength of the 

radiation, A., and the scattering angle, 0, can be expressed in terms of one wave 
vector, Q. The incident beam has wave vector k, = 2irn /A, where n is the 
refractive index of the beam (n -1 for neutrons). For elastic scattering the 

wavelength of the radiation does not change on passing through the sample, so 
the magnitudes of the incident (k, ) and scattered (k3) wave vectors are equal. 
Figure 4.7b shows the vector diagram for relationship between k,, ks and Q, 
and from 

jk; I=1k51=2rrn/?, and 
Q=k, -ks 

it can be seen from the geometry in the figure that 

Q= si 
' 
2) 

(4.2) 

with Q having dimensions of inverse length. The SANS experiment is set up to 
look at elastic scattering where the beam changes its momentum transfer, Q, 
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through the scattering angle 0. The wavelength (or energy) of the scattering 
does not change. 

Figure 4.7b shows two nuclei point scatterers 0 and N that are at a 
distance r apart, where 0 is the origin. For both nuclei, the wave scattered in a 
direction kg is phase shifted with respect to that scattered in the same direction 

from 0. The path difference between the two waves results in a phase 
difference equal to Q. r and hence the amplitude of the scattered wave is given 
by 

Asca = 
Aýb 

exp (iQ. r) (4.3) 

where Ao is the initial amplitude of the incident wave and b is the scattering 
length, a measure of the strength of the interaction between the radiation and 
the atom. 

For a many atom system, such as a particle, the amplitude of all the 

scattering is given by 

F(Q) = p(r) exp(iQ. r)dr 

(4.4) 

where F(Q) is the single particle form factor and p(r) is the scattering length 
density distribution of the particle which is dependent on the internal structure. 
From this relationship it can be seen F(Q) is the Fourier transform of p(r). 
Detectors in scattering experiments are not phase sensitive and hence the 
intensity of the scattered radiation is measured rather than the amplitude. For a 
sample containing np particles per unit volume, 

1(Q) = np((I F(Q )I2 )oý3 (4.5) 

with the intensity averaged over all orientations, o, and shapes, s. 
To summarise this section, a wave vector Q representing reciprocal 

distance can be correlated with the scattering points in the ensemble. 
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Scattering centres that are close can be investigated at high Q and those 

further apart at low Q. 

Neutron scattering 
Neutrons have a distinct advantage over X-rays and light due to the 

physical dependence of the scattering defined by the scattering length b in 

eqn. 4.3 above. X-rays interact with electrons and hence b is dependent on 

atomic number. As surfactant solutions mainly contain the atoms H, C and 0, 

the water and surfactant will scatter in roughly equal (and small) amounts, so 

the information content of the scattering curve is low. The advantage for 

neutrons is that b is isotope dependent and this is because the incident 

neutrons interact with the nuclei in the atom. Values of b for hydrogen ('H) and 

deuterium (2H) are very different (see Table 4.2) and therefore if a surfactant 

containing 'H is in a D20 solvent, the scattering pattern from the solvent and 

solute will be different. Therefore it is possible to obtain the scattering from the 

micelles alone by simple subtraction of the background. The 1H nucleus causes 

a phase change of the incident wave on scattering and this gives rise to the 

negative value of b. 

The scattering length density of a molecule, p, can be calculated by 

summing all b values for the nuclei present and dividing this by the molecular 
volume, yielding dimensions of reciprocal area: 

E bi 
V (4.6) 

m 

The parameter p is hence also a measure of the interaction of the neutrons with 
the material. Values of p for protonated and deuterated molecules are given in 
Table 4.3. 

SANS instrumentation and data acquisition 
The measurements were carried out on LOQ at ISIS in Oxfordshire, U. K. 

The neutron beam is obtained by firing' a fast pulsed beam of protons at a 
heavy metal target (usually Uranium or Tungsten). Nuclear spallation occurs 
producing a white beam pulse of neutrons whose energies and wavelengths 
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Table 4.2: Values of the coherent scattering length b for some 
common elements. Values given at 25 0 C. 

Element b x10-15/ m 

lH -3.741 
20 6.674 
12C 6.648 
14N 9.36 
160 5.805 
19F 5.650 
23Na 3.63 
27AI 3.449 
28Si 4.149 
32S 2.804 
35CI 9.579 

Table 4.3 Values of the scattering length density p for some compounds 
at 25 °C 

Compound p x1010 / cm-2 

Water H2O -0.56 
D20 +6.40 

Hydrocarbon CaH1a -0.53 
C8D18 +6.43 

Surfactants SDS +0.387 
di-(C6-GIu) +0.66 
(di-C7)-PC +0.49 



have a Maxwell distribution. ISIS produces pulses of neutrons with a 50 Hz 

frequency, however, these neutrons are slowed down by a chopper to 25 Hz for 

SANS measurements to prevent frame overlap (fast neutrons overtaking the' 

previous frames' slow neutrons). The incident wavelength on LOQ at ISIS is 2.2 

to 10 A and this determines the Q range as 0.007 to 0.22 A'. The wavelengths 

of the neutrons are determined by their 'time-of-flight, and their scattering 

angle by considering the geometry between the sample and detector. 

Data acquisition 
Obtaining scattering data from a sample on LOQ requires measurement 

of various SANS signals and also wavelength dependent transmissions. The 

SANS signal is obtained by measuring the sample, subtracting the background 

solvent and then dividing by a previously measured standard [12]. This 

resulting intensity, I(Q), relates to the absolute SANS cross-section in cm'. 

Data analysis of SANS profiles 
As described in the introduction, micelles are irregular and dynamic 

entities and in order to interpret the SANS signal it is necessary to introduce a 
number of approximations [13]. These are all generally well accepted. Using 
these approximations, the scattering intensity I(Q) for monodisperse, 
homogenous spherical micelles of volume Vp, having a number density np and 
scattering length density pp dispersed in a medium pm may be written as: 

1(Q) = np (pp - Pm)2 VP2 P(Q) S(Q) (4.7) 
P(Q) is a dilute particle form factor describing the angular distribution of 
scattering owing to the size and shape of the micelle. S(Q) is a structure factor 

which is dependent on the intermicellar interaction potential and for dilute non- 
interacting micelle systems, S(Q) = 1. 

Figure 4.8 shows how P(Q) and S(Q) combine to give the total scattering 
I(Q) for both attractive and repulsive interactions between spherical micelles. 
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Particle form factor P(Q): 

This function gives information on the size and shape of the micelle. It 

can be seen that if the number density, scattering length densities and micellar 

volume are known for non-interacting micelles, then P(Q) can be obtained 
directly from the measured I(Q) data. P(Q) has been calculated for simple 

shapes [8] and for a sphere of radius R this is 

P(Q) 
3(sin QR - QR cos QR) 2 

(4.8) 
(QR) 3 

Analytical expressions are also known for simple shapes such as disks and 

cylinders [8]. 

Interparticle structure factor S(Q): 

Arising from interparticle interactions, S(Q) is essentially the Fourier 

transform of the particle pair correlation function. A first approximation for this 

is to use a hard sphere structure factor which is dependent on the volume and 

hence radius of hard spheres. As seen from Figure 4.8, S(Q) is important at low 

Q where it reduces the scattering intensity and produces a peak in the 

scattering at Qma 27c / D, where D� is the mean value for the distance 

between nearest neighbours in the sample. Charged micelles also exhibit a 

repulsive S(Q) and mathematical expressions derived by Hayter and Penfold 
[14] are still used to account for this in the I(Q) profile. 

Attractive interactions often have to be considered when studying 
micelle systems close to phase boundaries (e. g. cloud points). Again there is 

an increased intensity at low Q, but the curve is no longer a radial distribution 
function. An expression for this attractive structure factor S, tt(Q) has been given 
by Ornstein - Zernike and further details can be found in [7]. 

Guinier approximations 

For dilute neutral micelles, S(Q) can often be neglected and in effect 
I(Q) is a direct measure of the particle form factor. The scattering of spherical, 
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discoidal and cylindrical micelles can be approximated using simple Guinier 

approximations relating I(Q) to Q: 

z 
1(Q) a Q-° exp -QzR (4.9) 

where the exponent D=0 for spheres, I for cylinders and 2 for disks; R is the 

characteristic dimension of the micelle and K has a value 5 for spheres, 4 for 

cylinders and 12 for disks [15]. Hence the characteristic dimensions of the 

micelle can be obtained from the gradient of an appropriate plot. 

Dr. Richard K. Heenan's FISH analysis suite 
FISH is a FORTRAN program written by Dr. Heenan at ISIS and it is 

used to model and fit measured I(Q) data 1161. This fitting analysis gives more 
detailed information on micelle size and shape. It is a very powerful fitting 

technique. 

Analysis via the geometric packing constraint parameter 
If all thermodynamic parameters for the formation of micelles were 

available, it would be possible to derive the shapes of the micelles without the 

need for expensive SANS experiments. However, there are many entropic and 

enthalpic terms that cannot easily be calculated. An empirical model has 

therefore been developed to estimate the shapes of micelles through a 

geometric packing restraint parameter, P, by considering the geometry of the 

surfactant molecule. The ratio P= v/al (where v is the alkyl chain volume, I the 
length and a the area of the polar head group) is used to predict shape 

changes in the micelle as P passes through critical values. If 0<P< 1/3 then 

spherical micelles form; 1/3 <P< 1/2 cylindrical micelles; 1/2 <P<1 disk 

micelles (bilayers) and at P>I reverse micelles form, although this is of little 
interest in this work. These critical values are calculated from simple geometric 
calculations, with values of v, a and I being calculated from Tanford's formulae 
[171. 

104 



4.3.2 Experimental details 

The samples were made up in D20 (99.9% D atom, Fluorochem Ltd. ) to 

optimise the contrast between the surfactant and the solvent. They were all 
thermostated at 25 ± 0.1 °C except for (di-C8)-PC which was 55 ± 0.2 °C. 

4.3.3 Results and discussion 

SANS data are shown in Figure 4.9 for the four PC surfactants at various 

multiples of the CMC. Error bars are shown. Fits to the data using the FISH 

program are also shown, with each PC tested against the various models for 

spheres, cylinders, disks, as well as for mono- or poly-dispersity. Also the 

incorporation of an effective hard-sphere structure factor to account for inter- 

micelle scattering was explored. However, it can be seen from the figures that 

the structure factor is only significant for the most concentrated (di-C5)-PC 

system where the micelle volume fractions are between 0.028 to 0.221. 

The scattering intensity of the micelles is calculated from equation 4.7 

where the first three terms (np, p and Vp) may be incorporated as an effective 
scale factor, S (cm''): 

S= 4mic Ape VP (4.10) 

where 4m; c is the volume fraction (4m; ß = npVp =4 surf - 4cMC) and Op = (pmic - po20)" 
In this way S acts as a consistency check on the physical reasonableness of 
the model. Both these parameters are known from the sample composition. For 

all surfactants and concentrations the scale factor agreed to within ± 10% of 
that expected, given the value of the scattering length density of the micelles 

Pmic =+0.49 x 10"10 cm'2 and the density of the micelle as 1.0 g cm3. This 
indicates that the models used are physically realistic. Although no literature 
SANS data could be found for this complete homologous series of PCs, for 
(di-C6)-PC and (di-C7)-PC there is good agreement with the previous work of 
Lin et aL [18,19]. The fitted dimensions of these PC micelles are given in Table 
4.4. The shapes of the aggregates were assigned by finding the function which 
best described both the Q dependence of the scattering and the overall 
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Figure 4.9a: SANS measurements for (di-C5)-PC at various multiples of the CMC. 
Lines are model fits as described in the text. Error bars are shown. (+) 5x CMC; 
(0)3xCMC; (*)2xCMC; (0) 1.5xCMC. 
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Figure 4.9b: SANS measurements for (di-C6)-PC at various multiples of the CMC. 
Lines are model fits as described in the text. Error bars are shown. (0) 20 x CMC; 
(x) 10xCMC; (*)5XCMC; (+) 3x CMC; (0)2xCMC. 
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Figure 4.9c: SANS measurements for (di-C7)-PC at various multiples of the CMC. 
Lines are model fits as described in the text. Error bars are shown. (x) 100 x CMC; 
(o) 50 x CMC; (*) 20 x CMC; (+) 10 x CMC; (0) 5x CMC. 
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Figure 4.9d: SANS measurements for (di-C8)-PC at various multiples of the CMC. 
Lines are model fits as described in the text. Error bars are shown. (+) 500 x CMC; 
(o) 200 x CMC; (x) 100 x CMC; (0) 1Z5 x CMC. 



Table 4.4: Dimensions of micelles from SANS data. R is the sphere radius, 
a and b the minor and major axes of an ellipsoid, with r and L the radius and length 
of a cylinder. 

Conc X CMC +mic 

(di-C5)-PC 1.5 -> 5 0.028 -> 0.221 

(di-C6)-PC 2 -* 20 0.006 -* 0.11 

(di-C7)-PC 5 -* 100 

(di-C8)-PC 20 -> 500 

Spherical micelle 
R/A 

12±2 

Ellipsoidal micelle 
a/A b/A 

15±2 30±2 

Cylindrical micelle 
r1A LIA 

0.003-- 0.076 16±2 

0.0015--0.040 18±2 

120 ± 20 

>1000 



absolute intensities. 

