Eu...l....n.. are penerally masde out of two memiscoblde Muids ke oil and
. disgrersenl im the sevornl b he proseee of wefscr-a

are nsed w imermedaaie or end products inoa huge
g the fond, chomical, conmetic, phanrmacnstisal,

bivE GO

range ol ares

o tecksmdagical in

he fron

frazed, arwd L

gt e

W8 Are 1a
tarr bctwres physics ar

e Pmiril PeCETI

wm Emem thin

b pelation 1o both the fun il jrhia the applics
o o these paierials. The book bs indended 8o help soleniisin and engl

neen = formulsting new salerials by giving them the hasics of smuolyion

BCIETICE.

g

iy
1y

SITdIINIEd JISVE

= qouanng oisynuey |

Emulsion dcience
BASIC PRINCIPLES

SECOND EDITION

Fernande Leal-Calderon
Véronique Schmitt
Jérome Bibette

EUITORS

@ Springer



Emulsion Science

Second Edition



Fernando Leal-Calderon
Véronique Schmitt
JérOme Bibette

Emulsion Science

Basic Principles

Second Edition

@ Springer



Fernando Leal-Calderon Véronique Schmitt

ISTAB, Université Bordeaux 1 Centre de Recherche Paul Pascal, CNRS
Avenue des facultés 33600 Pessac

33405 Talence FRANCE

FRANCE schmitt@crpp-bordeaux.cnrs.fr

f.leal@istab.u-bordeaux1.fr

Jérome Bibette

ESPCI, Laboratoire Colloides
et Matériaux Divisés

10 rue Vauquelin

75231 Paris

FRANCE

jerome.bibette@espci.fr

Library of Congress Control Number: 2007921974

ISBN-10: 0-387-39682-9 e-ISBN-10: 0-387-39683-7
ISBN-13: 978-0-387-39682-8 e-ISBN-13: 978-0-387-39683-5

Printed on acid-free paper.

© 2007 Springer Science+Business Media, LLC

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street, New York,
NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use
in connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar terms, even if they
are not identified as such, is not to be taken as an expression of opinion as to whether or not they are
subject to proprietary rights.

987654321

springer.com



Contents

Preface . ... oo

Acknowledgments...............coooiiiiiiiiiiii e

Introduction ... ... ...t

1.

2.

Emulsification.....................o.oii
L1, INtrodUcCtion. ... ...ouiiueiiriie i i e
1.2. High-Pressure Homogenization...............coeeiiiiiiiinininiannn.
1.3. Membrane Emulsification..................c.ooeiiiiiiiiiiiiiiienn.
1.4. Microchannel Emulsification.................ccooiiiiiiiiiiiiiienn..
1.5. Spontaneous Emulsification..............ccoveviviiiiiiiiinninininenen..
1.6. Phase INVersion .......c.couiiniiiiiii i e

| T 25 € 11115) (S PP
1.7. Application of a Controlled Shear...............cooeviiiviiiiininenn...
1.7.1. Emulsion Preparation and Characterization.....................
1.7.2. Fragmentation Kinetics of Model Emulsions...................
1.7.3. Breaking Mechanisms ...........c.coooiiiiiiiiiiiiiiinnnen.e.
1.7.4. Generalization...........c.coeiuiuiiiinininiiii e
1.7.5. Parameters Governing the Rayleigh Instability ................
1.7.6. Examples of Monodisperse Materials............c...............
1.8, CONCIUSION . ¢. ettt ittt

Force Measurements..............c.coo.vuiuiiiiiiiiiiiiiiiieeeeeeenenes
2.1, INtrodUCHON. ..c.euieitiii e
2.2. Long-Range FOrces ........o.iuiiiiiiiiiiiiiiniiiiiieeeeeeeeeae
2.2.1. Techniques for Surface Force Measurements...................
2.2.2. Recent AdVAnCeS.......coeueveieininiiiiieiiiiiie e

ix

xi



vi Contents
2.3. Short-Range Forces and Adhesion Between
Emulsion Droplets...........oooiiiiiiiiiiiiii 89
2.3.1. Energy of Adhesion and Contact Angles........................ 89
2.3.2. Experimental Measurements of the Adhesive Energy ........ 93
2.4, CONCIUSION. ....uutnitinit ittt 97
3. Phase Transitions.................coooiiiiiiiiiiiiiii e 105
3.1, INtrodUCHON ...cuetitie et 105
3.2. Weak Attractive Interactions and Equilibrium
Phase Transitions. ........o.vuetreriniin it eeereeeeneaes 105
3.2.1. Experimental Observations........c.ce.vuvueuenineneenininenenens 105
3.2.2. Models for Phase Transitions ..........c.cevveienennininenenen.. 118
3.3. Gelation and Kinetically Induced Ordering............................ 120
3.4, CONCIUSION ..ttt 123
4. Compressibility and Elasticity of Concentrated Emulsions............ 126
4.1, INtrodUCtiON......c.ouiuininiiii e 126
4.2, BasiC CONCEPLS ..euuneineninitit ettt aeeaens 127
4.3. Experimental Techniques............coovuviiiiiiiiiiiiiniiniiienans 128
4.3.1. Elasticity Measurements ........c..co.eueuereneneereneneneneenennnns 128
4.3.2. Compressibility Measurements..........ocoeveveeeerenenenennnn. 128
4.4. Compressibility and Elasticity of Surfactant-Stabilized
EmulSions ......coovuiuiniiiii e 129
4.4.1. Experimental Results...........c.ccociviiiiiiiniiiiinnninnt. 129
4.4.2. Theoretical Approaches...........cccoeiiiiiiiiiiininiinenen.. 132
4.5. Compressibility and Elasticity of Solid-Stabilized Emulsions..... 135
4.5.1. Osmotic Stress Resistance Measurements..................... 136
4.5.2. Surface Properties: Elasticity and Plasticity................... 137
4.6, CoNCIUSION ....uteninii e 140
5. Stability of Concentrated Emulsions...........................c.oo, 143
S5.1. INtroduction ........oeeniininit it 143
5.2, Ostwald RIpening.......cc.oueuiuiiiniiiiiiiiini i 144
5.3, C0aleSCONCE ....uuuiniiiiit et 146
5.3.1. General Phenomenology and Microscopic
DeSCIIPLON ....veeiiiii e 146
5.4. Measurements of the Coalescence Frequency......................... 150
5.4.1. Simple Emulsions Stabilized by Surfactants.................. 151
5.4.2. Double Emulsions Stabilized by Surfactants.................. 157
5.4.3. Simple Emulsions Stabilized by Solid Particles.............. 159
5.5. Gelation and Homothetic Contraction ...............c.coveeuinennne. 163
5.6. Partial Coalescence in Emulsions Comprising
Partially Crystallized Droplets.........cocvuveiiiiiiininiiiiiiinininnnne. 167
5.7, ConCIUSION ..c.vuiuititiiiii e 168



Contents vii

6. Double Emulsions....................c.ocoiiii 173
6.1, INtrodUCHION .. ...euinieit it 173
6.2. 'W/O/W Surfactant-Stabilized Emulsions...............c.c.cooooiene. 174

6.2.1. Emulsion Preparation............c.c.coioiiiiiiiinininiinen.. 174
6.2.2. General Phenomenology.........cccovvviiiiiiniiiiiinininnnnn. 176
6.2.3. Role of the Hydrophilic Surfactant in
Inducing Coalescence ............cccoeuiviiiiiiiiiiiiininnnnen.n. 178
6.2.4. Kinetics of Release..........c.coooeiiiiiiiiiiiiiiinn, 182
6.2.5. Water Transport Under Osmotic Pressure Mismatch........ 187
6.3.  'W/O/W Polymer-Stabilized Emulsions.............c.c..oceeevinennnn.. 188
6.3.1. Phenomenological Model for Compositional Ripening..... 191
6.3.2. Microscopic Approaches of the Permeability: State of
the ATt....e 192
6.3.3. Influence of Temperature on Compositional Ripening...... 193
6.4. Solid-Stabilized Double Emulsions .............cccoeoviinniinn... 194
6.5. CONCIUSION ....uvuiuiiiiiiiiii i 196

7. New Challenges for Emulsions: Biosensors, Nano-reactors,

and Templates...........cooooiiiiiii e 200

7.1, INtrodUCHiON ....c.iutitiii e 200

7.2. Emulsions as BioS@NSOrs .......cocovuiuiuiiiiiiiiiiiiinniniceanne, 200

7.2.1. Emulsions for Homogeneous Assays..........ccceoeeenenn.n. 201

7.2.2. Emulsions for Single Immunocomplex Micromechanics... 206

7.3. Emulsions as Nano-reactors ............coceeeueueueunenenenenenenannanes 210
7.3.1. Screening of Large Libraries and Directed

Enzyme EvOolution.........c.covuiiiiiniiiiiiiiiiiinieeeeenene 211

7.4. Emulsions as Microtemplates. .........o.vueieriniieiniiinininiininenenens 214

7.4.1. Colloidal Clusters and MiCro-opticS...........oeveueueucnnnnn. 214

General Conclusion...............c.ooooiiiiiiiiiiiii 223



Preface

Emulsions and Common Sense

Droplets of oil in water allow us to transport oil soluble materials (in a non viscous
form) and ultimately to release them on a chosen target. Cosmetics, paints, foods,
are often based on these “emulsions”.