For (di-C5)-PC the SANS profiles were fitted by polydisperse spheres 

obeying a Schultz distribution function [20,21 ] with width a/ Ra� = 0.08. The 

model incorporates a hard-sphere S(Q) as described above. The fitted micelle 

radius of 12 A is consistent with the surfactant having 70% all-trans C4H9 tails 

and a zwitterionic headgroup of 8A [4]. 

The SANS profiles for (di-C6)-PC over the range 2 -4 20 x CMC 

(4m; ß: 0.006 --> 0.11) fitted to ellipsoidal micelles having axes a -15 A and 
b- 30 A, an aspect ratio of 2. For 4m; ß > 0.05 the fitted scattering function 

included the effective hard-sphere S(Q) as before. These observations are in 

agreement with Lin et al. who showed the ellipsoidal form factor with a 18 A 

and b 30 A was a good model for their data. Furthermore they also saw no 
significant effect of concentration on P(Q) [18]. The (di-C6)-PC micelles have a 
similar structure to those of di-(C5-Glu), which have been shown to be short 
cylinders with radius - 10 A and length - 40 A [2] 

In the case of (di-C7)-PC, power law scattering Q'1 was observed and 
this is consistent with cylindrical micelles. The data fit well to cylinder micelles 
with radius r- 16 A and length L- 120 A. These dimensions compare well with 
those found for the di-(C6-Glu) glucamide surfactant where r- 12 A and 
L-180A[2]. 

The (di-C8)-PC SANS curves were consistent with very long, thin 

cylinder micelles with r- 18 A and L> 1000 A. The Q range on LOQ, ISIS was 
insufficient to observe and predict the exact length of these micelles. The 
di-(C7-Glu) surfactant also exhibited thin micelles, but of shorter length, 
L- 200 A [2]. Estimates of aggregation numbers were obtained using the fitted 

scale factors giving 12 ± 2,58 ± 5, and 120 ± 10 for the (di-C5), (di-C6) and 
(di-C7)-PC respectively. 

4.4 Conclusions 

The CMCs, surface tensions and surface excesses have been measured 
for the homologous series of soluble symmetric (di-Cn)-PCs. The micelle 
structures were investigated as a function of both concentration and chain 
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length using SANS. For the series ! n(CMC) depends linearly on chain length, 

with the free energy of micellisation per CH2 increment given as 

AG(CH2) = -2.75 kJ mol*1 which parallels that previously calculated for the 

di-chained glucamides. Indeed, for equivalent chain lengths, the surfactant 

properties of the PCs are very similar to those of the di-chained non-ionics. The 

nature of the head group does not appear very significant here, although the 

surface tension at the CMC appears to be considerably lower than the similar 

non-ionics, with (di-C7)-PC being 27.8 mN m' and di-(C6-Glu) 32.6 mN m'. 

SANS showed a shape change from spheres -- ellipsoids -+ cylinders 

along with an increase in aggregation number as the chain length increased 

from n=5 to 8. This is inconsistent with surfactant packing parameter, P. 

Since both v and I are proportional to the alkyl chain length, and the polar head 

group area remains constant, the micelle shape should be independent of n. 

This is not seen for either the di-chained PC or glucamide surfactants as both 

showed similar shape changes on increasing n, suggesting that the packing 

parameter theory may not work well for di-chained surfactants. A reason for this 

may be that there are increased van der Waals attractive forces between the 

chains. There were no obvious effects of surfactant concentration on the 

micelle structures. 

Turning to the DSTs, by combining the results of the PCs and the non- 
ionics, some generalisations can be made concerning the behaviour of these 

neutral molecules. For all these systems the DST behaviour at long times is 

consistent with activated diffusion adsorption. This mechanism received 

support recently from many other authors and these works were listed in 

Section 2.5. Values of OG for the PCs lie between 3-7 kJ mol*1 for both (di-C6) 

and (di-C7)-PC at 298 K, and (di-C8)-PC at 40 °C, slightly smaller than 

-10 kJ mol" observed for the non-ionics. Due to the large range in AG 

calculated for each class of surfactant, it is not yet possible to draw conclusions 

on the comparable sizes of the barriers or whether there should be any reason 
for the slightly higher value obtained for the non-Ionics. 

Due to the phase behaviour of these PC surfactants, along with 
insufficient time available to fully characterise the surface excess over a range 
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of temperatures, it was not possible to measure an activation barrier as a 
function of temperature. 

From the apparent independence of AG on the concentration of the 

surfactant solution it would appear that micelles have no discernible effect on 

adsorption, at least in the dilute regimes studied here. This will be investigated 

further in Chapters Six and Seven where research on micelle kinetics will 

permit a deeper discussion. 

To conclude, di-chained zwitterionic phosphatidylcholines and non-ionic 

glucamides have very similar surfactant properties, and from results in these 

first two experimental chapters it can be deduced that bulk surfactant 

concentration and temperature are the overriding factors governing DST, rather 
than surfactant type or the presence of micelles. 
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Appendix 4.1 

Calculated values of Deff at long times for the PC surfactants obtained from MBP 
measurements. Values of D obtained from PFGSE-NMR measurements are given as 
D=3.1 x 10-10 m2 s-1 for (di-C6)-PC and D=3.0 x 10.10 m2 s-1 for (di-C7) and 
(di-C8)-PC. Measurements were carried out at 25 °C for (di-C6) and (di-C7)-PC 
and 40 °C for (di-C8)-PC. 

Surfactant Concentration long time MBP Dell/ D 
/ mol dm-3 Den x 1010 / m2 s-1 

(di-C6)-PC 1x 10-3 0.29 0.095 
5x10.4 0.43 0.14 
2x 10-4 0.22 0.072 
1x 10-4 0.17 0.056 

(di-C7)-PC 2x 10-3 1.8 0.60 
Ix 10-3 1.2 0.39 
5x 10.4 0.36 0.12 
3x 10.4 0.45. 0.15 
2x 10.4 0.3 0.10 
1x 10-4 0.13 0.045 

(di-C8)-PC 5x 10-3 0.54 0.18 
2x10-3 1.6 0.53 
1x 10-3 0.19 0.064 
5x 10-4 0.69 0.23 
2x 10.4 0.20 0.066 
1x 10-4 0.24 0.080 
5x 10-5 0.47 0.158 
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Chapter Five 

Dynamic Surface Tensions of Ionic Surfactants 

Overview of Chapter 

This chapter investigates the DST of ionic surfactants. Firstly a 

catanionic surfactant, and then an homologous series of synthetically produced 

anionic sulfosuccinates. All of these compounds were specially made for the 

work. It may be thought that the adsorption properties of charged surfactants 
differ from neutrals due to the presence of counter-ions, formation of electrical 
double layers and electrostatic effects, all of which play a role in both bulk and 
interfacial properties. The purpose of this chapter is to investigate whether 
these factors have any effect on DST decays. 

The interfacial properties and structure of the monolayer for the 

catanionic surfactant were obtained by neutron reflection [1] and it is shown 
this equilibrium information is very useful for understanding DST. However, 

fundamental equilibrium interfacial properties of anionic surfactants are still not 

clearly understood, and an important example is the equilibrium surface 

excess. In particular, adsorption isotherms from neutron reflection and 
tensiometry measurements do not agree [2-5]. In spite of these problems it is 

shown that the adsorption mechanism is activated - diffusion. 

This chapter is not a complete study of DSTs from ionic surfactants 
since further research is needed before any strict generalisations can be made. 
Research on this sub-field is also scarce in the literature, with many authors 
concentrating on the dynamics of simple non-ionic molecules. I therefore 
believe that this chapter could be the basis for a complete Ph. D. project in 
itself. 
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5.1 Dynamic surface tensions of n-hexylammonium n- 
dodecylsulfate, a catanionic surfactant. 

This surfactant was chosen since its equilibrium surface excess had been 

determined independently by neutron reflection, and this additional information 

is useful in the analysis of DSTs. This section demonstrates how this novel 

surfactant behaves in comparison to the simpler non-Ionics and zwitterionics 

that have already been discussed. This surfactant study gives further insight 

into whether the chemistry of the surfactant is important for the DST. 

5.1.1 Introduction 

Catanionic surfactants contain both amphiphilic cations and anions with 
the absence of any associated inorganic counterions [6]. This leads to 

enhanced surface activity [7,8]. For example, ycmc of n-hexylammonium 
dodecylsulfate (AM-DS) is 26 mN m"' whereas for sodium dodecylsulfate (SDS) 

alone it is 35 mN m''. Packing in the monolayer is also greater, with the mean 

area per alkyl chain for AM-DS being -- 25 AZ whereas for SIDS it is me 45 A2 [9]. 

It is therefore of interest to study a surfactant that exhibits both a high surface 

pressure and high packing fraction in the monolayer. A schematic of 

n-hexylammonium n-dodecylsulfate (AM-DS) is shown in Figure 5.1 

N H3+ 

0503 
Figure 5.1 Schematic of AM-DS 

Very little work has been carried out on catanionic surfactants, however there 
has been a comprehensive study of mixed cationic and anionic surfactants [8]. 
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5.1.2 Experimental Section 

5.1.2.1 Surfactant preparation 

The AM-DS surfactant was synthesised [10] by converting SDS (in ethanol 

solution) into its H+ form by using a cation exchange resin (Amberlite IR-120 

plus). The HDS solution was reacted with n-hexylamine and any excess solvent 

evaporated off. The white crystalline solid was dried in a vacuum oven over 

phosphorus pentoxide. The isotopic variant d-AM-d-DS used for the neutron 

reflection measurements was prepared in a similar way using des-SDS and 

d13 n-hexylamine via a modified Gabriel synthesis [11]. 

5.1.2.2 Tensiometry 

Equilibrium tensions were measured by the du Nouy ring method using a Krüss 

K10 tensiometer. Dynamic surface tensions were measured on a LAUDA 

MPTI, with all calibration procedures carried out as described in Chapter 

Three. Both tensiometers were thermostated at 25 t 0.1 °C, with the surfactant 

solutions being a single phase at this temperature. 

5.1.2.3 Neutron Reflectometry 

The application of neutron reflectometry to surfactants has been 

developed by Thomas et al. and as with all neutron studies, the main 

advantage of this technique is the ability to contrast different layers by isotopic 

substitution. 
Measurements were carried out on the CRISP reflectometer at ISIS, U. K 

[12]. Details of neutron reflectometry have been described in Chapter Two and 

also elsewhere [13-15]. For the purpose of this thesis it is only of interest to 

discuss how the measured values of req at different concentrations can be used 
to provide a more accurate analysis in modelling DST. A full description of the 

structure in the AM-DS monolayer is given in [1]. 
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5.1.3 Results and Discussion 

5.1.3.1 Area per molecule at the interface 

(a) Surface tension measurements 
Figure 5.2 shows how yeq varies with aqueous AM-DS concentration at 

25 °C. As seen the clear, sharp break in the curve defines the CIVIC as 
(1.0 ± 0.1) x 10"3 mol dm 3 with the pre-CMC data fitting well to a quadratic 
function. Within experimental error, the deuterated and non-deuterated AM-DS 

gave the same yeq vs. In(c) profiles. There is no 'dip' in the curve around the 

CMC which would suggest that the surfactant is of high purity. 
The quadratic function can be analysed in terms of the Gibbs equation 

to obtain the surface excess and area per molecule at the interface. For a 1: 1 

catanionic surfactant this is given in equation 5.1 

as 
1_ 2RT din(c) 

(5.1) 
Ma Na dye, 

where Na is the Avogadro constant and the activity coefficient of the solution is 

assumed to be 1. At the CMC the area per molecule, acn,,, is found to be 
43 ±3 A2 which would mean an average of 22 9 for each alkyl chain. If this is 

compared to a.,, for SIDS (se 45 AZ) it would suggest that the monolayer is quite 
closely packed. From equation 5.1, r at the CMC is 
(3.84 ± 0.20) x 10-6 mol M-2. 

(b) Neutron Reflection 

For both deuterated and non-deuterated AM-DS in nrw at 3x 10.3 mol dm 3 

(3 x CMC) values of as agree well, given as 47 ±2M. Figure 5.3 shows the 

agreement of a, calculated by the Gibbs equation using surface tension data 

and those measured by neutron reflection. As seen, there is a reasonable 
agreement between the two techniques. In using the Gibbs equation (5.1) the 
main assumptions are that the surfactant behaves as a 1: 1 electrolyte and that 
the solution is dilute enough for the activity coefficient to be unity. It has also 
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Figure 5.2. The equilibrium surface tension yam, vs concentration c of d-AM-d-DS at 25 ° C. 
Fit is to a quadratic line. 
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been widely shown [2-5] that the presence of divalent ion impurities such as 
Ca2+ in aqueous solution can account for large discrepancies in the surface 

excess between the two techniques. It is thought these divalent ions are 

present in solution from impurities in reagents during the surfactant 

preparation. Due to AM-DS possessing no counter-ions this should not present 

a problem here. However, when anionic surfactants with univalent counter-ions 

are studied (see Section 5.2) these impurities can become significant enough 
to affect the adsorbed amount. 

5.1.3.2 Dynamic surface tensions as a function of concentration 

DST curves for various AM-DS concentrations are given in Figure 5.4. 

These are representative runs with values of y all reproducible to 

±2mNm'1. 
The pre-factors in Miller's equations 5.2 and 5.3 assume a 1: 1 

electrolyte and it should be emphasised that the partial structure factors 

showed that the monolayer was net neutral [1]. Therefore analysis of the DST 
decays using the diffusion equations for 1: 1 ionic surfactants that were derived 
in Chapter Two can be used. 

Dt Short times: Yt-ºo = Yo - 4RTc( 1 (5.2) 
n 

n 'n 
Long times: Yr -º °° 

R1TZ 
= Yeq +c(l Dtl (5.3) 

A measured value of the equilibrium surface excess (those measured from the 

neutron reflection measurements are used) and a value for the monomer 
diffusion coefficient D for AM-DS are required for the analysis. Reliable and 
reproducible measurements of D can be obtained by PFGSE-NMR 

measurements, however, due to the relatively low CMC of AM-DS it was not 
possible to obtain a reliable value of D. PFGSE-NMR measurements on SIDS 
gave D=4.5 x 10.10 m2 s'1 [16]. The diffusion coefficient of AM-DS can 
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therefore be estimated: D scales with inverse square root mass as shown in 

equation 3.4. Hence for AM-DS, D gw 4.1 x 10"10 m2 s'' assuming that the dodecyl 

anion and the hexyl ammonium cation are paired. 

(a) Dynamic Surface Tensions at Short Times. 

The DST data are shown in Figure 5.5 as a function of t'"2. As predicted 
by equation 5.2, y(t) -> 72.2 mN m'' (yo for water) in the limit of t -4 O. The 

analysis used here is similar to that carried out in the previous two chapters. 
The experimental gradient obtained from Figure 5.5 is defined here as 

(dy/dt12)ex and the theoretical gradient defined as (dy/dt"2 )th00 = -4RTc (D/n)1 /2 

from equation 5.2. Values for the theoretical and experimental gradients are 

given in Table 5.1. As seen, the two values are in close agreement, with the 

mean ratio of the gradients ex/theo = 0.83. A value for the apparent diffusion 

coefficient Defy can be calculated and the mean ratio Deft /D is 0.7. This, along 

with the linearity of Figure 5.5 as t -- 0, would suggest that the start of the 

adsorption process is diffusion only controlled and the y(t) decay is described 

well by equation 5.2 in the tension span 72.2 to 60 mN m". 

(b) Dynamic Surface Tensions at Long Times. 

Since the req(c) isotherm is well defined, a more rigorous analysis at 
long times is possible. It is clear from equation 5.3 that any error in rq will 
double the error in the value of the theoretical gradient. 

Figure 5.6 shows the y(t) decay as a function of f"2 as suggested by 

equation 5.3. Lines are least squares fits to the data, with the ordinate intercept 
fixed at the known equilibrium surface tension of the surfactant solution 
obtained independently by du Nouy tensiometry (Figure 5.1). The measured 
experimental gradients (dy/dt")ex are given in Table 5.1 along with the 
theoretical gradients (dy/dt'"2)theo which are calculated from equation 5.3. The 

ratios of the gradients, ex/theo, and the diffusion coefficients, Do, f / D, are also 
given. 

As seen, the theoretical gradients are consistently higher than the 
measured ones. This would imply that the tension predicted by equation 5.3 is 
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lower than the measured tension. It would also seem for the 2.0 and 
1.0 mmol dm 3 solutions that the adsorption is close to diffusion controlled at 
long times. However, as can be seen from the 2.0 mmol dm-3 data in Figure 5.6, 

the adsorption process is all but over, so it is hard to obtain an accurate and 

useful value for the gradient. Analysis on the 1.0 mmol dm-3 data is also 

ambiguous as the gradient that is obtained may not be taken over the time 

range of interest. As seen, there is no measured decay after 0.3 s 
( f"Z -- 2 s"1) and perhaps more data points are needed closer to yeq to obtain a 

more reliable value for the gradient. This highlights the need for carefully 

chosen surfactants to match the accessible time window of the DST 

measurements. 
Turning attention to the 0.75 mmol dm-3 decay, the calculated tensions 

using equation 5.3 at t=1.0,1.5 and 4. Os are 35.3,34.8 and 33.9 mN m" 

respectively. However the measured tensions at these times are 43.0,42.3 and 
40.0 mN m''. Considering the ratio of the diffusion coefficients, Def I D, for all 

concentrations below I mmol dm3, the apparent or effective diffusion 

coefficient of the monomer is at least eight times smaller than the value of D 

estimated from the PFGSE-NMR: 4.1 x 10"10 m2 s''. Put simply, at the end of the 

adsorption process the AM-DS monomers are not adsorbing at the surface as 
quickly as they would under pure diffusion control. Again, this behaviour is 

consistent with the adsorption barrier seen previously. 

Using equation 3.3, values for OG as a function of concentration can be 

calculated for this surfactant. Taking a mean value for Dell /D from Table 5.1 

gives a value of OG N6 kJ mol" at 25 °C. Another approximate measure of this 

adsorption barrier is obtained by calculating a value for the surface work at the 
CMC. This can be estimated as 6.0232 7tcmc acmc [17] resulting in a value of 
5.5 RT. These two estimates suggest a barrier height of between 5 and 15 kJ 

mol" at 25 °C. This value is similar to that obtained from studies of non-ionic 
and phosphatidylcholine surfactant solutions. 
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5.1.4 Conclusions 
(a) Structure in the monolayer 

Neutron reflection measurements and the Gibbs isotherm are in 

reasonable agreement for the behaviour of the surface excess IF, , as a function 

of AM-DS concentration. At the CMC, values of the surface excess, IF.., and 

area per molecule at the interface, ac mc, were given as 
(3.84 ± 0.20) x 10'6 mol M-2 and 43 ± 3A from the Gibbs isotherm; 

(3.32 ± 0.10) x 10'6 mol m'2 and 50 ±2A from neutron reflectivity. This indicates 

a very low mean area per chain, implying efficient packing in the monolayer. 

(b) Dynamic Surface Tensions 

At the beginning of adsorption the process is diffusion - controlled. At 

the end of the process there is a shift in the mechanism towards activated 
diffusion with the free energy change AG being between 5 and 15 kJ mol". 

It would appear that from DST studies on this surfactant and neutral 

molecules, the chemistry of the surfactant does not play a significant role in 

terms of the general adsorption mechanism. However, from this single study, it 
is hard to determine the importance, if any, of electrostatic effects. The effect of 
ionic strength on adsorption has been previously considered from a theoretical 

perspective by MacLoed and Radke [18]. It is therefore of interest to complete 
this study on surfactant adsorption kinetics by investigating a homologous 

series of anionic surfactants. The aims are to observe the effect of any 
electrostatic barriers and also see how inert electrolyte influences the 

adsorption dynamics. 
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5.2 Synthesis and dynamic surface tensions of di-chained 

anionic sulfosuccinates. 

The main problem to be overcome in any study of anionic surfactants is 

that of purity. Many anionic surfactants, whether synthesised industrially or in 

the lab, contain trace impurities of unreacted reagents. An example of this is in 

the production of sodium dodecylsulfate (SDS) where the small presence of 

unreacted dodecanol gives rise to a characteristic minimum in y around the 

CMC. It is obvious that the sulfates are too impure for any careful DST 

investigations. However, studies on sulfosuccinates (including the commercially 

available 2-ethylhexyl sulfosuccinate, or Aerosol - OT) have shown a clear 
break at the CMC and an absence of the impurity minimum [5]. These anionics 

are therefore ideal as they can be compared directly to the structurally related 
di-chained neutral surfactants. However, symmetric straight chained 

sulfosuccinates are not commercially available and therefore it was necessary 
to synthesise them. The general chemical structure of these molecules is given 
in Figure 5.7. The nomenclature is diCnSS where n is the length of the carbon 
chains at the required purity. 

0 
CH3 (CH2)n-1 

CH3 (CH2)1 , -1 SO3 Na+ 
0 

Figure 5.7: Chemical structure of a symmetric di-chained sulfosuccinate surfactant of chain 
length n. Nomenclature is diCnSS. 

5.2.1 Synthesis of Sulfosuccinates 

The synthesis was carried out following the procedure previously given 
by T. J. Wear at Kodak, UK. [19]. COSHH regulations and hazard information 

sheets regarding both the chemicals and experimental procedures were read 
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and strictly adhered to throughout. 

5.2.1.1 Main synthetic route 
Experimental techniques such as solvent extraction, rotary evaporation 

and vacuum distillation can be found in any good experimental organic text 

book, e. g. Harwood and Moody [20]. A general scheme for this reaction is 

given in Figure 5.8 and the chain lengths ranged n=4 to 9 by using n-butanol 
to n-nonanol respectively. The 2-ethylhexyl sulfosuccinate was also produced 
from 2-ethylhexanol in order to check its NMR spectrum and physical 

properties against the commercially available AOT. 

Stage one: Formation of the di-ester 

The n-alcohol (0.22 mol; Aldrich 99%) and dimethylaniline (0.2 mol; 
Aldrich 99%) were dissolved in dried tetrahydrofuran (200ml; Aldrich HPLC 

grade) in a round bottomed flask by stirring. Fumaryl chloride (0.2 mol; 

Avacado, 95%) was added dropwise from a dropping funnel over a period of 10 

minutes. A deep purple solution was formed and the temperature was kept 

below 50 °C throughout. The solution was heated under reflux (using a heating 

mantle) until the reaction had gone to completion and this was monitored by 

thin layer chromatography (tlc). This reaction typically lasted 2-3 hours for the 

formation of sufficient di-ester. A small excess of alcohol was added at the start 
to prevent the formation of the mono-ester. Any water miscible solvent was 

removed from the solution on a rotary evaporator and the resulting solution was 
then diluted with diethyl ether (350ml). The ether solution was washed with a 
10% hydrochloric acid solution (2 x 300ml) and a saturated hydrogen 

carbonate solution (2 x 300ml, BDH standard grade). The washed ether 

solution was dried over magnesium sulphate (BDH standard grade) and the 

ether was then removed under pressure. The resulting dark brown oil was 
distilled at 1 mbar using an oil bath and a vacuum pump with an air bleed. The 
boiling point of the di-esters at this pressure was 140 -180 °C depending on 
chain length, and yield typically 40 - 50%. 
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Stage two: Formation of the di-chain sulfosuccinate 
The di-ester (0.10 mol) was dissolved in a 50% ethanol (Hayman 

99.86%) in water (milli-Q) solution in a round - bottomed flask. Sodium disulfite 

(0.11 mol; BDH reagent grade) was added and the mixture heated under reflux. 
Sodium sulfite (0.11 mol; BDH reagent grade) was added portion-wise to the 

solution during the first hour and the reaction was then monitored by tlc to look 

for the disappearance of the di-ester. If residual ester remained after one hour 

of reflux, further disulfite (1 g) and sulfite (0.5g) were added. This was repeated 

every hour until after 5 hours of reflux the reaction had reached completion. 

After leaving to cool, the resulting solution was filtered to remove any excess 
insoluble disulfite and sulpfite and the ethanol was then removed on the rotary 

evaporator. The remaining solution was diluted with water. 

For surfactants with chain lengths n: 5 6 

Surfactants prepared with n-butanol, pentanol or hexanol by the above 

reaction are mainly soluble in the aqueous phase. The remaining aqueous 

solution formed above was evaporated under reduced pressure to form a white 

solid and was purified as outlined in Section 5.2.1.2. 

For surfactants with chain lengths n>6 
Surfactants prepared with n-heptanol and higher alcohols are mainly 

soluble in a non-aqueous phase (there is some solubility in the aqueous phase, 
but there is a greater partition of surfactant into the oil phase). The surfactant in 
the aqueous solution formed above was extracted with ethyl acetate 
(3 x 300ml) and was dried over magnesium sulphate. The mixture was 
subsequently filtered and evaporated under reduced pressure (rotary 

evaporator) to give a white solid. 

5.2.1.2 Purification procedures 

Soxhlet extraction 

The purpose of Soxhlet extraction is to remove any unreacted disulfite, 
sulfite or sulfate salt from the surfactant. The experimental detail is explained 
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elsewhere [20]. The surfactant to be treated was placed into a thimble made of 
thick filter paper and extracted using a suitable solvent. Any insoluble salt 

remains in the thimble, although there were no traces of any unreacted salt in 

the thimble after extraction of any of the surfactants. The salt-free surfactant 

was removed from the solvent by rotary evaporation. 

Recrystallisation 

The white solid was dissolved in a small amount of hot methanol and 
filtered. This solution was cooled in an ice bucket and ice-cold water was 

added drop-wise to the solution until the surfactant just began to precipitate 

out. The solution was left to recrystallise. This procedure was carried out 2-3 

times. 