But the droplets are fragile, and must be lucidly protected. Formulating an in-
dustrial emulsion implies numerous conditions: stability, efficiency, easy delivery,
price, ... This is an art, and like all forms of art it requires experience and imagi-
nation. The present book provides both. It describes basic experiments on realistic
model systems. I like this matter of fact approach. For instance, instead of begin-
ning by formal discussions on interaction energies, the book starts with methods
of fabrication. And, all along the text, the theoretical aspects are restricted to basic
needs.

Of course (as always in a delicate subject like the present one) I have my
own critiques on certain points in the presentation: for instance, in Section 5.3.1,
coalescence is attributed to the thermal nucleation of a pore between two adjacent
droplets. For me, discussing this channel is like discussing the sex of angels.
Nucleation, in most physical systems, does not occur via plain thermal fluctuations.
It involves external defects: a cosmic ray in a bubble chamber, or a dust particle in
a condenser. I believe that the same holds for emulsions: dust particles (or small
surfactant aggregates) control coalescence.

But these byzantine discussions on mechanism are beyond the point. This book
is based on experiments. It does not claim to solve all problems (e.g: what is the real
origin of Bancroft’s rule) but it presents them with common sense and precision.
I am convinced that it will be of great help.

P.-G. de Gennes
January 2007
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Introduction

Colloids comprise a very broad class of materials. Their basic structure consists of
a dispersion of one phase into another one, in which the dispersed phase possesses a
typical length scale ranging from a few molecular sizes up to several microns. Some
colloids are thermodynamically stable and generally form spontaneously, whereas
others are metastable, requiring energy for preparation and specific properties
to persist. Metastable colloids are obtained by two main distinct routes: one is
nucleation and growth, including precipitation, and the other is fragmentation. In
both cases, as a consequence of the intrinsic off-equilibrium nature of this class of
colloids, specific surface properties are required to prevent recombination. Surface-
active species are generally employed to stabilize freshly formed fragments or
growing nuclei, as they are expected to provide sufficient colloidal repulsive forces.

Emulsions are one example of metastable colloids. They are generally made
out of two immiscible fluids, one being dispersed in the other, in the presence of
surface-active agents. They are obtained by shearing two immiscible fluids, lead-
ing to the fragmentation of one phase into the other. Emulsion droplets exhibit
all classical behaviors of metastable colloids: Brownian motion, reversible phase
transitions as a result of droplet interactions, and irreversible transitions that gener-
ally involve the destruction of the emulsion. The droplet volume fraction may vary
from zero to almost one: dense emulsions are sometimes called biliquid foams
since their structure is very similar to the cellular structure of air-liquid foams
for which the continuous phase is very minor. From dilute to highly concentrated,
emulsions exhibit very different internal dynamics and mechanical properties.
When the emulsion is strongly diluted, droplets are agitated by Brownian motion
[1,2], and the emulsion behaves as a viscous Newtonian fluid. When the emulsion
is concentrated, namely above the random-close-packing volume fraction, which
is 64% for monodisperse droplets, the internal dynamics are severely restricted
and the emulsion behaves as a viscoelastic solid [3,4]. Simple direct emulsions are
composed of oil droplets dispersed in water (O/W), while inverse emulsions are
composed of water droplets dispersed in an oil continuous phase (W/O). Emul-
sions are in general made of two immiscible phases for which the surface tension
is nonzero, and may in principle involve other hydrophilic-like or lipophilic-like
fluids in the presence of suitable surface-active species, each phase being possibly



2 Introduction

composed of numerous components. As an example, simple emulsions may also
contain smaller droplets of the continuous phase dispersed within each droplet of
the dispersed phase. Such systems are called double emulsions or multiple emul-
sions [5]. Simple emulsions may also contain solid dispersion within each droplet,
as a possible route to produce magnetic colloids [6].

The destruction of emulsions may proceed through two distinct mechanisms.
One, called Ostwald ripening, is due to the diffusion of the dispersed phase through
the continuous phase. This mechanism does not involve any film rupture; instead,
there is a continuous exchange of matter through the continuous phase, which
increases the average droplets diameter while reducing their number. The other
mechanism, called coalescence, consists of the rupture of the thin liquid film that
forms between two adjacent droplets. This rupture requires the formation of a
hole within the thin film which then grows, resulting in the fusion of two adjacent
droplets. This ultimately leads to a total destruction of the dispersed system, since
two macroscopic immiscible phases are recovered. The lifetime of emulsions is
increased by the presence of surface-active species, which are known to cover the
interfaces and to delay both coalescence and Ostwald ripening. As a matter of
fact, the metastability of emulsions is strongly correlated to the presence of these
surface-active species at their interfaces. Because the lifetime of these materials
may become significant (longer than one year) they become good candidates for
various commercial applications.

Emulsions are widely used in a variety of applications because of their ability
to transport or solubilize hydrophobic substances in a water continuous phase. All
kinds of surface treatments will take advantage of emulsion technology: painting,
paper coating, road surfacing, and lubricating. Because homogeneous mixtures of
two immiscible fluids may be obtained, organic solvents may be avoided when sol-
ubilizing hydrophobic substances into water. When the mixture is applied, water
evaporates and is safely released into the atmosphere, while the dispersed phase
concentrates and ultimately leads to the formation of a hydrophobic film (painting,
paper coating, lubricating). Moreover, emulsion technology drastically simplifies
the pourability of many hydrophobic substances. Indeed, at ambient temperature
some material may be almost solid whereas by dispersing it within small droplets
in water it remains fluid at room temperature. One famous example is bitumen used
for road surfacing. Emulsions are also involved in the food and cosmetic indus-
tries because of their rheological properties which may vary from an essentially
Newtonian liquid to an elastic solid. Moreover, they are also efficient drug carriers
(medicines, food, and pesticides) for various types of targets. Indeed, double di-
rect emulsions will allow transporting a water soluble molecule within the internal
water droplets throughout a water continuous phase.

All these applications have already led to an important empirical control of these
materials, from their formation to their destruction. Besides this empirical back-
ground which is considerably widespread among the various specific applications,
the basic science of emulsions is certainly progressing and we aim within this book
to give an overview of the most recent advances.
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The production of emulsions is certainly one of the most important aspects
related to the industrial use of these materials. After a review of the available
and currently employed techniques, this book aims to present advances in making
controlled size emulsions at a large scale and rate production. It will be shown
that controlled shear applied to a polydisperse emulsion can transform it into a
monodispersed one through Rayleigh instability (Chapter 1). Interdroplet forces,
from long range to very short range, are of prime importance in understanding the
collective behavior of emulsion droplets. A variety of interactions that occur be-
tween these liquid colloids are described. Repulsive interactions between droplets
are directly measured by using the magnetic chaining technique, providing de-
tailed descriptions of steric and electrostatic forces (Chapter 2). Soft attractions
and particularly the depletion induced interactions are described, as well as the
resulting equilibrium phase transitions that can also be used to fractionate poly-
disperse emulsions. Strong adhesion is also explored through the measurement of
contact angles, for a variety of interfaces and compositions, as well as the very
characteristic gelation transition that takes place in the regime of deep attractive
interaction quench (Chapter 3). Because emulsion droplets are deformable they
can span droplet volume fraction from zero to almost one. We present the basic
physics that governs both compressibility and shear elasticity of dense emulsions
as a function of droplet packing and the nature of adsorbed species from short
surfactants to macromolecules and solid particles. When droplets are still capable
to slip under stress, the role of disorder has been revealed to be of most impor-
tance and to dictate the subtle scaling of the shear elastic modulus (Chapter 4).
Understanding the lifetime and destruction of emulsions is obviously a crucial
aspect. The various scenarios of destruction are reviewed and correlated to the two
well accepted limiting mechanisms: coalescence and diffusion or permeation. The
basic understanding of thermally activated hole nucleation, which is responsible
for coalescence, is presented, in close relation with the nature of the adsorbed
species (Chapter 5). The very rich domain of double emulsion is discussed. A
detailed description of these materials is presented owing to their very promising
potential in various applications, in addition to their remarkable contribution in
understanding the metastability of thin films (Chapter 6). At that stage of under-
standing, the scientific background about emulsions can direct their potential use
to new fields of applications: droplets can act either as minute substrates or reser-
voirs. They can also be manipulated by applying external forces to selectively sort
desirable products, or to create local stress-controlled conditions. Liquid droplets
can compartmentalize minute amounts of defined reactants, either to screen a large
compound library or parallelize a directed process imposed by confinement. We
present in Chapter 7 some particularly promising examples of new applications of
emulsions in nano or microtechnologies, related to biotechnologies, biophysics,
and processing of high-tech materials for micro-optics.
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1

Emulsification

1.1. Introduction

Emulsification consists of dispersing one fluid into another, nonmiscible one, via
creation of an interface. Properties of emulsions (e.g., stability, rheological prop-
erties) and their industrial uses are governed not only by variables such as temper-
ature and composition but also by the droplet size distribution. The highest level
of control consists of producing “monodisperse,” that is, narrow size distributed
emulsions with a tunable mean size. From a fundamental perspective, monodis-
persity has allowed significant progress in emulsion science as will be shown
throughout this book. Monodispersity also opens perspectives for new technolog-
ical applications that are reviewed in Chapter 7. Usually, industrial emulsification
is empirically controlled and the purpose of this chapter is to provide fundamental
concepts that support such empirical knowledge.