Ion-exchange 

Although the desired surfactant is intended to have Na' as its 

counterion, cationic impurities such as calcium and magnesium ions present in 

the sulfite, disulfite and sulfate salts used in the synthesis may well transfer 
through to the final product. By passing an aqueous solution of the surfactant 
(Water from a milli-Q reverse osmosis system) through a Na' ion exchange 

resin, the divalent ions will be exchanged for Na+ (Fluka, Na` Amberlite resin). 
The water was removed from the solution by rotary evaporation and this 

procedure was helped by adding methanol to form an azeotrope and lower the 
boiling point of the solution. 

These three purification procedures produced apparently pure 
surfactants and this can be seen from NMR and tensiometric data. The 

surfactants were dried in a vacuum oven overnight and then stored in a 
dessicator over refreshed P205 (Lancaster). 

5.2.1.3 Surfactant analysis - NMR 

The commercially available AOT (Aerosol-OT, Aldrich 98%) and the 
laboratory synthesised 2-ethylhexyl sulfosuccinate were separately sent for 
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NMR analysis. Both samples gave the same spectrum and this is shown in 

Figure 5.9. The spectra were consistent with the observed structure. The 

observed ratios of the integrations given as (a): (b): (c): (d): (e) should be 

12: 18: 2: 4: 1, and this is consistent with intensities observed in the spectrum 

which are 12.75: 18.26: 1.81 : 3.86: 0.94. The NMR spectra of the symmetric 
di-chained surfactants were all similar, with the exception of the increase in the 

integration of the'(b)' peak as the chain length increased. All NMRs were 

consistent with expected surfactant structures. 

5.2.2 Phase behaviour of the sulfosuccinates: The Krafft point 
The Krafft points of the surfactants were measured by immersing vials 

containing 0.01 mol dm 3 solutions into a water bath and observing solubility by 

eye. DiC4, C5, C6 and C7SS were all soluble above 20 °C; DiCBSS had a 
Krafft point of -25 °C; and diC9SS -65 °C. Therefore the subsequent 

experiments were carried out at 25 °C with the exception of diC8SS, which was 

carried out at 30 °C. Due to the high Krafft point of diC9SS and the inaccuracy 

of obtaining measurements above 65 °C, this surfactant was not studied further. 

5.2.3 Equilibrium surface tensions 

5.2.3.1 Effect of divalent counter-ion impurities on surface tension 

measurements and adsorption isotherms 

Recent papers on anionic surfactants have highlighted differences 
between adsorption isotherms determined by tensiometry or by neutrons [2-5]. 
These problems are largely due to contamination by trace levels of divalent 

cations. Their presence gives rise to some di-valent cation surfactant and so a 
lowering of the surface tension. It is this depression of y that is linked to the 
observed lower value of 17,, q measured from tensiometry compared with that 
from neutron reflection. Thomas et al. conclude that this discrepancy is best 
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described in terms of the application of the Gibbs equation and the prefactor of 
2 (see equation 5.1). For most anionics this appears actually to take a value 

somewhat less than 2 in order for the two methods to agree. This would be 

consistent with a depletion layer of surfactant in the region beneath the 

monolayer. This situation is described by a modified form of the Gibbs equation 
5.4 where a is the degree of surface dissociation [2]. 

_1 
dy 

r 
RT(2 - a) dlnc 

(5.4) 

This subject is still an ongoing debate in the literature and most authors agree 
that this problem is far from trivial. 

One solution proposed by Thomas et al. for the removal of these surface 

active divalent cations is to introduce a sequestering agent into the surfactant 

solution to chelate the divalent ions, rendering them surface inactive [5]. It is 

essential that this chelating agent is also not surface active itself. The tetra- 

sodium salt of ethylenediaminetetraacetic acid (Na4 EDTA) is a good choice. 

Thomas et al. believe that once the divalent ions have been removed there is 

complete consistency between tensiometric and neutron data using a Gibbs 

prefactor of 2 [2]. This too is still a matter of controversy as the exact levels of 
these M2+ contaminants have not really been identified. 

5.2.3.2 Effect of EDTA on the equilibrium surface tension of diCnSS 

solutions 
Although the surfactants used here were all ion-exchanged on a resin, it 

was evident that there were still some divalent ions present. Figure 5.10 shows 
the effect of EDTA (Aldrich, 99%) on the surface, tensions of 5x 10'' mol dm "3 

and 2x 10-4 mol dm 3 diC6SS solutions, as measured by drop volume 
tensiometry (LAUDA TVT1). At lower EDTA concentration there is no effect on 
the tension, however, between 10"5 and 10'4 mol dm 3 there is an increase in the 
tension: this is consistent with the removal of the divalent ion impurities. Above 
EDTA concentrations of -5x 10*` mol dm3 there is a lowering of the surface 
tension due to the partial screening of the electrostatic repulsions between the 
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Figure 5.10: Effect of various concentrations of EDTA on the surface tensions 
of a2x1 o-4 mol d70 diC6SS solution (A); a5x1 Q4 mol dnr3 diC6SS solution 
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Figure 5.11: Equilibrium surface tension vs. concentration plot for diC6SS (0) 
and diC7SS (0) as measured by drop volume tensiometry. Fit to the pre-CMC 
data is a quadratic line. 



surfactant head groups - the classical salt effect. This behaviour was also 

observed for diC7SS. The effect of EDTA on a di-chained non-ionic surfactant 

was also investigated as a control and from Figure 5.10 it can be concluded 
that the effect seen with the anionics is not due to any surface activity of the 

EDTA. 

Most equilibrium and dynamic tension measurements carried out in this 

section (5.2) were measured at a constant concentration ratio 
EDTA : surfactant of 1: 100, with the EDTA concentration never exceeding 
5x 10-4mol dm-3 due to the depression of the tension. This concentration ratio 

was kept constant so that the ratios of the activities of the surfactant solutions 

also remained constant. 

5.2.3.3 Equilibrium y- In c curves as measured by drop volume 

tensiometry 

Drop volume tensiometry was used for diC6 and diC7SS and these 

curves are shown in Figure 5.11. The drop volume technique has been 

previously outlined in Section 2.8.3 and was used in preference to the du Nouy 

method owing to greater accuracy and reproducibility. The CMC of diC4 and 
diC5SS were also measured, but due to their very high CMCs they were less 

useful for the DST work. The CMC of the Aerosol-OT made in the laboratory 

was also measured and there was excellent agreement between this and 
measurements on the commercial sample. The equilibrium surface excess 
curves I'@q vs. c for diC6 and diC7SS are shown in Figure 5.12 as determined 
by tensiometry and the Gibbs equation with a factor of two. It is not appropriate 
to estimate a value for the error in I' here without the relevant neutron reflection 
experiments. The time-scale of this project did not allow for these 

measurements, although an experiment on diC6SS will be performed at ISIS in 
early 1999. 

Table 5.2 summarises the equilibrium properties of these anionics and 
these results are in good agreement with available literature values [21]. Due to 
drop volume tensiometry being a dynamic technique, it was not possible to 
measure the equilibrium surface tensions of diC8SS as the concentrations of 
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the solutions were too low and hence yea could not be reached in the time 

window of the instrument. The value of Teq at the CIVIC for diC8SS was 

estimated from the diC6 and diC7 data. 

5.2.4 Dynamic surface tension as a function of concentration 

The DST was measured as a function of concentration for diC6, C7 and 
CBSS using the MBP method. Due to the high CMC of diC6SS there was 

virtually no decay at any of the concentrations studied, this being reminiscent 

of the C8E5 non-ionic studied in Chapter Three (see Appendix 3.1). DST decays 

for diC7 and diC8SS are given in Figure 5.13 and each concentration profile 

shows two separate measurements with a fresh solution prepared for each 

measured decay. This again demonstrates the high reproducibility of the 

tensiometer. 

These DST decays were also analysed using Miller's equations for 1: 1 

charged surfactants (equations 5.2 and 5.3). The relationship in equation 3.4 

was used to obtain a value of the monomer diffusion coefficients for these 

surfactants and using SDS as a reference (D = 4.5 x 10-10 m2 s") then a value of 
D=3.7 x 10.10 m2 s"1 is obtained for diC7SS at 25°C and D=4.0 x 10.10 m2 s"' 
for diCBSS at 30°C. Values of req were obtained by applying the Gibbs 

equation to tensiometric measurements and the value of Teq (CMC) for diCBSS 

was estimated as 2.10 x 10'6 mol m2 from the measured isotherms of diC6 and 
diC7SS. 

Analysis of these DST curves at long and short times using equations 

5.2 and 5.3 gave similar results to the surfactants previously studied. At short 
times decays were consistent with essentially diffusion controlled adsorption, 
but the final parts of the curve were governed by an adsorption barrier. This 

can be calculated in terms of a free energy change (equation 3.3a) where, &G is 

between 4 and 10 kJ mol''. This gives further evidence that the chemistry of the 

surfactant is not an significant factor for DST. However, it is difficult to conclude 
from the study of these surfactants whether the charged interface has any 
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major effect on the dynamics of adsorption. 
Miller et al. have studied the DST of sodium n-alkyl sulphates [22] and 

found evidence for an adsorption barrier for the shorter chain homologues. 

Charge effects have also been considered from a theoretical viewpoint by 

MacLeod and Radke [18] who concluded that for anionic surfactants the rates 

of adsorption are approximately an order of magnitude lower than similar non- 
ionics under similar conditions. This can be thought of as anionics having a 
larger adsorption barrier than non-ionics, although such striking differences 

were not obvious from this work. The DST of anionic surfactants, both here and 
in the literature, is not well enough understood to employ such ideas as the 

Gouy - Chapman theory of charged interfaces [23] into any model, so no 

attempt was made to do this here. In addition, the precise role of the charge at 
the surface must be analysed in order to obtain a fuller picture of the 

adsorption kinetics of these surfactants. 
It can be concluded that concentration has a major effect on y(t). The 

next two sections illustrate two more parameters that play an influential role: 
firstly that of temperature, which has been seen previously with non-Ionics, and 

secondly the effect of electrolyte. It must be stressed that these two sections 

merely act as a brief introduction to the characteristic behaviour of these 

anionic surfactants and further work on these systems is needed to reinforce 
the general conclusions made. 

5.2.5 Dynamic surface tension as a function of temperature 
This experiment is very similar to that carried out on the non-ionic 

glucamide di-(C6-Glu) in Chapter Three. A temperature scan was carried out 
on diC7SS at 5x 10'4 mol dm3. Therefore both these experiments were 
performed on monomeric surfactant solutions. The samples also contained 
EDTA added at the appropriate level (see Figure 5.10). Although the phase 
behaviour of this surfactant is ideal for this experiment, values for the monomer 
diffusion coefficient and surface excess have not been measured 
independently by PFGSE-NMR and neutron reflection as they were for the 
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glucamide. It is therefore expected that the error in calculating the activation 

parameters for diC7SS will be higher due to the error in value of the surface 

excess being up to 10%. In addition, whereas the equilibrium surface excess 
for the glucamide was measured as a function of temperature, it has not been 

for the sulfosuccinate and it is assumed that the surface excess at 

c=5x 10'4mol dm3 (req = 2.00 x 10r' mol M-2 ) remained constant. Further 

experiments are needed to check the validity of this assumption. 
Figure 5.14 shows DST measurements over the temperature range 10 to 

50 °C. As previously, the rate of DST increased quite dramatically over this 

range. Considering the tensions at 0.1 s, the decay at 10 °C has barely started 

which is in contrast to 50 °C where the tension is already at 55 mN m''. Short 

and long time experimental gradients were obtained from y(t) vs. t1"2 and 

y(t) vs. t-112 plots respectively as described in Section 3.3 and these were 

compared to theoretical calculations from equations 5.2 and 5.3. It was found 

that there was a small discrepancy in D and Den at short times, but this needs to 
be investigated further at different concentrations before any generalisations 

can be made. At long times, however, there is a much greater discrepancy 

between D and Dee. 
Values of D were calculated at the various temperatures in the same 

way as in Chapter Three, taking into account both solution temperature and 

viscosity. Values of D and Den are given in Table 5.3 and a plot of ln(D8ff / D) 

against 1/T is given in Figure 5.15 in line with equation 3.3b. In a similar 
manner to that described in Section 3.3, the enthalpy change of the activated 
state was calculated to be OH +59 kJ mol", although the error on this value is 

estimated as ± 10 kJ mol" due to the assumptions described above. The 

entropy change is calculated to be AS +173 ± 30 J mol" 1, and these values 

give a free energy change OG -- +7 kJ mol" at 298 K in line with the values 
obtained in the previous section. 

These results are similar to those obtained for di-(C6-Glu). The plot for 
the glucamide taken from Figure 3.21 has been included in Figure 5.15 to re- 
emphasise this. It can be concluded that the effect of temperature on the DST 
of anionics has a similar effect as the non-Ionics, but further experiments at 
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Figure 5.14: Dynamic Surface Tension of a5x 10.4 mol dm-3 diC7SS solution 
as a function of temperature (°C): (") 10; (E 20; (A) 30; (r 40; (1) 50. 
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Table 5.3: Effective (DST) and physical diffusion coefficients for a DiC7SS 
5x 10-4 mol dm-3 solution over the temperature range 10 - 50 0 C. 

Temperature / OC Deff / m2s-1 0/ m2 s-1 Deff /D 

10 2.8 x10-12 2.39 x 10-10 0.012 

20 1.1 x 10-11 3.09 x 10-10 0.036 

30 4.1 x 10-11 4.17 x 10-10 0.098 

40 9.3 x 10-11 5.41x10'° 0.171 

50 1.7 x 10-10 6.60 x 10-10 0.258 

C 



different bulk concentrations are clearly needed. 

5.2.6 Dynamic surface tension as a function of electrolyte 

concentration 
Preliminary experiments were carried out to see if added electrolyte had 

any effect on the DST. 

Dynamic surface tension curves have been measured on diC7SS at a 

concentration of 5x 10'4mol dm 3 as a function of background electrolyte 

concentration. Five decays were measured at NaCl (AnalaR grade) 

concentrations of 0.002,0.005,0.01,0.05 and 0.1 mol dm3. At salt 

concentrations lower than 0.002 mol dm 3 there was very little change in the 

DST curves, and at concentrations higher than 0.1 mol dm3 the surfactant and 

salt precipitated out. These data are shown in Figure 5.16 and it can be seen 

that at the beginning of adsorption all decays are similar. 

Although the surfactant concentration remains constant, the salt 

concentration has a profound effect on yeq, and this is seen at the end of the 

DST decay. This is due to the 'salt effect' described previously. The swamping 

effect of NaCl on ionic surfactants also affects the surface excess 

concentration. Under these conditions the value of a in equation 5.4 becomes 

unity, which in effect is the Gibbs equation for neutral molecules. 
It was not possible (due to time restrictions) to measure the equilibrium 

surface tensions and excesses as a function of salt concentration, and these 

are clearly needed for an accurate analysis. For the case where the presence 

of electrolyte is less than swamping, values of a in equation 5.4 can be 

calculated by using equations derived by Matijevic and Pethica [24] in their 

studies of SDS at the air-water interface. For this analysis the salt 

concentration and the CMC have to be known. However, it would be preferable 
to obtain more accurate values for the surface excess by carrying out neutron 
reflection experiments on these systems before any detailed analysis of the 
DST is carried out. 

It can be seen from the table in Figure 5.17 that the gradient increases 
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significantly as the salt concentration is increased. This is highlighted more 

clearly in Figure 5.17 where the reduced dynamic surface tension of these 

solutions have been plotted against time. The reduced DST is defined as 
[(y(t) - ycmc) / y(t)] which enables all values of ycmc to be re-scaled to the same 

value, here zero. It is evident that the higher the electrolyte concentration, the 
higher the reduced surface tension at a certain time and the longer it takes to 

reach a reduced tension of zero. However, it should be noted that a knowledge 

of ycmc, CMC and r all as a function of salt concentration are required for 

complete analysis of this DST data. 

At present there is very little experimental work in the literature in this 

area, however Bonfillon and Langevin have measured the dynamic interfacial 

tension of SDS at the dodecane - water interface in the presence and absence 

of salt (NaCl, 0.1 mol dm-3) using pendant drop [25]. They concluded that in the 

absence of salt their data does not fit to a diffusion controlled model, which is 
the conclusion also observed here in Section 5.2.4. However, in the presence 

of salt their DST data fits well to a diffusion only model, and they conclude from 
this that surfactant charge plays an important role in the adsorption process 
and that the precise role of this charge must be analysed. 

It is apparent that there is still a significant amount of work to be done in 
this area. However, it should be possible to obtain high quality data using a 
combination of MBP, drop volume tensiometry, neutron reflection and PFGSE- 
NMR. 

5.2.7 Conclusions 

From this introduction to the DST of anionic surfactants three main 
conclusions can be drawn: 

(1) From the studies of DST as a function of concentration, it is evident that 
the values of AG for these surfactants are similar to that of the neutral 
molecules studied earlier. However, more work needs to be done to examine 
how the charged interface affects the adsorption of these surfactants. It is 
apparent that the chemistry of the surfactant is not very significant for DST. 
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(2) Increasing the temperature significantly increases the rate of DST 

decay. This re-emphasises the conclusion made in Section 3.3 stipulating that 

the adsorption is governed by an activated - diffusion mechanism. 

(3) The addition of electrolyte to a monomeric diC7SS solution has an 
important effect on the DST curve. However, more background adsorption data 

are required for a complete analysis in terms of the activation parameters. 
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Part Two: 

Surfactant Kinetics in the Bulk Solution: 

Micellar Kinetics and its effect on Dynamic Surface Tension. 



Chapter Six 

The Effect of Micellar Kinetics on Dynamic Surface Tension 

Overview 

The purpose of these final two chapters is to investigate the effects of 

mice liar kinetics on dynamic surface tension and whether there is any 

contribution to the adsorption barrier that was observed. 
This chapter begins with a discussion of the accepted theory of micellar 

kinetics and in this two main relaxation times are defined. This is followed by a 
study of kinetics with non-ionic C�E,, micelles using absorbance stopped-flow 
and the incorporation of probe dyes. These results enable a discussion on 
whether micelles affect DST. 

Chapter Seven introduces a new method for measuring micellar 
kinetics using a stopped-flow rig on a SAXS beamline. This enables not only 
the lifetime of fluorocarbon micelles to be measured but also any structure 
change upon break-up to be observed. 

135 



6.1: Theory of micellar kinetics 
6.1.1. The characteristic micellar time-constants, T, and T2 

As mentioned in Chapter One, micelles are dynamic entities that are 

constantly forming and dissociating on the micro to millisecond time-scale. 

The main equilibria are [1]: 

(1) Monomer exchange, which can be shown schematically as 

(6.1) Mn ='' Mn-t i" MI 
k' 

k+ 

where M� is a micelle with aggregation number n and M, is a surfactant 

monomer. 

(2) Complete formation / dissociation 

M� ----% nMl (6.2) 

CMKN-le 

(3) Partial breakdown 

Mn Mx + Mn-x 

where x is an integer, say of the order of n/2. 

(4) Size redistribution 

IVIn +M m r" Mn+y +M m-y 
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Although all the above equilibria can be used to describe the overall dynamic 

situation, in general only two relaxation process are readily observed, namely: 

monomer exchange and complete dissociation. The monomer exchange has a 

very fast relaxation time, usually on the microsecond time-scale and it is 

denoted by ri [2-8]. This process may be followed by ultrasonic adsorption [9]. 
On the other hand, complete micelle dissociation usually occurs over the time- 

scale milliseconds to seconds and is called z2 [2,3,10]. This latter lifetime can 
be studied by temperature jump, pressure jump, shock-tube and stopped-flow 

methods. The overall process of micelle association can also be written as the 

following sequence of stepwise equilibria: 

2M, M2 
M2+ MI 

ý-= 
M3 

Mn-1 + Mt Mn 

with (n-1) steps. Values of the individual equilibrium constants K�' are not 
equal and neither are the concentrations of the intermediate size micelles. 
Figure 6.1 shows the aggregate size distribution curve for dilute micellar 

systems which has been based on many thermodynamic calculations [11-14]. 

C 
O 

w 

u c O u 
0 2 

Figure 6.1: Distribution of micelles MM with aggregation no. n. Symbols are as 
described in the text. After Kahlweit [151. 

Again, Mn is a micelle of aggregation number n with nbar being the mean size. 
D is the minimum in the distribution, and aggregates with n less than no are 
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termed submicellar and those with n> no are "proper" micelles. The width of 

the distribution is denoted by a. 

6.1.2 Aniansson and Wall theory 

There are numerous theoretical approaches for treating micellar 
kinetics including Muller [4], Kresheck [16] and Sams [17]. However, the most 

generally accepted theory is that of Aniansson and Wall [2,3] and the 

subsequent modifications by Kahlweit et a/. for ionic surfactants [15]. Their 

treatment involved constructing equations that are analogous to heat 

conduction and diffusion, and identifying the rate limiting quantities for 

micellisation. They derived analytical expressions for relaxation times 

characterising the two processes based on the micellar distribution described 

in Figure 6.1. The fast relaxation time constant T, is given as 

1 k' k' (Cr - Co) 
+ (6.5) 

Ti a2 n CB 

where k' is the forward rate constant given in (6.1), C, is the monomer 
concentration at equilibrium after an experimental perturbation, CT the total 

surfactant concentration and ß the width of the distribution, as shown in 
Figure 6.1. 

The corresponding derivation for T2 considers the rate constants over n 
individual equilibrium steps and also the concentrations of the intermediate 

aggregates. Based on a model of mass flow, simplifications were made by 
Aniansson and Wall to obtain T2 as 

n2 

1_ CeRt 
1 (6.6) 

T2 1+a2 
Co-CO CCO 

where R, is related to the flow of monomers from the micelles based on the 
mass flow model. For further information regarding the derivation of these 
equations, along with the approximations and assumptions used to obtain 

138 



them, the reader is referred to the original text [2,3] and also to the excellent 

review by Zana [18]. 

6.1.3 Methods of measuring micellar lifetimes 

Although ultrasonic methods can be used for studying the fast 

relaxation time, r,, this project primarily concerns itself with the study of 

complete micellar break-up, z2, as it is thought this dissociation occurs over a 

similar time-scale as the DST process, i. e. ms to s. Information regarding 
techniques such as temperature jump, pressure jump and shock tube for 

measuring T2 can be found elsewhere [18]. Kinetic measurements in this 

chapter were made with absorbance stopped-flow using added probe dyes. 

6.2 The stopped-flow technique 

6.2.1 Stopped-flow instrumentation 

The stopped-flow instrument used in this research was the Hi-Tech 
SF-61. Further information on the instrument and the fine details of its 

operation can be found in [19]. 

Absorbance stopped-flow can be used to follow a reaction if there is 

an absorbance change at a particular wavelength. 

k 
X+Y-ºZ 

(6.7) 
If X and Y can be mixed on a sufficiently fast time-scale then the rate constant 
k can be obtained by following the rate of formation of Z 

spectrophotometrically. The stopped-flow method is easiest described by 

considering the schematic in Figure 6.2. Syringes filled with the two liquid or 
solution reactants are driven by compressed air (typically 4 atmospheres) into 
the mixing chamber. The SF-61 mixes the two liquids by initially chopping 
each solution up into smaller elements and then allowing diffusion between 
the two solutes to finish the mixing. This mixing process and passage to the 
observation cell results in a dead-time for the instrument of about 2 ms. This 
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Figure 6.2: Schematic of stopped-flow set-up as described in the text. Inset graph 
shows a measured first order decay in absorbance as X and Y form Z. 



would mean micellar lifetimes shorter than 2 ms could not be measured, 
however this did not pose a problem here as all kinetic measurements of T2 

were longer than this. After mixing, any change in absorbance of the 

monochromatic light passing through the observation cell is monitored by a 

photomultiplier tube (PMT). The recorded signal is then sent to the PC 

software for analysis. The plot in Figure 6.2 shows how the absorbance can 

change with time as Z is formed from X and Y, assuming that the absorbance 

of Z is lower than the mixture of X and Y at the monitored wavelength. The 

instrument software can be used to calculate the first or second order rate 

constants by fitting to the relevant kinetic equations. 

6.2.2 Micellar lifetimes, t2 and the first order rate constant, kmic 

It is generally accepted that the break-up of micelles follows first order 
kinetics (see next section). Before any kinetic experiments are described, it is 

helpful to briefly define the first order rate constant k First and second order 

reaction kinetics can be found in any undergraduate physical chemistry text 
book [20], so there is no need for a detailed discussion here. Considering 

reaction 6.7 above, X and Y forming Z, the first order rate equation obtained 
from absorbance stopped-flow experiments is given by 

Ir( AL) 
= -kt or A=A exp(-kt) (6.8) 

where A is the absorbance during the reaction and A. the initial absorbance of 
X mixed with Y. The absorbance of Z is arbitrarily defined (or set) to have an 
absorbance of zero at the monitored wavelength, which is achieved by a 
calibration procedure. Of course, it is the rate of change of absorption with 
time that is important in first order kinetics, and hence the absolute values of 
the absorbance for the three species do not necessarily have to be known. 
The first order rate constant for micelle dissociation, km; c, is the inverse of the 
micellar lifetime, T2 (t2 =1/ km; c). 
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6.3 Micellar kinetics of non-ionic CnEm solutions as a function 

of concentration 

6.3.1 Method of measurement 

Micelles are capable of solubilizing hydrophobic compounds in their 

cores. An example is the dye eosine-Y which has molecular structure: 

Br 

Na'a 

O 
C--aNe 

,-, Br 

Some dyes show a different visible absorption spectrum when alone in 

solution to when they are present inside micelles due to the different 

environment changing their extinction co-efficient [21-23]. This is akin to a 

solvatochromic shift, and the phenomenon has been used as a way of 

obtaining the CMC of a surfactant [21]. 