In the first part, we briefly review some possible routes to fabricate emulsions
such as high-pressure homogenization and membrane, microchannel and sponta-
neous emulsification. Then, the basic principles of the phase inversion temperature
(PIT) method are presented and the influence of different parameters such as sur-
factant concentration and stirring intensity is discussed. The following section is
devoted to emulsification via application of a controlled shear. The mechanism of
drop rupturing and the conditions leading to monodispersity are described. From
fundamental studies on shear emulsification, some useful strategies for formula-
tors can be proposed and we shall explain how they can be exploited to produce
monodisperse materials of technological interest.

1.2. High-Pressure Homogenization

High-pressure homogenization (microfluidization) is widely used for producing
dairy and food emulsions. It consists of forcing the two fluids or a coarse premix
to flow through an inlet valve, into a mixing chamber, under the effect of a very
high pressure. The fluids undergo a combination of elongation and shear flows,
impacts, and cavitations. Despite the complexity of the mechanisms involved [1],
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the size distributions are usually reproducible with a mean size ranging from 50 nm
to 5 um.

Emulsification by high-pressure homogenization results from a dynamical equi-
librium between breakup promoted by drop deformation resulting from the high
speed flow and of recombination (coalescence) promoted by collisions. Numer-
ous studies have been performed [2—-6] to determine the effect of stabilizing agent
concentration (protein or surfactant), applied pressure, number of cycles on the
droplets size and emulsion stability. Taisne and Cabane [6] have developed a
refractive index contrast matching technique allowing the determination of oil
exchange between the droplets. They were able to distinguish two regimes of
emulsification in a high-pressure homogenizer depending on the surfactant con-
centration Cgy¢. In the “surfactant-poor” regime (C, s < CMC/10 where CMC is
the critical micellar concentration), the average drop size, d, only weakly depends
on the applied pressure. Lobo and co-workers [7] have elaborated a quantitative
method based on the dilution of a fluorescent excimer signal during oil exchange to
determine the number of coalescence events during emulsification. They showed
[8] that a high level of coalescence leads to emulsions with average diameters
ranging from 0.3 to 2 um depending on the surfactant concentration. Drops are
first fragmented at a low size and then coalesce because of insufficient interfacial
coverage. In the “surfactant-rich” regime (Cs,; > 10 CMC), the average droplet
diameter d is lower, typically varying from 50 to 350 nm, and is almost indepen-
dent of the surfactant concentration [6, 8, 9]. Even though coalescence can not be
completely arrested in a high-pressure homogenizer, a low level of recombination
is attained [6, 8]. Hence, the size is determined mainly by droplet fragmentation
and scales with the applied pressure P, as:

do P (1.1)

where the power law « typically varies between 0.6 and 0.9 [6,10,11]. Brosel and
Schubert [4] showed that during the deformation and breakup of a single drop,
almost no surfactant molecules adsorb at the new interface because the adsorbing
time is larger than that of disruption. Surfactant adsorbs between two breakup
events, thus lowering the interfacial tension and facilitating further rupturing. The
existence of two regimes can be generalized to protein-stabilized emulsions: larger
sizes are obtained by drop coalescence for low protein concentrations [2]. Other
parameters may influence the final droplet size distribution: (1) an increasing
number of passes reduces the size distribution width [12,13], (2) whatever the
emulsifier (surfactant or proteins), large dispersed phase volume fractions favor
collisions and recombinations but the droplet volume fraction ¢ has little influence
on the average size for ¢ < 30%.

1.3. Membrane Emulsification

Membrane emulsification [14] consists of forcing the dispersed phase to per-
meate into the continuous phase through a membrane having a uniform pore
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[ [ [ = | Membrane
Flux of continuous phase

Continuous phase containing surfactant

ﬁ Dispersed phase

Pressure applied on the dispersed phase

FIGURE 1.1. Schematic principle of membrane emulsification.

size distribution. The dispersed phase is pressed perpendicular to the membrane
while the continuous phase is flowing tangential to the membrane (Fig. 1.1). Al-
though easy in principle, membrane emulsification is dependent on many param-
eters such as membrane properties, fluxes, and formulation, all influencing the
emulsion size distribution. To obtain a monodisperse emulsion, the membrane
pores must themselves have a narrow size distribution [15]. Usually, the drop size
is proportional to the pore size [16—18]. The choice of membrane porosity is the
result of a compromise: if the pore density is too large, coalescence of freshly
formed drops is likely to occur, increasing polydispersity; conversely, if the pore
density is too low, the production rate is insufficient [19]. The dispersed phase
should not wet the membrane coating and consequently a hydrophilic membrane
should be used to produce an oil-in-water (O/W) emulsion [16,20]. High continu-
ous phase velocity and low interfacial tension will promote small drops [19-27].
The pressure to be applied to the dispersed phase depends on both the interfacial
tension [21] and the membrane pore size. A compromise between high pressures
promoting either large drops or a dispersed phase jet and low pressures decreasing
the production rate should be found. For a more detailed review on membrane
emulsification of simple and double emulsions, the reader can refer to [28] and
[29] and references therein.

1.4. Microchannel Emulsification

Microchannel technology allows fabrication of monodisperse emulsions with an
average droplet diameter ranging from 10 to 100 um [30,31]. The principle is
reminiscent of membrane emulsification. The dispersed phase is forced into the
continuous phase through microchannels manufactured via photolithography. A
scheme of a microchannel device is shown in Fig. 1.2. The use of a high-speed
camera and a microscope allows direct observation of the flow and of the emulsi-
fication process [32,33]. The phase to be dispersed is pushed through a hole in the
center of the plate in such a way that it passes through the microchannels and in-
flates on the terrace in a disk-like shape. When it reaches the end of the terrace, the
phase falls onto the well and a drop detaches. The spontaneous detachment and
relaxation into the spherical drop are driven by interfacial tension. Outstanding
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FIGURE 1.2. Schematic principle of microchannel emulsification. (a) Top view; (b) side
view.

monodispersity is obtained by this process. Direct, reverse, and multiple emul-
sions [34] can be developed. As for membrane emulsification, an O/W emulsion
is produced using hydrophilic microchannels, whereas producing a W/O emulsion
requires a hydrophobic device [35]. The influence of various parameters on droplet
size and monodispersity has been studied:

e The geometry of the device is important; the terrace length and microchannel
depth are size-determining factors.

¢ At low flow velocity of the dispersed phase, the interfacial tension does not in-
fluence the droplet diameter but it affects the time-scale parameters for droplet
formation [35-37]; the detachment time becomes shorter at high interfacial ten-
sion (low surfactant concentration) [38].

e The surfactant type (anionic, nonionic) is indifferent [39], but cationic surfactants
should be avoided to produce O/W emulsions because they lead to complete
wetting of the dispersed phase on the microchannel plate.

More complex geometries have been developed [40] and the influence of the
geometrical structure has been examined. Although straight-through microchannel
emulsification has been developed [39,41], the production rates are still low com-
pared to those obtained with standard emulsification methods. However, the very
high monodispersity makes this emulsification process very suitable for some spe-
cific technological applications such as polymeric microsphere synthesis [42,43],
microencapsulation [44], sol-gel chemistry, and electro-optical materials.
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Microchannel technology has also opened the route to microfluidics. Devices
with different geometries have been reported. Emulsification can proceed through
flow focusing [45,46] where geometries are composed of three inlet channels and
a small orifice located downstream (Fig. 1.3a and b). The liquid that becomes
the dispersed phase flows into the middle channel and the second immiscible
fluid flows into the two outside channels. When passing through the orifice, the
inner fluid breaks into drops of size comparable with the orifice width. As for
microchannel emulsification, the geometrical and hydrodynamic parameters in-
fluence both droplet size and polydispersity [20,45]. Use of an expanding nozzle
geometry (Fig. 1.3c) allows fixing the position of drop breakup at the orifice

(a) [ |
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() ,
continuous phase
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0000 —

dispersed phase

orifice
continuous phase point of higher velovity
and higher stress

= drop formation

FIGURE 1.3. Schematic principle of “flow focusing” emulsification.