The visible spectrum of C12E8 solutions with eosine-Y (Aldrich certified, 

made up at 5x 10'5 mol dm 3 in water) at various concentrations is given in 

Figure 6.3. The visible spectrum of eosine Y alone in solution is the same as 

the spectrum from the C12E8 solution at a small multiple of the CMC 

(CMC = 8.0 x 10'5 mol dm-3) and this is due to the micellar concentration being 

too low here for the solubilised dye to have any effect on the spectrum. This is 

important to note as it suggests the dye is not chemically reacting with the 

surfactant in any way. However, as the micellar concentration increases, the 

maximum absorbance, Am., shifts to a higher wavelength due to the change 
in the photophysics of the micellar environment. From these spectra, it can be 

deduced that any observed change in the absorption spectra is purely due to 

the incorporation of dye into the micelles and not any other interaction 
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at various surfactant concentrations. C12 E8 concentration: (green) - eosine-Y alone; 
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between the two species. This is an important point as will be seen in Section 

6.5 where similar studies on anionic surfactants show that these amphiphiles 

react with dyes to form salts. 
At wavelengths of either 480 or 540 nm it can be seen that 

different concentrations of C12E8 give rise to different absorbances. This 

feature is utilised in the stopped-flow measurements. When a micellar 

surfactant solution (with probe dye) at concentration x is mixed with a solution 

of the probe dye alone, the concentration of surfactant becomes x/2 (1: 1 

mixing) and therefore micelles break-up to reach their new equilibrium 

releasing the dye from their cores into the bulk solution. This re-distribution of 

dye molecules gives rise to a different absorption at a certain X. This change 
in absorbance describing the re-equilibration can be monitored by absorbance 

stopped-flow. This technique for measuring micellar lifetimes has been well 

established by Zana and others [24,25]. 

In order for this method to be applicable to measuring changes in 

micellar concentration the Beer-Lambert law (A = ccL, where A is the 

absorbance, c the extinction coefficient, c the micellar concentration and L the 

path length of the cell) must be obeyed at the wavelength of interest. It can be 

seen from Figure 6.3 that at T, = 480 nm, where the kinetic measurements 

were made, the Beer-Lambert law is reasonably well obeyed. As discussed 
below, the micelle lifetimes obtained from these stopped-flow measurements 
compare favourably with a recent study by Tiberg et al. on Ct2Es and C12E6 
[26]. 

6.3.3 Micellar breakdown rate constants of CnEm solutions 
If a CnEm solution above the CMC containing a trace level of dye 

(eosine Y, 5x 10-5 mol dm-3 in water) is mixed with another solution above the 
CMC, no decay is observed. This is because the micellar concentration 
remains the same. Similarly, if a CnEm solution below the CMC with probe dye 
is mixed with another solution below the CMC there is no absorbance change. 
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However, when a CnEm solution above the CMC containing probe dye is 

mixed with dye (1: 1 mixing) a decay trace can be clearly seen. This AA vs. t 

curve is well described by first order kinetics. 

Figure 6.4 shows a decay for C12E$ at 5x 10-3 mol dm-3 (62.5 x CMC, 

blue line) fitted to a first order law with kn,; c = 0.28 s" (black line). This value of 
kmic was reproducible and independent of the incident wavelength. Similar 

values of k, �; c were obtained for measurements at X= 480 nm and 540nm. The 

presence of eosine Y at a concentration of 5x 10"5 mol dm-3 in aqueous 

solution is reported to have no effects on the kinetics of micelle dissociation 

[23], and experiments here showed that values of kmic were invariant when the 

dye concentration was reduced from 5x 10'5 mol dm3 to 1x 10'5 mol dm3. 

Values of km, c obtained in this way for a range of CnEm surfactants as a 
function of concentration are shown in Figure 6.5a. For all these systems the 

micellar lifetimes did not change substantially with concentration. From 

repeated measurements on these systems, the estimated value for the error in 
km, c is - 30% and although this may appear large, it is the magnitude of km; c 
that is important here. The main trend is the more hydrophobic the surfactant, 
the slower the rate of micellar break-up. The effect of increasing ethylene 
oxide does not appear to have any significant effect on kmic. The same data 

are shown in Figure 6.5b as a multiple of the CMC, and this highlights the 
effects of kmic more clearly as the results can be compared at the same 
multiple of the CMC. Although there have been no previous published 
stopped-flow measurements for micellar rate constants of C. E. systems, 
these data appear to be in good agreement with Tiberg et al. who measured 
kr; c values of CnEm surfactants at the silica-water interface using ellipsometry 
[26]. A brief description of their work will be described here so that the 

reliability in the values of kmic reported here can be set into context. 
This group used ellipsometry to measure the refractive index of 

adsorbed CnEm films on layered silica, and this gave dynamic information on 
how these surfactants adsorb and desorb. The principle of the technique 
involved creating an adsorbed film of monomers and micelles at the silica- 
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water interface (see [26] for further details). The silica surface was then 

efficiently rinsed causing the concentration of surfactant in the bulk water to 
fall to zero. This initiates desorption of the surfactant from the silica which is 

followed dynamically by ellipsometry. There are two distinct regimes that are 

observed during the desorption process, the first is due to the desorption of 
the monomers and the second describes the decrease in the size of the 

aggregates at the surface: the micelle dissociation process. This latter regime 
is represented by an exponential decay of surface concentration with time, 

from which values of the first order micellar dissociation rate constant can be 

obtained. They report values of kmic for C12EG as 0.17 s" and C12E5 as 0.10 s'', 

which are in agreement with the values found here. In addition, Tiberg et a/. 

concludes that these values correlate well with mean lifetimes estimated by 

the model of Aniansson and Wall. It may therefore be concluded that since 
similar values of kmic were obtained by two different and independent 

methods, the values of kmic measured here by stopped-flow are reliable and 
may be used for further discussion in Section 6.4. 

6.3.4 Micellar kinetics as a function of temperature 

From DST experiments it was concluded that an increase in 
temperature brought about a marked increase in the rate of surfactant 
adsorption (see Section 3.3). This section investigates whether an increase in 
temperature effects the kinetics of micellisation in a similar way. 

Values of kn,; c were measured for C10E8 at 5x 10-3 mol dm-3 (5 x CMC, 

no cloud point up to 80 °C) using the stopped flow method described above. 
The results are given below in Table 6.1. 

The plot in Figure 6.6 shows the expected Arrhenius-like behaviour. 
The gradient from the graph gives an activation energy of - 72 kJ mol". It 
does not seem appropriate to discuss the magnitude of this barrier, as it is for 
one surfactant at only one concentration. Further measurements on different 
systems should be taken before any generalisations can be made. 
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Figure 6.6: Arrhenius type plot demonstrating changes in kiri1c on increasing 
temperature. The surfactant was C1o E8 at a concentration of 
5x 10-3 mol dm-3 (5 x CMC). 



Table 6.1: Values of k,,,; c measured for a micellar solution of Coo E8 at various 
temperatures 

Temperature / °C k/ s"1 

10 0.13 
15 0.18 
20 0.30 
30 0.89 
40 2.3 
50 4.6 
55 8.1 

The important result from this, however, is that the rate of micelle 
dissociation also significantly increases with temperature. It can therefore be 

concluded that as well as an increase in the rate of DST as T increases, there 

is also a marked increase in the kinetics of micellar dissociation. It may 
therefore be thought that if the DST was measured above the CIVIC as a 
function of temperature, the presence of micelles would not significantly affect 

any observed adsorption barrier. However, in order for this to be discussed in 

further detail, values of T, will have to be measured to observe if this 

relaxation time increases similarly with temperature. 

To summarise the main results here, 

(a) The micellar dissociation constant k,,,;, for a C12Em surfactant is of the 
order of 0.2 s'', in agreement with previously published measurements [26]; 

(b) In a similar way to the dynamics of DST (see Section 3.3), the kinetics 
of micelle dissociation also significantly increases with temperature. 

The implications of these results are now discussed. 
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6.4 Effect of micellar dissociation constants on DST decays 

It was concluded in Chapter Three that the activation barrier present at 
the end of adsorption was similar for a surfactant solution above or below the 

CMC (see Figure 3.17), at least for small multiples of the CMC. In this dilute 

regime no obvious effects of micelles on DST was observed. 
As discussed in Section 2.6, Rillaerts and Joos, and Fainerman et al. 

believe that the effect of micellar kinetics plays a major part in DST towards 

the end of adsorption [27,28]. They have theoretically shown that the DST 

decay for a micellar solution at the end of adsorption should be analysed by 

equation 6.9 rather than equation 3.2 which was used previously. 

7(t) r -.. ý = Yoq + nRT I'2 7nc 

2c0 t Dkm, c (6.9) 

This equation was tested on three of the neutral surfactants that were 

studied here. Using C12E5 as an example, DST decays suggested by equation 
6.9 were synthesised using the measured values of kmic, D and F. These 

curves were compared with the experimental data and this is shown in Figure 
6.7. Clearly none of the calculated curves agree with the data. At low micellar 
concentrations the predicted tensions are too low and at higher 

concentrations they are too high. It would appear from this that the equation 
cannot be used to successfully predict the adsorption of C12E5 at any 
concentration. 

A similar procedure was carried out on C12E6 at a concentration of 
5x 104 mol dm3 (- 6x CMC) and this is shown in Figure 6.8. The calculated 
lines on the figure represent the predicted tensions at various magnitudes of 
kmic, including the experimentally measured value of kmic - 0.1 s" (blue line). 
This tests if any other values for km; c can reproduce the measured data and, 
as seen, none of these curves reproduce the data well. This was typical for 
the other concentrations and surfactants studied, giving further evidence that 
this theory is not realistic for the samples studied here. 
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This conclusion can be further re-emphasised by applying Fainerman's. 

equation 6.9 to the phosphatidylcholine DST decays measured in Chapter 

Four. First order km; c values for the break-up of (di-C8)-PC micelles were also 

measured by absorbance stopped-flow, and the relaxation traces gave a 

value of km, c = 2: t 0.5 s''. This experimental value was used in equation 6.9 to 

calculate the DST decay. As shown in Figure 6.9, the dashed line was 

obtained using D=3.0 x 10'10 m2 s', whilst the solid line was for 

Doff = 0.24 x 10-10 m2 s''. This latter value is the effective diffusion coefficient 

obtained at long times from the DST data as described in Chapter Four. 

Neither the measured or effective diffusion co-efficient could reproduce the 

data using equation 6.9. 

It would appear that micelle dissociation may only be important when 

the concentration of monomer in the subsurface is limiting or when the value 
for kn,, c is small. These conditions occur with very hydrophobic surfactants 

where the CMCs are low and also ones that have long micellar lifetimes. It 

was seen that even for the most hydrophobic surfactant studied here, C12E5, 

where CMC -5x 10"5 mol dm-3 and zm; c - 10 s, the DST decays were best 

described by incorporating activation parameters into Miller's diffusion 

equations (equations 3.1 - 3.3). From these results it can be concluded that 

there are no special considerations needed for surfactant solutions above the 
CMC, at least for the surfactants and concentration range studied here. 

An explanation for this has been proposed by Johner and Joanny [29] 

who were interested in the dynamic adsorption of A-B block copolymers which 
also micellise. They suggested that the relaxation time, ri, for the release of 
monomer from the micelle into the bulk is the important process to be 

considered, rather than the longer process of complete micellar break-down. 

Micelles which are in the subsurface can `leak', thereby releasing one or two 

molecules, and then leave this region to be replaced by another micelle that 

can similarly supply more monomer. A schematic demonstrating this is shown 
in Figure 6.10. Since this characteristic monomer lifetime, 'Cl, is typically 10 
to 10' s, the micelles can be treated as a sink of monomers which are 
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available for adsorption over the time-scale of the DST process studied here. 

Therefore the micelles will not limit adsorption. It can be concluded that the 

shorter relaxation time i, is important for supplying fresh monomer from the 

micelle to the interface, rather than assuming that the monomer is tightly 

bound and can only be released over the longer relaxation time. Another point 
is that if this were the case and Tz was the important relaxation process during 

adsorption, there would be very little change in the rate of adsorption above 

the CMC. This is because t2 has a similar time-scale to the DST decay, and 

the molecules may be thought of as being `trapped' inside the micelle over 

this time-scale and not available for adsorption, thus limiting the DST. 

Air 

Water 

ICI-\-, , -\ýo _rp 
ýý 

Figure 6.10: Schematic showing how micelles in the subsurface can leak fresh monomer 

on the microsecond time-scale. These free monomers may then be available for adsorption. 

A minor drawback in this research is that values of rl have not been 

measured and this could be a suggestion for future work. It is, however, well 

established and generally accepted that this value of rl occurs on the 

microsecond time-scale [2-9]. Therefore it is not essential that accurate values 
for this relaxation time are known for the theories proposed here. 
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It has been widely reported that many CnEm surfactants form spherical 

micelles [30-33]. Zulauf et al. carried out SANS measurements and showed 

that CsE5, C12E6, C, 2Ea and C16E$ micelles remain small and are essentially 

spherical up to surfactant concentrations of 35% [30]. No comparison can 

therefore be made on whether the structure of the micelle affects DST here, 

however it was shown in Chapter Four that the different phosphatidylcholine 

micelle structures did not affect the magnitude of the observed adsorption 

barrier. 

6.5 Absorbance stopped-flow with anionic micelles 
Incorporation of eosine Y dye into anionic micelles such as sodium 

dodecylsulfate (SDS) does not bring about any change in absorption above or 

below the CMC. With anionic surfactants, positively charged dyes have to be 

used to obtain measureable relaxation effects [23]. It may therefore be 

thought that the kinetics of anionic micelles can be followed using charged 
dyes such as pinacyanol chloride (Aldrich) or acridine orange (Aldrich). 

UV-Vis spectra were measured for mixtures of these charged dyes in 

SDS (98% Aldrich) solutions. These are shown in Figures 6.11 and 6.12 with 
the CMC of SDS measured as 8.1 x 10'3 mol dm-3 by ring tensiometry. 

Although there is an observed change in the spectra for the free dye, and 
incorporated into the micelles (as seen with the non-ionic surfactants), the 

spectra of the solutions below the CMC are not the same as the dye alone. 
Studies have shown that this observed difference is due to the charged dye 

reacting with the charged monomer to form a surfactant-dye salt [21]. This 

implies that any change in absorbance seen is not purely due to the 
incorporation of the dye into the micelles, and if the kinetics of micellisation 
were measured as previously, not only would any measured decay be due to 
the probe dye leaving the micelles, but also to the kinetics of the reaction 
between the dye and the surfactant (salt formation). It may be concluded that 
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the kinetics of micellisation for charged surfactants cannot be effectively 

measured using this technique. 

As the kinetics could not be followed by the change in absorbance of a 

probe dye, attempts were made to measure the kinetics of these charged 

surfactants using conductivity stopped-flow [34], where the break-up of the 

micelles can be monitored by the change in molar conductivity (see Appendix 

7.2). Studies using this technique were successful for a few fluorinated 

surfactants and this will be discussed in Chapter Seven. However, this 

technique is not currently well established, and the quality of the results 

obtained for the majority of the surfactants studied here does not warrant a 

significant discussion. Further work needs to be carried out to establish 

whether this technique can be used to obtain reliable measurements of kmic. 

6.6 Conclusions 
The kinetics of non-ionic CnEm micelles can be measured effectively 

using absorbance stopped-flow with probe dyes. Using these measured 

values of km; c, it was shown that theoretical predictions for the DSTs of 

micellar solutions did not agree well with the measured decays. Furthermore, 

it was observed in Chapter Three that AG was roughly constant for surfactant 

concentrations both above and below the CMC (Figure 3.14 and 3.16). 

Therefore from these two pieces of evidence it may be concluded that the 

kinetics of complete micellar break-up does not play a significant role in the 

DST for the concentration range and surfactant types studied here. 

Due to the rate of DST still increasing significantly above the CMC (see 

Figure 3.9 and Appendix 3.1) it is reasonable to propose that surfactant 

molecules are not'trapped' inside micelles and hence unavailable for 

adsorption. It would appear that T,, the relaxation time of monomer release, is 

an important kinetic process for creating fresh monomer with the ability to 

adsorb. Micelles in the subsurface may leak these monomers on a 

microsecond time-scale, leaving them readily available for adsorption. 
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Figure 6.11: UV-Vis spectra of SDS with acridine orange probe dye. 
Concentration of SDS / mol dm-3 : (red) -5x 10-2 ; (green) -2x 10-2 ; 
(purple) -1X 10-2 ; (pink) -5x 1a3, - (aqua) -1x 10,3, - (yellow) -5x 10' 
Blue line and markers show spectrum of free dye. CMC of SDS 
is 8.1 x 103 mol dm-3 . 
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Figure 6.12: UV-Vis spectra of SDS with pinacyanol chloride probe dye. 
Concentration of SDS / mol dnr3 : (red) -5x 10-2 ; (green) -2x 10-2 
(purple) -1X 10,2; (pink) -5x 10-3; (aqua) -1x 10-3 . Blue line and markers show spectrum of free dye. CMC of SDS 
is 8.1 X 10-3 mol dnr3. 



Ideas for further work on this topic include observing how surfactant 

solutions with very high micellar concentrations affect the DST. This could be 

achieved by studies on surfactants with very low CMCs. Another interesting 

study would be to observe how surfactant solutions containing very large 

aggregates affect dynamic adsorption. 

Due to a chemical reaction between the dye and surfactant (salt 

formation), it is not possible to measure micellar lifetimes of anionic 

surfactants using this method. Values of micellar lifetimes for fluorinated 

anionic surfactants can be measured using small-angle X-ray scattering 
(SAXS) stopped-flow. This new technique is discussed in Chapter Seven. 
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Chapter Seven 

Breakdown Kinetics of Fluorocarbon Micelles Studied by 

Stopped-Flow Small-Angle X-ray Scattering 

Overview and Introduction 

This chapter describes a new method for investigating micellar kinetics. 

The technique involves employing the stopped-flow method, for studying 

dynamics, with small-angle X-ray scattering (SAXS), for obtaining structure. 

This allows the micellar lifetime and any change in aggregate structure to be 

followed simultaneously. The other main advantage with this technique over the 

use of probe dyes is that X-rays provide a direct detection method. 
The chapter starts with a discussion of SAXS at the Synchrotron 

Radiation Source (SRS) at Daresbury, U. K., along with the set-up of the station 

and instrument used. This is followed by systematic equilibrium SAXS 

measurements on a wide range of different surfactants in order to screen their 

suitability for the dynamic measurements. Results from these initial 

experiments showed that fluorocarbon surfactants were more suitable than the 
hydrocarbons for dynamic studies owing to the greater electron density 
difference between the micelles and water. This helps to improve the SAXS 

signal-to-noise ratio [1]. The final part of this chapter describes the stopped- 
flow SAXS measurements on fluorocarbon micelles. 

It should be noted that general scattering theory and terminology has 
previously been described in Chapter Four. 
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7.1 SAXS at the SRS, Daresbury 

Station 2.1 is set-up on the Daresbury synchrotron ring to measure time- 

resolved small-angle X-ray scattering (TR-SAXS) [2]. Figure 7.1 shows a 
photograph of the TR-SAXS rig, taken from the perspective of looking towards 

the beam shutter. This shows the mounted sample rack containing the 

observation cells in front of the vacuum tube, which leads to the position- 

sensitive quadrant detector. The sample-to-detector distance in this 

configuration is 2.5 m. The detector is shown in Figure 7.2. Before any 

measurements can be made, certain calibrations were necessary. 

Calibration of the Q scale 
The Q scale (eqn. 4.2) for the detector is not calibrated, and raw data 

are given by 512 channels, describing position pixels on the detector. These 

channel numbers can be calibrated to aQ scale by using the positions of 
known peaks in the diffraction pattern of a standard, wet rat tail collagen. The 

diffraction pattern of the collagen is given in Figure 7.3. The Q value of the nth 
ordered peak is given by [3] 

Q= 2nn 1670 (7.1) 
The Q scale is therefore calibrated from the known channel numbers of the nth 
ordered peaks, and this defined Q as 0.015 - 0.3 A71 [Q = (4n / %) sin(0/2)). The 
incident wavelength, X, was 1.5 A, and the scattering angle, 0, was obtained by 
geometry. 

Detector response 
The response of the detector to scattering was determined by measuring 

the scattering intensity of a particles from 55Fe. This detector response was 
used to normalise the measured data. 

The SAXS intensity, 1(Q) 

The SAXS intensity may be accounted for by [4] 
I(Q) = A. P(Q). S(Q) (7.2) 

where the scale factor A takes into account the electron density contrast 
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Figure 7.1: Photograph of the SAXS rig on station 2.1, Daresbury 

Figure 7.2: Photograph of the SAXS detector 
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Figure 7.3: X-ray diffraction pattern of wet rat tail collagen as measured 
on station 2.1, Daresbury. The nth order peaks are shown. 



between the fluorocarbon micelles and water, the micelle concentration and an 
instrument term. As before, P(Q) represents the aggregate shape factor and 
S(Q) the interparticle structure factor. The /(Q) scale is not calibrated on this 

station and the intensity is given in arbitrary units. 

7.2 Equilibrium SAXS 

Equilibrium measurements were carried out on a range of surfactants to 

investigate which were suitable for the dynamic studies. The suitability of a 

surfactant was defined by: 

(a) strong scattering at small multiples of the CMC. This was necessary for 
the required concentration jump that occurs during the stopped flow mixing 

(b) no structure factor present in the scattering due to strong intermicellar 

interactions. This enabled easier modelling of the scattering profiles. 

7.2.1 Materials 

Water was from a MiIIi-Q purification system. Sodium dodecylsulfate 
(SDS) (Lancaster 99%), tetradecyltrimethylammonium bromide (C14TAB) 
(Lancaster 98%) and the CnE,, surfactants (97% Fluka) were used as received. 
The structures of the fluorocarbon surfactants used in this work are given in 
Figure 7.4. Sodium perfluorooctanoate (NaPFO) was prepared by 

neutralisation of perfluorooctanoic acid (Fluorochem U. K. 99%) with NaOH 
(BDH Aristar) in methanol. The sodium salt was recrystallised twice from 

ethanol. The di-pentyl fluorocarbon surfactant with a terminal hydrogen atom 
and the di-butyl fluorocarbon surfactant were gifts from Kodak European 
Research R. and D., Harrow, U. K. NMR spectra were consistent with the 
expected chemical structure, and CMCs agreed with literature values [5-7]. 
Tensiometric measurements gave the effective area per molecule at the 
interface, as, for NaPFO as 53 ±5 A2 and 70 ±5 AZ for di-CF3. This value for 
NaPFO agreed well with the literature value of 52 A2 reported by Thomas et al. 
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Figure 7.4: Chemical structure and CMCs of the fluorocarbon surfactants 
used in the SAXS experiments 



from neutron reflection measurements. [8]. 

7.2.2 Method 

Samples for the equilibrium studies were measured in cells having thin 

mica windows and a1 mm path length. The cells were held in a thermostated 

cell holder. Due to there being no cells or sample holders available for users on 
the TR-SAXS station, the cells and sample holder used were custom made in 

the workshops in the School of Chemistry. 

7.2.3 Results 

The equilibrium SAXS profiles for SDS, C14TAB and the fluorocarbon 

surfactants at 25 °C shown in Figure 7.5 (a -* e) were obtained by following the 

usual normalisation procedures detailed in the station manuals (see Appendix 

7.1). Both 2-D and 3-D plots are given so that the /(Q) profiles as a function of 

both Q and concentration can be seen clearly. Concentrating on the 

hydrocarbon surfactants, it was seen that strong scattering was only achieved 

at a high weight percent of surfactant in water. Very little scattering was 

observed with either SIDS or C14TAB at multiples of 10 x CMC or less. It was 

also evident that there was a strong structure factor present and this was not 

removed on the addition of electrolyte [9]. Weak scattering was also observed 

with the non-ionics. It was concluded that hydrocarbon micelles did not scatter 
strongly enough and this was due to the electron density difference between 

the micelles and water being too small (see equation 7.2). 

The plots in Figure 7.5 (c --ý e) for the fluorocarbons clearly show how 
optimising the electron density difference between the aggregates and water 
allows 1(Q) to decay to zero as the surfactant concentration is reduced from 

small multiples of the CMC to below the CMC. It is evident that both NaPFO 

and di-HCF4 have a structure factor present in their scattering and addition of 
electrolyte to screen the repulsions did not effectively remove this S(Q) [9]. 
This complicates the modelling and analysis of the SAXS profiles. 
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Scattering from di-CF3 micelles 
The di-CF3 surfactant gave strong scattering at small multiples of the 

CMC and showed no evidence of a structure factor. This surfactant is therefore 

ideal for dynamic studies. Figure 7.6 shows fits to the di-CF3 scattering which 

were obtained using the FISH analysis suite [10]. These static 1(Q) curves were 

all consistent with a form factor for disks and fitted parameters are given in 

Table 7.1. 

Table 7.1: Apparent thickness h and radius R of the disk-like di-CF3 micelles obtained 

from FISH fits to the equilibrium SAXS data. 

xCMC h/A R/A 

5 16.411.0 95: t 10 
3 15.6±1.0 84±10 
2 15.6±1.0 109±10 

The /(Q) profiles scaled directly with concentration, giving further evidence that 

there was no concentration dependent structure factor over this Q range. The 

fitted dimensions and effective area per head group in the micelles suggest that 

the aggregation number n is large, between 650 and 1000. The length of the 

C3F7 group can be estimated as 5A and scattering contrast may also be 

expected from the SO; group. Therefore the value of the disk thickness is 

consistent with a di-CF3 bilayer. Figure 7.7 shows fits to disk and spherical 

micelles for di-CF3 at 5x CMC, giving further evidence to large disk 

aggregates. 

Scattering from NaPFO micelles 
NaPFO micelles have previously been studied using SANS by Berr et al. 