10 1. Emulsification

where the shear force is the highest [47]. Emulsification can also be induced
by a junction [48-50] defined as the intersection of two microchannels, where
the shear is locally highest [49]. Using a two-step method and both hydrophilic
and hydrophobic junctions, double emulsions can be obtained [50]. Microfluidic
emulsification is suitable for certain specific applications such as in microactu-
ators, allowing rapid manipulation of microdroplets [51], or in microreactors,
where it is useful for screening of protein crystallization conditions [52-54], glu-
cose detection in clinical diagnostic [55], and controlling a reaction or mixing
[56,57].

1.5. Spontaneous Emulsification

Spontaneous emulsification is a process that occurs without external energy supply
when two immiscible fluids with very low interfacial tension are brought in contact.
The most famous example of spontaneous emulsification is the famous “pastis”
beverage put in contact with water. Without stirring, the blend becomes turbid. Be-
cause increasing the interfacial area generally requires energy input, spontaneous
emulsification is an intriguing phenomenon, as revealed by the abundant literature
devoted to it. It is worth noting that in industrial processes, the kinetics of this
kind of emulsification, also termed self-emulsification, is accelerated by an energy
supply [58]. Spontaneous emulsification was reported for the first time in 1878 by
Joahnnes Gad [59]. Although observed a long time ago, this phenomenon is still
not fully understood. So far, different mechanisms have been proposed and some
of them are described hereafter.

Interfacial turbulence [60]: Due to a nonuniform distribution of surfactant
molecules at the interface or to local convection currents close to the interface,
interfacial tension gradients lead to a mechanical instability of the interface and
therefore to production of small drops.

Negative interfacial tension [58,61-66]: Due to adsorption of surfactants or
cosurfactant molecules, the interfacial tension can become extremely low (less
than 1 mN/m) and eventually transiently negative. Therefore, the interface can
increase and any fluctuation can break it.

The two aforementioned mechanisms involve a mechanical instability of the
interface that breaks up and produces small droplets.

Diffusion and stranding [61,67-70]: In this case, emulsification has a chemi-
cal origin and can take place even for quite high interfacial tensions. This kind of
spontaneous emulsification often occurs when a cosolvent, soluble in both phases,
is present. For example, if a mixture of alcohol and oil is brought in contact with
water, the alcohol diffuses from the oil to the water phase, carrying with it some
oil that can be “stranded” in fine drops as soon as water becomes supersaturated
in oil. Although emulsification is an out-of-equilibrium process, phase diagrams
coupled with the diffusion path theory [67-69] can be used to predict the phases
that are likely to form when the two fluids are brought in contact and to determine
the phase in which spontaneous emulsification will take place. More recently, other
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mechanisms have been proposed to explain spontaneous emulsification owing to
the development of new experimental techniques [71-77]. Among others, one can
mention the formation and swelling of water/surfactant aggregates at the vicinity
of the interface. The structural change and the swelling can be driven by tempera-
ture, osmotic, or concentration gradients. In addition to the amazing and spectac-
ular nature of this phenomenon, spontaneous emulsification is attractive because
of the numerous potential applications in various fields such as agriculture (emul-
sifiable concentrates for insecticides, pesticides, and herbicides), pharmaceutics,
cosmetics, oil recovery, and all applications in which nanometric emulsions are
required. For a more complete review of spontaneous emulsification, the reader
can refer to the reviews of Miller [67] and Lopez-Montilla et al. [78]. Despite
the ease of production (no or low energy input) and the diversity of applications,
spontaneous emulsification applies only to moderate dispersed volume fractions
(less than 10%).

1.6. Phase Inversion

Emulsification through “phase inversion” is also often considered as a spontaneous
emulsification process because it requires low energy input. Its advantage resides
in the possibility of producing concentrated emulsions. Emulsification through
phase inversion is often used industrially, especially in cosmetics [79,80]. Its in-
terest lies in the low energy input required and the emulsions obtained are usually
fine (average diameter of the order or lower than 1 um) and monodisperse. Un-
derstanding the mechanism of phase inversion still remains a challenge; however,
several studies provide some insight into this amazing and sometimes spectacular
phenomenon. Phase inversion is said to occur when the structure of the emul-
sion inverts, that is, when the continuous phase becomes the internal phase or
vice versa. This may happen with a change of any variable such as temperature,
pressure, salinity, use of a cosurfactant, or the proportion of oil and water.

1.6.1. PIT Method

The most frequent emulsification using phase inversion is known as the PIT (Phase
Inversion Temperature) method [81-83] and occurs through a temperature quench.
This method is based on the phase behavior of nonionic surfactants and the cor-
relation existing between the so-called surfactant spontaneous curvature and the
type of emulsion obtained.

The well-known empirical Bancroft’s rule [84] states that the phase in which
the surfactant is preferentially soluble tends to become the continuous phase. An
analogous empirical correlation has been reported by Shinoda and Saito [85]. For
a nonionic surfactant of the polyethoxylated type [R-(CH,-CH,-0),-OH, where
R is an alkyl chain], as temperature increases, the surfactant head group becomes
less hydrated and hence the surfactant becomes less soluble in water and more
soluble in oil. Its phase diagram evolves as schematically shown in Fig. 1.4. Atlow
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FIGURE 1.4. For a nonionic surfactant, influence of the temperature on (a) the surfactant
morphology and hence the spontaneous curvature, (b) the type of self-assembly, (c) the
phase diagram, the number of coexisting phases is indicated (d) the coexisting phases at
equilibrium, and (e) the corresponding emulsions.
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temperatures, the surfactant is preferentially soluble in water and a ternary mix-
ture of oil, water, and surfactant will phase separate into a surfactant-rich aqueous
phase and almost pure oil (Winsor I). The surfactant-rich aqueous phase, referred
to as L, is made of direct micelles swollen by oil. The surfactant is said to have
a positive spontaneous curvature. Under stirring, an O/W emulsion is obtained.
At high temperatures, the surfactant polar head is dehydrated and the surfactant
becomes preferentially oil-soluble. Its spontaneous curvature is negative and it
self-assembles into reverse micelles. A ternary mixture of oil, water, and surfac-
tant will phase separate into an oil phase containing the surfactant, referred to as
L,, in coexistence with almost pure water (Winsor II). On stirring, a W/O emulsion
is obtained. At the PIT, the surfactant is “equilibrated” and its spontaneous curva-
ture is close to zero. A ternary mixture of oil, water, and surfactant will separate
into three phases: a bicontinuous or liquid crystalline phase (referred to as B in
Figure 1.4d and e) in equilibrium with oil and water phases (Winsor III). At this
temperature, both O/W and W/O emulsions are immediately destroyed through
coalescence (for a better comprehension of the stability of emulsions related to the
spontaneous curvature, the reader can refer to Chapter 5).

The PIT method exploits the fact that the surfactant affinity and hence the type
of emulsion can be tuned by temperature. A W/O emulsion is first prepared at high
temperature and then is rapidly cooled below the PIT to obtain an O/W emulsion
without the need for stirring. Close to the PIT, the interfacial tension decreases dras-
tically (three orders of magnitude; see Fig. 1.5) as reported by numerous authors
[86-100], thus promoting droplet fragmentation. Hence, the resulting emulsions
often have small droplet sizes (of the order or less than 1 um). However, a low
interfacial tension also facilitates coalescence. Therefore the PIT must be crossed
fast enough to avoid destabilization and, to achieve good kinetic stability, the stor-
age temperature must be well below the PIT [79,101-103]. In practice, a crude
O/W emulsion is first produced at low temperature. Then, a temperature cycle
is applied. The primary O/W emulsion converts into the W/O type by increas-
ing the temperature above the PIT, and finally turns again into the O/W type on
cooling. The main inconvenient of the PIT method is its restriction to nonionic
surfactants.

Yint

FIGURE 1.5. Influence of temperature on the inter- :
facial tension between oil and water in the presence PIT
of a polyethoxylated surfactant. T
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1.6.2. Generalization

Emulsification through phase inversion is based on a change in the surfactant spon-
taneous curvature induced by temperature. This concept can be generalized con-
sidering any parameter influencing the spontaneous curvature of a surfactant, for
example, salinity, pH, presence of a cosurfactant, and nature of the oil. The concept
of inversion has often been reported in the literature by means of a formulation—
composition map. In the following, we shall sum up this empirical approach which
can be useful for formulators.

To take into account physicochemical parameters (salinity, temperature, pH) the
Surfactant Affinity Difference (SAD), also named Hydrophilic-Lipophilic Differ-
ence (HLD), has been introduced [104—106]. It is an empirical number taking into
account the surfactant type and its environment. The case SAD = 0 corresponds
to a formulation in which the surfactant has the same affinity for both aqueous and
oil phases. It corresponds to a surfactant spontaneous curvature close to zero and
the phase behavior is of the Winsor III type. It is also called optimal formulation,
the interfacial tension being close to zero. When SAD is negative (respectively
positive), the surfactant has more affinity for the aqueous (respectively oil) phase,
the phase behavior is of the Winsor I (respectively Winsor II) type, and the spon-
taneous curvature is positive (respectively negative). The emulsion is of the O/W
type (respectively W/O) when SAD is negative (respectively positive). This phe-
nomenology is expected if equivalent amounts of water and oil are present. The
type of emulsion is also dependent on the composition defined by the water-to-oil
volume ratio (WOR). Very high water (respectively oil) contents corresponding
to diverging values of WOR (respectively close to zero) favor O/W (respectively
W/O) emulsions. A schematic map is shown in Fig. 1.6a. Six different regions
can be distinguished denoted by a letter and a sign. In — regions, SAD is negative
and formulation favors O/W emulsions, whereas in + regions, SAD is positive
and W/O emulsions are favored. The A letter corresponds to a WOR close to 1 and
the type of emulsion is governed only by formulation. The B letter corresponds to
samples in which the amount of o0il exceeds that of water and where composition
favors W/O emulsions. Finally, the C letter corresponds to samples in which water
is more abundant than oil so that composition favors O/W emulsions. Among the
six regions, four of them (A—, A+, B+ and C—) are referred to as normal regions
because the composition preference agrees with formulation and two of them (B—
and C+, in gray) are considered abnormal because they are in agreement with the
volumetric requirements and in opposition with formulation ones. Because of the
conflict between formulation and composition, close to the oblique lines in regions
B— and C+, double emulsions can be present. The inner emulsion is thought to
be governed by formulation whereas the outer emulsion is governed by composi-
tion; in the B— region, the double emulsion should be of the O/W/O type and of
the W/O/W type in the C+ region. The bold black line represents the inversion
locus.

Two kinds of transitions are generally distinguished in the literature. The
emulsion can be inverted by crossing the bold line from A+ to A— or vice versa.
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FIGURE 1.6. (a) Schematic formulation—composition map. SAD is the surfactant affinity
difference; it is positive for a lipophilic surfactant and negative for a hydrophilic one. The
gray zones are abnormal. (b) Schematic representation of the proposed mechanism for
a transitional inversion. (¢) Schematic representation of the proposed mechanism for a
catastrophic phase inversion.
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In this case, the inversion is said to be transitional, with an almost horizontal
line; the inversion is governed by the formulation, with almost no dependence on
composition. The inversion is characterized by a dramatic decrease of interfacial
tension. Many authors have reported that emulsification via transitional inversion,
involves passage through a bicontinuous microemulsion phase or a lamellar liquid
crystalline phase [107-113] (Fig. 1.6b). If the bold line is crossed by a change in
composition, the transition is said to be catastrophic. This happens when the type
of emulsion is first governed by the composition and then by the formulation or vice
versa. In catastrophic phase inversion, a region where the type of emulsion is not
well defined is passed through and formation of temporary multiple emulsions has
often been reported [102,114—116]. The proposed mechanism is as follows (Fig.
1.6¢): during stirring, droplets of the continuous phase can be entrapped in the dis-
persed droplets, increasing the effective internal volume fraction until reaching the
required value for inversion. Because the spontaneous curvature of the surfactant is
frustrated at the interface of the external drops, coalescence occurs [117,118] with
a high frequency leading to a rapid inversion. Once the required volume fraction is
reached, the inversion phenomenon is rapid and often dramatic. For catastrophic
inversion, no decrease of the interfacial tension is observed. The inversion locus
can also be crossed at the intersections of the horizontal and oblique lines; both for-
mulation and composition favor the inversion that is called “combined inversion”
[119-123]. This allows production of emulsions with low average droplet size.
The formulation—composition map is only a qualitative tool since it is well known
that transient effects give rise to hysteresis in catastrophic inversion, depending
on the emulsification protocol [116,123-126]. An increase of the surfactant
concentration enlarges both the central region and the transition zones, whereas
stirring has the opposite influence. An increase in the oil phase viscosity shrinks
the A+ region, favoring the catastrophic inversion from A+ to C+. In a similar
way, an increase of the aqueous phase viscosity makes the region A- narrower
promoting inversion from the A— to B— region. As a consequence, catastrophic
inversion is well adapted for emulsifying viscous phases (see example later).

To sum up, it is commonly accepted that transitional inversion likely happens
through a bicontinuous or a liquid crystalline phase characterized by a very low
interfacial tension, whereas catastrophic inversion proceeds through the formation
of multiple emulsions. Although pedagogic, this picture is probably oversimplified
since some papers [113,127] have revealed a correlation between the possibility
of forming nano-emulsions via the emulsion inversion method and the presence
of lamellar phases. Only direct investigations [128] and especially the promising
observation using nonintrusive dye tracing techniques [ 129] will provide an answer
to the strenuous question of inversion mechanism and dynamics.

1.6.3. Examples
1.6.3.1. Emulsification of Very Concentrated Emulsions Using the PIT Method

Phase inversion may be used as an emulsification method for systems with a very
high internal phase content [130—-133]. The process is illustrated in Fig. 1.7 for
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FIGURE 1.7. Process of emulsification of a very concentrated W/O emulsion. An oil-in-
water microemulsion at 7°C (a) is rapidly heated to 40°C, the gel emulsion is formed after
less than 40 s (b), the emulsion does not flow if the tube is turned upside down (c¢). (From
[133], with permission.)

a W/O emulsion. At 7°C, the mixture of 90 wt% 0.1 M NaCl aqueous phase,
3 wt% of C,E,4 surfactant (tetraethylene glycol monododecyl ether), and 7 wt%
decane forms an isotropic L1 phase. As temperature is increased, the surfactant is
dehydrated and becomes more lipophilic (its PIT is around 18°C). From 7°C to
40°C, different phases in the equilibrium phase diagram (liquid crystal lamellar
phase, bicontinuous sponge phase) may be crossed [131]. At40°C, an L2 phase is
in equilibrium with excess water. When the sample is rapidly heated from 7°C to
40°C, it becomes milky in less than 1 minute (Fig. 1.7b), revealing the formation
of an emulsion. This is confirmed by the microscope image of Fig. 1.8, showing
small water droplets (=1 pum). Because of the very high water content (90 wt%),
the W/O emulsion exhibits the behavior of a solid (Fig. 1.7¢).

1.6.3.2. Emulsification of Very Viscous Phases

Phase inversion may be used to emulsify highly viscous substances such as bitu-
men (the viscosity of which can be as high as 10° Pa-s at room temperature) [134].
The most frequent industrial technique used to prepare bitumen-in-water emul-
sions consists of mixing hot bitumen (130°C) with an aqueous phase (*=60°C at
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FIGURE 1.8. Microphotograph of the obtained gel emulsion. (From [133], with permission.)

1.5 atm) under turbulent stirring. Such fabrication conditions are very constraining
and do not allow precise control of the drop size. Leal-Calderon et al. [134] have
proposed directly mixing the two phases in a laminar regime. This emulsification
process is based on a catastrophic inversion. It allows production of emulsions with
bitumen volume fractions as high as 95%. The average droplet size is in the micron
range and the size distribution is quite narrow compared to the same emulsion ob-
tained via the classical technique (Fig. 1.9). This method is applicable to other very
viscous components and for the preparation of both direct and inverse emulsions.

1.7. Application of a Controlled Shear

In industrial applications, emulsions are often obtained by exerting a crude stirring,
made of a very complex combination of extensional and shearing flows. To study
and understand the fragmentation process, the flow must be simplified before

20
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generalizing the results to uncontrolled stirring. Mason and Bibette [135] showed
that a controlled high shear applied to crude polydisperse emulsions can lead
to monodisperse systems. They took advantage of this observation to design a
process allowing the production of monodisperse materials in large quantities
[136]. Systematic work [137] performed on various systems provided a complete
mapping of the conditions leading to monodisperse fragmentation. In this section,
we discuss the mechanisms of shear rupturing and the origin of monodispersity.