[9]. At 4x CMC the data are consistent with spherical micelles of radius 13 A 

and a mean aggregation number of 30. The electrostatic structure factor seen 
here is concentration dependent [9]. These equilibrium /(Q) curves were not 
directly proportional to concentration and, because the intensities are in 

arbitrary units, it is not appropriate to fit them to a charged micelle model. 
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Due to the structure factor and lack of relevant literature data for 
di-HCF4, this surfactant was not used for the dynamic measurements. It can be 

concluded that di-CF3 and NaPFO are ideal surfactants for the time-resolved 

studies. 

7.3 Time-resolved SAXS 

7.3.1 Stopped-flow set-up 
The time-resolved measurements were made using an in-house 

stopped-flow device, with a dead time of 1.2 ms, a1 mm path length and 25 um 
thick windows [11 ]. The stopped-flow basics are similar to that described in 

Chapter Six, but the set-up here allows for variable volume mixing with a 
maximum ratio of 10: 1. The data acquisition software allowed /(Q) to be 

recorded over a fixed number of time-frames, after external triggering. To 

obtain the best time-base to record the complete I(Qt) decay, a series of runs 
were made where the measurement time was varied from 0.1 s to 1200 s. This 

range was wide enough to measure the decays of the micelles studied here. 

7.3.2 Results and discussion 

(1) di-CF3 micelles 

When two solutions of equal concentration, either 5x CMC or 0.5 x CMC 

were mixed together inside the cell, no decay in 1(Q) was seen. However, when 
a5x CMC solution was mixed with water in a 1: 10 ratio, a decay was 
observed, as this dilution caused the final concentration to be below the CMC 
(0.5 x CMC). This decay is shown in Figure 7.8. All these experiments were 
carried out over the same time-base and were reproducible. 

Figure 7.9 shows the 1(Q) profiles measured at various times along with 
fits to either a disk or cylinder form factor. Up to 96 s, the intensity scaled as a 
suggesting sheet-like micelles, however at long times the scaling was closer to 
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Q"1, indicating long thin cylinder micelles. From the fitted dimensions given in 

the figure, the aggregation number for the disk-like micelles was estimated as 

about 900 and around 400 for the cylinders. This shape change may be 

explained by the edges of the disk aggregates dissolving away during the 

break-up to leave thin thread-like micelles. Although these micelles are 

charged, it is thought they are large enough for the S(Q) effects to be ignored, 

at least over this Q range. 
The exponential nature of the decay following the intensity I as a 

function of time can be seen from Figure 7.8, and Figure 7.10 shows a first 

order In I vs. t plot at Q values of 0.02 and 0.03 A 1. It was obvious that this 

measured data did not fit to either zero or second order kinetics. The mean 

gradient from Figure 7.10 gives a value for the micellar dissociation rate 

constant kmic of 0.016 s'1, corresponding to a micellar lifetime -r2 of 62 s. The 

measured half life is calculated as 43 s, so the relaxation studied here was 

measured over three half-lives. 

It may be thought that this micellar lifetime is very long compared to 

values of typical anionics: the micellar lifetime of sodium hexadecylsulfate is 
0.35 s [12]. However, it may be thought that due to the very large aggregation 
numbers of these micelles, a longer lifetime may be expected due to the 

greater micelle stability. This has been observed by Santaella et al. who 
reported that replacing hydrocarbon chains of glycerophosphatidylcholine by 

perfluorocarbons induces a higher stability in the liposomes [13]. This 
difference may be due to a higher free energy penalty for transferring a CF2 
group (+4 kJ mol'') from the micelle core into water compared to a CH2 group 
(+2.6 kJ mol'') [6,7]. In addition, de Rossi et al. have recently also studied 
lifetimes of fluorocarbon micelles by a spectrophotometric method and found 
that mixtures of N-(4-Nitrophenyl)- perfluorononanamide with SIDS decayed 

with a lifetime r2 of 294 s, and mixed with perfluorononanoic acid T2 = 83 s [14]. 
Guo et al. have also reported relatively slow micellar kinetics for a 
perfluoroheptanoil polyethoxylated amide surfactant [15]. These results give 
further credence to the long lifetimes observed here. 
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(2) NaPFO micelles 
As before, a SAXS decay was only observed when micelles were diluted 

in the stopped-flow. The time-base for these experiments was 300 s, as no 

measurable decay occurred after this time. Figure 7.11 shows the measured 
I(Q, t) decay curves after a dilution from 10 x CMC to 5x CMC. The residual 

signal at 300 s was subtracted as the background. Due to the S(Q) contribution 
to the scattering, these SAXS profiles are not a simple function of time. The 

intensity now varies with S(Q) and micellar concentration, with S(Q) also 

independently varying with concentration. First order behaviour was only 

obtained over the time-range 21 - 51 s, with km; c estimated as 0.076 s" at 

Q=0.10 A"', which meant that T2 = 13 s. 

It was concluded in Chapter Six that the micellar lifetimes of these 

surfactants could not be measured by absorbance stopped-flow, but attempts 
to obtain values of kmic using a conductivity cell attachment to the Hi-Tech 

SF-61 stopped-flow (see Appendix 7.2) were successful for some surfactants. 
This was true for NaPFO, and Figure 7.12 shows the decay for the break-up 

using this technique, with the decay obeying first order kinetics with 
kmic = 0.08 s''. These traces were reproducible. The equation of the fitted line to 
the data was given as 

x=0.375 + 0.458. exp (-0.08t) 

where x is the solution conductivity in arbitrary units (a. u. ). The constant 0.375 

a. u. corresponds the conductivity signal of a monomeric solution at 0.75 x 
CMC. 

This is in good agreement with the value obtained using SAXS, giving further 

credibility to the TR-SAXS technique. The shorter lifetime of NaPFO in 

comparison to di-CF3 is to be expected as the aggregation number is 

considerably smaller. 

7.4 Relevance of this work to adsorption dynamics 
It was proposed in Chapter Six that surfactants having long micellar 

lifetimes would have the greatest effect on DST. It may therefore be thought 
that this would be the case for the surfactants studied here. However, due to 
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the high CMCs of the surfactants studied, it is not possible to obtain useful DST 

profiles in the time window of the MPT1, since the decay is virtually complete 
before 50 ms [16]. Unfortunately, due to very weak signal, TR-SAXS 

experiments cannot yet be carried out for surfactants having lower CMCs. It 

can therefore be concluded that there will have to be an advancement in one of 

the techniques in order for there to be a compatible study. For the case of DST, 

the MBP method will have to be developed further to measure tensions in the 

sub-millisecond time range. Alternatively, when considering TR-SAXS, in order 

to allow measurements on surfactants with lower CMCs, either the beam 

intensity will have to increase, or the stopped-flow developed to allow a greater 

mixing ratio. 

7.5 Conclusions for TR-SAXS 

TR-SAXS can be used to follow the dissociation of fluorocarbon 

micelles. In the absence of strong intermicellar interactions it can also be used 
to follow any changes in aggregate structure that occur during break-up. The 

fluorocarbon surfactants have longer lifetimes than typical hydrocarbons and 
this has been observed previously [14,15). This is the first reported attempt at 
measuring micellar lifetimes using a structure determining scattering method. 
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Appendix 7.1 

Normalising raw SAXS data on Station 2.1, Daresbury SRS. 

This normalisation of the data is explained at length in the station's manuals 

[3]. This is intended as a brief list of the four main procedures which translate 

the raw data (intensity of micelles plus background as a function of channel 

number) to the 1(Q) profiles for micelle scattering. 

(a) normalisation of the ion chambers 
The SRS SAXS intensity decreases over a 24 hour period, with there 

being a new injection of beam to restore the flux at 08.00 hrs. daily. This would 

mean that samples studied for equal times, at different periods of the day, will 
have different measured intensities. Front and back ion chambers on the rig 

record the intensity of the incident and scattered beam respectively so that the 

intensities at different source flux can be normalised. 

(b) division by detector response 
This was discussed in Section 7.1. 

(c) subtraction of the background 

As with neutrons, the scattering of the background solvent is measured 

and subtracted from the sample scattering. Raw data from background 

scattering also must be normalised by the ion chamber and the detector 

response. 

(d) calibration of the Q-scale 

The calibration procedure was described in Section 7.1. On station 2.1, 
the Q-scale has to be separately calculated for each sample (despite the 

relationship between the channel number and Q being the same for every 
sample). 

It does not seem appropriate to discuss this at greater length, as different 
experiments on the station require different normalisation procedures. 
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Appendix 7.2 

Conductivity stopped-flow 

The stopped-flow mixing process is the same as described in Chapter Six, 

however, it is the change in conductivity of a surfactant solution that is followed 

upon dilution rather than absorbance. 
Below the CMC, ionic surfactants behave as conventional electrolytes 

with conductivity being proportional to the number of charged species. 

However, above the CMC the counter-ions become part of the micelle due to its 

high surface charge and this reduces the number of ions available for carrying 

current. This means that the rate of change of conductivity with ionic surfactant 

concentration above the CMC is somewhat smaller than that below the CIVIC. It 

is the change in molar conductivity' upon dilution from above the CMC to below 

the CMC that can be followed with time to give kmic. This change is shown in 

Figure 7A. 1. Details regarding the conductivity cell itself can be found in [171. 

Figure 7A. 1: Change in molar conductivity when diluting from 
above to below the CMC 

Molar conductivity /S cm2 mol-1 

The conductivity depends on the number of ionic species present. The molar conductivity Is 

introduced to normalise the conductivity with electrolyte concentration. Molar conductivity Am, 
having units S cm2 mol'', is defined as Am =K/c, where K is the solution conductivity in S cm 7, 
and c is the molar concentration of surfactant in mol cm 3. S cm'', or Siemens per centimetre Is 
the generally accepted unit of solution conductivity [181. 
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Project Conclusions 

Studies of DST as a function of concentration with a variety of non-ionic 

surfactants showed that the decays were essentially diffusion controlled at the 

start of adsorption. However towards the end the effective diffusion coefficient 
(D8ff) of the monomer obtained from analyses of the DST curves was significantly 
less than that measured independently by PFGSE-NMR (D). Typically values of 
Dart/ D lie between 0.02 and 0.1. This suggests that not every molecule diffusing 

to the interface adsorbs, and so the measured tension was higher than predicted 

by a diffusion-only mechanism. This could be accounted for in terms of an 

adsorption barrier, indicating an activated-diffusion mechanism. This appeared 
to be essentially independent of CMC and hydrophobicity for the surfactants and 

concentrations investigated here. The mixed mechanism can be interpreted in 

terms of a free energy change for formation of activated molecules, AG. For 

these non-ionics AG was typically between 5 and 12 kJ mol" at 298 K. By 

studying the DSTs of a pre-CIVIC solution of glucamide surfactant, di-(C6-Glu), 

as a function of temperature, values for the enthalpy and entropy changes 
accompanying the formation of this activated state were estimated as 
AH _ +62 kJ mol" and AS = +180 J mol" K1. This gave a value for AG of 

8 kJ mol" at 298 K. 

DST experiments on zwitterionic phosphatidylcholine surfactants showed 
similar adsorption behaviour as the non-Ionics, indicating this behaviour is 
general for neutral surfactants. 

DST experiments on ionic surfactants showed that they also obeyed an 
activated-diffusion mechanism, with a similar value of AG between 4 and 
15 kJ mol-'. The DST of these surfactants was measured as a function of added 
electrolyte concentration. A qualitative interpretation showed that it took longer 
for y(t) to reach yeq as the added electrolyte strength increased. 

The adsorption barrier for the non-ionic surfactants did not seem to be 
affected by the presence of micelles for the concentration range studied here. It 
was therefore concluded that since micelles did not limit the adsorption, 'Cl, the 
relaxation time of monomer exchange was the important process for supplying 
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fresh monomer to the interface: micelles in the subsurface may `leak' molecules 

on the microsecond timescale which are then available for adsorption. SANS 

measurements on the phosphatidylcholine surfactants showed that the size and 

shape of the aggregate similarly did not affect adsorption, at least for the 

micellar concentrations studied. 
SAXS stopped-flow measurements on fluorocarbon surfactants allowed 

both the kinetics, and any accompanying structure change, to be followed as the 

micelles break up. By following the SAXS intensity as a function of time with a di- 

chained fluorocarbon surfactant, a micellar lifetime of 62 s was obtained. The 

SAXS intensity profiles were modelled in terms of different possible form factors. 

These analyses were consistent with a change over from large disk-like to thin 

thread-like micelles as the micelle break-up proceeded. These fluorocarbon 

surfactants had significantly longer lifetimes than similar hydrocarbon surfactants 

and this can be attributed to the stability of the micelles. This was the first ever 

attempt at measuring micellar kinetics using time-resolved SAXS. 

Suggestions for future work have been given throughout this thesis. The 

main advancement in the study of adsorption kinetics would be to measure 
directly how the surface excess changes with time. Bain et a!. have made 
attempts to achieve this using the OFC, however, there still is no instrumental 

set-up to measure I'(t) by neutron reflection over a sufficiently large time- 

window. This would appear to be the next major challenge. 
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