Many authors have worked on drop deformation and breakup, beginning with
Taylor. In 1934, he published an experimental work [138] in which a unique drop
was submitted to a quasi-static deformation. Taylor provided the first experimen-
tal evidence that a drop submitted to a quasi-static flow deforms and bursts under
well-defined conditions. The drop bursts if the capillary number Ca, defined as the
ratio of the shear stress o over the half Laplace pressure (excess of pressure in a
drop of radius R: P, = i \where ¥int 18 the interfacial tension):

R
_20'
=5

exceeds some critical value, Ca,,, that depends on the viscosity ratio, p, between
the dispersed and continuous phases:

Ca 1.2)

_
Me

Several studies [139-141] led to a complete description giving Ca,, as a function
of p for flows spanning from simple shear to extensional flow (Fig. 1.10). More-
over, different mechanisms of rupturing have been observed, as for example (1) the
development of a Rayleigh instability [142—145], in which an undulation develops
and grows at the surface of the drop deformed into a cylinder until breakage; (2)
tip streaming [146], in which very small droplets are expelled from pointed ends
of the deformed initial drop; and (3) end pinching [147], in which droplets are
progressively formed by pinching of both ends from the initial drop deformed into
a cylinder. Again, all these results have been obtained in quasi-static conditions,
where the flow is slowly increased in such a manner that either a stationary de-
formation is reached, or the drop breaks. Usually, emulsions are prepared under
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conditions far away from ideal quasi-static deformation, changing radically the ac-
cessible states and hence the rupturing conditions as showed by Hinch and Acrivos
[148]. Hereafter, we describe in more detail the work of Mabille et al. [149,150]
on fragmentation under non quasi-static conditions.

1.7.1. Emulsion Preparation and Characterization

To investigate the effect of a shear, the first step consists of preparing a crude
polydisperse emulsion called “premix,” which is obtained by gently incorporating
the oil phase into the aqueous one. This allows one to obtain a macroscopically
homogeneous sample. During this first step, the stirring must be soft enough to
avoid the production of small droplets that could perturb the investigation of further
fragmentation. Once this premix is obtained, different monodisperse emulsions are
produced under shear and the droplet volume fraction is adjusted to the required
value. An example of a premix and of the resulting monodisperse emulsion is shown
in Fig. 1.11. The shear clearly reduces the average size and the distribution width.

The emulsions are characterized by the mean diameter d and the polydispersity
P, defined by:

> Nid} Y Nid? |d — dj|
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d P=="———— 1.4
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d=———
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where J; is the total number of droplets with diameter d;. d is the median diameter,
that is, the diameter for which the cumulative undersized volume fraction is equal to
50%. Both d and P are obtained from static light-scattering measurements and the
use of Mie theory. In the following, an emulsion is considered as monodisperse
if P < 25% because below this limit value, concentrated drops organize into
crystallized domains as can be observed in Fig. 1.11 (for the premix d = 23 pm
and P = 40%, while for the sheared emulsion d = 1 um and P = 12%).

(a)

FIGURE 1.11. Microphotography of (a) the premix and (b) the emulsion after application
of a shear. (Adapted from [149].)
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1.7.2. Fragmentation Kinetics of Model Emulsions

The model system used by Mabille et al. [149, 150] was a set of monodisperse
dilute (2.5 wt% of dispersed oil) emulsions of identical composition, whose mean
size ranged from 4 um to 11 pum. A sudden shear of 500 s~! was applied by
means of a strain-controlled rheometer for durations ranging from 1 to 1500 s. All
the resulting emulsions were also monodisperse. At such low oil droplet fraction,
the emulsion viscosity was mainly determined by that of the continuous phase
(it was checked that the droplet size had no effect on the emulsion viscosity). The
viscosity ratio p = n4/n. = 0.4 and the interfacial tension yj, = 6 mN/m remained
constant.

InFig. 1.12, the evolution of the mean diameter as a function of the shearing time
is plotted. For large initial sizes (8§ pm and 11 pm), one clearly distinguishes two
regimes. The diameter jumps from its initial value to about 6 pmin less than 1 s. The
size reached after this first abrupt decrease is independent of the initial diameter.
Then, a second slow decrease takes place and the size decreases from 6 to 3.8 um.
For emulsions with an initial diameter smaller than 6 pm, only this second regime is
observed with variable characteristic times. Whatever the initial size, all the curves
converge toward a unique asymptotic diameter, equal to 3.8 um. If the resulting
emulsions are sheared once again at the same shear rate, no further fragmentation
occurs, showing that the value of 3.8 pm corresponds to an asymptotic diameter.

1.7.3. Breaking Mechanisms
1.7.3.1. The Fast Regime
i. Evidence of the Occurrence of a Rayleigh Instability Under Shear

A dilute emulsion comprising oil drops dispersed in an aqueous solution was
sheared between two glass slides under an optical microscope [149]. Original
drops were deformed into long threads (Fig. 1.13a) that broke in numerous identical
aligned and regularly spaced droplets (Fig. 1.13b). One can distinguish some very
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FIGURE 1.13. Mechanism of rupturing. Under shear, drops elongate into long cylinders (a)
that undergo a Rayleigh instability leading to identical aligned droplets (b). (Adapted from
[149].)

small satellites in between the new formed droplets. The alignment of regularly
spaced droplets is characteristic of a Rayleigh instability. It can hence be concluded
that the first fast size decrease is due to a Rayleigh instability that develops on the
elongated threads.

ii. Description of the Rayleigh Instability at Rest

The breakup of a cylindrical thread at rest has been studied [142,145,151]. A
varicosity of wavelength A (Fig. 1.14) at the surface of a liquid cylinder immersed
in another liquid will be amplified if its development causes a decrease of the inter-
facial area. Such a condition is satisfied if A is larger than 27 r., . being the radius
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of the cylinder. Tomotika [151] showed that the perturbation grows exponentially
with a rate that depends on the interfacial tension y;y, the external fluid viscosity
¢, and the internal to external viscosity ratio p. Instead, the shape fluctuation is
damped if it causes an increase of the interfacial area, corresponding to A smaller
than 27 r.. Among all the amplified perturbations, the one leading to rupturing is
characterized by the wavelength A, that depends on p. When the amplitude of the
disturbance becomes equal to the thread radius r., the cylinder breaks up into a
set of drops regularly spaced by A,, and having a diameter dg. The perturbation
leading to the Rayleigh instability is characterized by the dimensionless parameter
x,, defined as:

Xm = — (15)

The x,, values can be found in [151] or in [145]. These tabulated values and the
two following volume conservation relations allow a complete determination of
the characteristic lengths of the instability:

dinif

- = I (1.6)
and:

dx = Am > (1.7)

6 c

where [ is the cylinder length just before rupture and d;,,;; is the initial drop diameter.
The number of formed droplets N is given by:

d' it 3
(%)

The values of x,, are known only for stationary threads. The characteristic lengths
are in good agreement with experimental observations [145] and were used in
polymer melts in order to deduce the interfacial tension [152,153].

When a shear flow is applied, the situation becomes more complex because
the stretching rate and the orientation of the thread are linked [148,154] and are
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continuously evolving. Moreover a comparison of an analytical description with
experimental results requires knowledge of the cylinder radius and orientation just
before the instability develops. Because these two quantities are not accessible, a
complete description of the Rayleigh instability under shear is not possible.

iii. Rayleigh Instability in Non-stationary Conditions

In the experiments of Mabille et al. [149,150],only the resulting size dg was ac-
cessible. Because dg was independent of the initial size and because of the volume
conservation condition, the product rf)»m remained constant. By shearing viscous
polymer blends, Rusu et al. [155] have directly examined the fragmentation of long
cylinders. They observed that the larger the initial drop, the longer the cylinders
but one and the same final diameter was obtained after rupturing. Moreover, they
provided experimental evidence for the existence of a unique cylinder diameter
before breakup. Such results suggest that the criterion for the Rayleigh instabil-
ity to occur is linked only to the diameter of the threads and is independent of
their lengths. Because nonmiscible polymer blends are quite similar to oil-water
mixtures, it is likely that a unique critical value of the threads radius r, and conse-
quently a unique value of 1, for the instability development [149,150] also exists
during emulsion fragmentation. The uniqueness of r. and 1, with respect to the
initial drop size explains the fact that a polydisperse emulsion, made of a mixture
of different initial sizes, is fragmented into a monodisperse one.

1.7.3.2. The Slow Regime

In the second regime, by considering that one drop breaks into v + 1 droplets per
unit time, the increase in the number of drops per unit time can be written as:
IN(1)
ot

Volume conservation provides a relation between the diameter d(¢) and the number
of droplets N(¢) at time . As a consequence, the differential equation governing
the size evolution is:

=VvN(t) (1.9)

dd(1)
at

The parameter v can also be seen as a probability of rupture. Because the size
saturates at a value dy, v must depend on the size. A linear dependence of v with
d can be assumed:

=2 am (1.10)
=2 .

p = uod;fdf if d>dy

v=0 ifd< dy
Taking into account that the initial size of this second regime, dy, is either the

emulsion initial size or the size after the first regime, that is, dg, the expression of
d(t) can be derived:

(1.11)

ds

do—d
1 - on exp(—v,t/3)

d(t) = (1.12)
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The data of Fig. 1.12 were fitted using vy as the unique fitting parameter. One and
the same value was obtained for all sets of point, vy = 0.015 drops per second,
indicating that the drop production rate is very low and that this second regime has
only little efficiency in comparison with the first one.

1.7.4. Generalization

The observations of model systems made of monodisperse dilute emulsions can
be generalized to polydisperse and concentrated emulsions.

1.7.4.1. Polydisperse Emulsion

The fragmentation kinetics obtained for a polydisperse dilute oil-in-water emulsion
(ng =815 mPa-s, p = 1.1) characterizedby d =19 pmand P = 55%, is shown in
Fig. 1.15[156]. As a 500 s~! shear is applied, d decreases to 6.6 um after 1 s and P
approaches 25%. By further shearing, the diameter still decreases to 5.8 pum.
The kinetic curve exhibits the same characteristic regimes as in Fig. 1.12. This
experiment shows that there is no difference in fragmenting initially polydisperse
or monodisperse emulsions, because, as explained earlier, the size resulting from
the Rayleigh instability is independent of the initial size. A polydisperse emulsion
contains drops of different sizes that undergo the same Rayleigh instability under
shear. The drops deform into threads of different lengths and fragmentation occurs
when the threads reach the same critical radius r..

1.7.4.2. Concentrated Emulsions

The previous experiments were all performed on dilute emulsions for which the
dispersed phase represents 2.5 wt% of the emulsion. The results obtained for a
concentrated emulsion with oil mass fraction equal to 75% sheared at 500 s~! and
3000 s~! are reported in Fig. 1.16 [156]. The primary emulsion was polydisperse
with d = 57 pm. The two previously described regimes still exist. The first regime
is particularly efficient in reducing the diameter because one drop breaks into
160 droplets through the Rayleigh instability for an applied shear rate of 500 s~!
(dg = 10.5 pum) and into 6200 droplets for an applied shear rate of 3000 s~!

20
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)
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L

FIGURE 1.15. Fragmentation kinetics 0 T T
of a polydisperse emulsion. (Adapted 0 100 200 300
from [156].) Time (s)
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100
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3000 s~! (Adapted from [156].)
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(dr = 3.1 um). After this first step, the emulsion was already monodisperse. The
second slow regime is less efficient because one drop breaks only into three and six
droplets, respectively. Between 2.5 wt% and 75 wt% of the dispersed phase, the
same phenomenology was observed with dg decreasing as the droplet mass fraction
increased. This tendency merely reflects the fact that the emulsion viscosity and
thus the applied stress increases with droplet concentration (at constant shear rate).

1.7.5. Parameters Governing the Rayleigh Instability

In this section, the parameters influencing the mean diameter dg resulting from
the Rayleigh instability are examined. Hereafter, the second fragmentation regime
is not considered because a narrow size distribution is already obtained after the
first one. The parameters that influence dg are the applied stress o, the viscosity
ratio p, the rheological behavior, and the way the shear is applied.

1.7.5.1. Applied Stress

To explore the influence of o, at constant shear rate y, a non adsorbing thickening
polymer (sodium alginate) was added to the continuous phase at different con-
centrations (Fig. 1.17) [149]. The oil viscosity was adjusted to keep p unchanged
and it was checked that the interfacial tension yj, remained the same. That way,
the effect of o was investigated, all other parameters remaining constant (Y, =
6 mN/m, p =1, y =500 s~ and 2.5 wt% of dispersed phase). The evolution
of the daughter drop diameter dy as a function of o is plotted in Fig. 1.18a. The
experimental dependence dg = f (o) is valid for any mother emulsion consisting
of large droplets with diameters larger than dg. This curve can also be seen as a
fragmentation limit: for a given stress, only drops with diameter larger than dg
will break. In Fig. 1.18b, the stress is plotted as a function of the Laplace pressure
of the daughter drops:

Pp = 4yin/dr (1.13)

The straight line defines the transition between two regimes: in the upper half plane,
fast fragmentation occurs (<1 s) under shear, whereas fragmentation does not take
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FIGURE 1.17. Rheograms of an emulsion at 2.5 wt% of dispersed phase and different
alginate concentrations: (A) 1.6 wt%, (&) 1.8 wt%, (m) 2.0 wt%, (O) 2.2 wt%, (@) 2.4
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place in the lower half plane. The experiments also provide an empirical law that
can be used to predict the droplet size resulting from monodisperse fragmentation:
4')/int

o

dr = (1.14)

where « is a dimensionless constant that should essentially depend on p(«x ~ 0.1
for p = 1). For p = 1, the critical capillary number for droplet rupturing Ca,
determined in quasi-static conditions is of the order of 0.5 [139,140,158]. When
the shear stress is applied suddenly, the stress and Laplace pressure are found to
be proportional and from the slope of the experimental curve, it can be deduced
that Ca, is of the order of 0.2 (Ca., ~ 2« = 0.2), a value that is quite comparable
to the one obtained in quasi-static conditions.

1.7.5.2. Viscosity Ratio

To explore the influence of p, the viscosity of the internal phase was varied over
four decades, everything else being constant [149]. As can be seen in the log-log
plot of Fig. 1.19, dr (identically Ca,,) scales with the viscosity ratio as po.z: the
low value of the exponent indicates that dg is only weakly dependent on p. In
Fig. 1.20, the evolution of the polydispersity P as a function of p is plotted. As

45
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40 L)y )
35 1
g 30 1
A& 251 FIGURE 1.20. Effect of the
20 - viscosity ratio p on the emul-
’ sion polydispersity P. The
5 1 .
monodisperse emulsions dashed line represents the
10 T T limit between polydisperse

0.01 0.1 1 10 100 1000 and monodisperse emulsions.
P = NgM, (Adapted from [149]).
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FIGURE 1.21. Comparison of the critical capillary number for simple shear, when the shear
is applied in quasi-static conditions or suddenly.

long as p is in the range 0.01—2, the obtained emulsions are monodisperse. For
p > 0.1, P increases, reflecting the progressive loss of wavelength selectivity dur-
ing the development of the Rayleigh instability. In quasi-static conditions, Grace
[139] demonstrated that Cac, diverges for p > 3, meaning that the fragmentation
is no longer possible when the viscosity of the disperse phase is at least three times
larger than that of the continuous phase. On sudden application of the shear, it be-
comes possible to break the drops even for very high p values (p > 100) (Fig. 1.21).

1.7.5.3. Rheological Behavior

To determine the influence of the rheological behavior of the emulsion, three
dilute (droplet volume fraction ¢ = 2.5 wt%) emulsions were sheared [150,156].
The three rheograms are shown in Fig. 1.22. One of them, denoted N, had a
Newtonian behavior with a viscosity of 300 mPa-s. The interfacial tension between
the continuous and dispersed phases was 4.3 mN/m. The two other emulsions, noted
ST1 and ST2, were shear-thinning and were obtained by adding a nonadsorbing
polymer in the continuous aqueous phase. For both emulsions, the interfacial
tension was 6 mN/m. From Fig. 1.22, two intersecting points, A and B, can be
defined, where the shearing conditions are identical (same ¢ and y) for N and
ST1, and for N and ST2, respectively. The results are reported in Table 1.1. The
sizes are in the same ratio as the interfacial tensions. At point A emulsions with a
Newtonian or shear-thinning behavior (N and ST1) are both polydisperse, whereas
at point B, the emulsions (N and ST2) are both monodisperse, thus proving that
the fragmentation quality does not depend on the rheological behavior.

1.7.5.4. Shearing Protocol

In the previous experiments, the shear was applied as a step in less than 1 s.
The shear can also be applied following a controlled ramp [150]. Four different
protocols are schematically represented in Fig. 1.23. The shear is increased from
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FIGURE 1.22. Rheograms of a newtonian (¢) N and two shear-thinning ST1 and ST2 emul-
sions obtained by adding 1.5 wt% (®) and 1.9 wt% (A) of a nonadsorbing polymer in the
continuous phase. (Adapted from [150].)

0to 500 s~ ! in less than 1 s (a), 10 s (b), and 100 s (c and d). The maximum shear
of 500 s~! is maintained for a duration T and is suddenly interrupted for protocols
a, b, and c. For protocol d, the shear is progressively decreased from 500 s~! to
zero in 100 s. To allow comparison, the resulting diameter is plotted (Fig. 1.24)
versus total strain y defined as:

y(t) = / y()dr’ (1.15)
0

Three emulsions with various values of p have been studied. For p = 0.013
(Fig. 1.24b) and p = 1.1 (Fig. 1.24a), all the emulsions were monodisperse. The

TABLE 1.1. Comparison of the mean sizes and distribution
widths at the two intersecting points A and B (Fig. 1.22) of
shear thinning and Newtonian rheogramms

d P Size Interfacial
(pm) (%) ratio ratio
A N 8.8 35 14 1.4
ST1 12.2 35
B N 4.5 20 1.3 14

ST2 59 22
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FIGURE 1.23. Four different ways of applying the shear. (Adapted from [150].)
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resulting size was the same whatever the applied shearing protocol. For p = 13.4
(Fig. 1.24c¢), the initial polydisperse (P = 46%) emulsion was fragmented into
polydisperse emulsions (P close to 35%), in agreement with Section 1.7.5.2. The
data corresponding to situations a, b, and ¢ superimpose, showing that fragmen-
tation does not depend on the way the shear is increased (in the non quasi-static
limit). However, when the shear is abruptly stopped, the final size is 10 um (a,
b, and c) whereas for a progressive slowdown, the final size is 13 um (d). The
size ratio of 1.3 between the experiments corresponds roughly to 2!/3. It can be
argued that when the shear is suddenly stopped, one drop breaks into two daughter
droplets. In contrast, when the shear is stopped progressively (d), this last breakup
does not occur.

It is worth noticing that the curves Ca., = f(p) reported in Fig. 1.21 are two
limit cases where the stress is applied either suddenly or quasi-statically. By vary-
ing progressively the rate of shear application, all the intermediary situations are
observable [138,139].

1.7.6. Examples of Monodisperse Materials

All the previous experimental data provide a useful guideline for producing well-
controlled materials. Monodisperse fragmentation is obtained if two experimental
conditions are fulfilled:

1. The applied shear and stress are high enough to rapidly induce the Rayleigh
instability.
2. The viscosity ratio lies in the range 0.01-2.

The most efficient way to produce monodisperse emulsions in large quantities
is to use a mixer that applies a spatially homogeneous shear. That way, all the
drops of the mother emulsion are directly submitted to the same shear rate and
break into daughter drops (in less than 1 s). However, this is not a necessary
condition for monodispersity. For example, Aronson [157] described the pro-
duction of emulsions having a controlled droplet size and a fairly narrow dis-
tribution using a standard mixer that did not apply a spatially homogeneous
shear. Concentrated emulsions were fragmented for a long period of time (30—
60 min). This ensured that the whole volume was finally submitted to the same
maximum stress. Thus, although the application of a spatially homogeneous
shear is not a necessary condition, it allows a noticeable reduction of the shear
time.

The monodisperse materials described hereafter were obtained with the Couette
type cell designed by Bibette et al. [150,159]. It consists of two concentric cylinders
(rotor and stator) separated by a very narrow gap (100 um), allowing application
of spatially homogeneous shear rates over a very wide range (from O to 14280
s~1), with shearing durations of the order of 10 s.
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FIGURE 1.25. Influence of the emulsifier concentration Cg,s on the size profiles: (4) Cyur =
15 wt%; (A) Cour = 25 Wt%; (@) Courr = 30 Wt%; and (O) Cyyrr = 45 wt% of surfactant. The
dispersed phase is kept constant at 75 wt% of a 350 mPa-s silicone oil. The lines are guides
to the eye. Inset: Zero-shear viscosity as a function of surfactant concentration. (Adapted
from [137].)

1.7.6.1. Simple Emulsions
i. Effect of the Surfactant Amount

A crude polydisperse silicone oil-in-water emulsion stabilized by a nonionic sur-
factant was submitted to different shear rates [137]. The evolution of the mean di-
ameter as a function of the applied shear rate is plotted in Fig. 1.25. The dispersed
phase mass fraction was kept constant at 75%, while the emulsifier concen-
tration in the continuous medium was varied from 15 to 45 wt%. Such large
amounts of surfactant increase the continuous phase viscosity. The reported
bars account for the distribution width deduced from light-scattering measure-
ments. At a given shear rate, smaller droplets with lower polydispersity were
produced as surfactant concentration increased. For example, at 45 wt% of sur-
factant, P < 15% whatever the applied shear rate, whereas P =~ 25% for 15
wt% of surfactant. Some microscopic pictures of the obtained emulsions are
given in Fig. 1.26. The continuous phase viscosity increases with the surfactant
concentration (see insert of Fig. 1.25). Hence for a given shear rate, the addition
of surfactant has two main effects: (1) it increases the transmitted stress, thus pro-
moting fragmentation and (2) it induces a variation of the viscosity ratio p (from
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(b)

FIGURE 1.26. Images of monodisperse emulsions obtained at different surfactant concen-
trations, Cyyf, and shear rates, V. (a) Csur = 55 Wt%, ¥ = 840057 (b) Cyur = 45 Wt%, ¥ =
2600s7". (€) Cout = 25 Wt%, ¥ = 4700 s™'. (d) Cyut = 15 Wt%, ¥ = 7350 s~'. (Adapted
from [137].)

p = 0.06 for 15 wt% to p = 0.4 for 45 wt% of surfactant), thus reducing the drop
size distribution width.

ii. Addition of a Thickener

Adding surfactant to the continuous phase is a possible route to improve frag-
mentation. However, for economic and environmental reasons, it can be beneficial
to reduce the amount of surfactant, while maintaining the viscosity of the con-
tinuous phase. This can be achieved by addition of a nonadsorbing polymer. In
the following example, two aqueous phases with identical viscosity (1 Pa-s) were
prepared: (1) 30 wt% of a nonionic surfactant in water and (2) 3 wt% of the same
surfactant with 4 wt% of a nonadsorbing polymer in water [137]. Two mother
emulsions were obtained by dispersing 30 wt% of the same silicone oil in the two
aqueous phases. When sheared at 7 = 14280 s~!, the daughter emulsions had the
same size distributions characterized by d = 1 um and P = 14% (Fig. 1.27). This
result proves the generality of the fragmentation concepts that are independent of
the chemical nature of the compounds.

iii. Polymer-Stabilized Emulsions

Surfactants are commonly used to kinetically stabilize colloidal systems.
An alternative way to achieve long-term metastability consists of adsorbing
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FIGURE 1.27. Emulsion obtained by shearing a premixed emulsion in presence of a non-
adsorbing polymer. System composition: sodium alginate (nonadsorbing polymer) 4 wt%,
nonionic surfactant (NP7) 3 wt%, oil fraction = 30 wt%. (a) Size distribution, (b) micro-
scopic image. (Adapted from [137].)
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macromolecules at the interface between the dispersed and the continuous phases.
Polymer chains are densely adsorbed at the interfaces, where they form loops and
tails extending in the continuous phase (see Chapter 2). There is no fundamental
difference concerning the fragmentation of emulsions in the presence of small
polymers [160,161]. The only feature that has to be pointed out is the importance
of the interfacial tension [137,150]. Indeed, owing to their large molecular size,
macromolecules reduce the interfacial tension between oil and water to a smaller
extend than surfactants do. In Fig. 1.28, the fragmentation profiles of two pre-
mixed emulsions, one stabilized by a polymer, the other by a short surfactant, have
been reported for comparison [137,150]. The compositions were adjusted so that
the continuous phases possessed the same zero-shear viscosity (100 mPa-s). This
was achieved with 15 wt% of a polyvinylic alcohol (PVA Ac) with a molecular
weight of 15000 g/mol and 35 wt% of the nonionic tergitol NP7 (nonyl phenol
ethoxy 7) surfactant in water. The sizes obtained for the polymer-stabilized emul-
sions are three times larger than those obtained with the surfactant, at the same
shear rate. This can be explained considering that the interfacial tension between
oil and the continuous phase is approximately three times larger with the polymer
(17.2 mN/m) than with the surfactant (5 mN/m).

1.7.6.2. Suspensions

The monodisperse fragmentation process can be extended to produce monodis-
perse solid particles [156]. The general strategy consists of performing the emul-
sification in conditions such that the dispersed phase is in the liquid state, and
to solidify the drops either by a temperature quench or through polymerization.
The microscopic image in Fig. 1.29 illustrates this possibility. It corresponds to
solid paraffin oil dispersed in water at room temperature. The emulsification was
performed in the liquid state, at a temperature above the melting point of the
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FIGURE 1.29. Microscopic image of a solid paraffin dispersed in water (room temperature).
Adapted from [156].

paraffin oil. Once fragmented, the system was cooled at ambient temperature. On
cooling, the spherical shape of the warm dispersed droplets, which is controlled
by surface tension, evolved into a rough and rippled surface due to the formation
of irregularly shaped/oriented crystals.

1.7.6.3. Double Emulsions

All the previous examples reveal that a large variety of emulsions may be produced
by application of a controlled shear and that the drop size may be tuned from 0.3
to 10 pum. The same concepts can be applied with a dispersed phase which is an
emulsion itself, as far as the characteristic length of the Rayleigh instability is
large compared to the average size of the primary emulsion [162]. This allows
one to fabricate the so-called double or multiple emulsions, which are materials
suitable for the encapsulation and the sustained release of various substances (see
Chapter 6). Because the rates of release in double emulsions are very sensitive
to the droplet size [163,164], the most efficient control should be achieved in the
presence of monodisperse emulsions [165]. W/O/W monodisperse emulsions are
generally fabricated following a two-step procedure [166]. A monodisperse con-
centrated W/O emulsion stabilized by a lipophilic surfactant is first prepared. This
emulsion is then emulsified in an aqueous phase containing a hydrophilic surfac-
tant. The resulting W/O/W emulsions comprise oil globules containing smaller
water droplets, both colloids having a well-defined and controlled diameter. We
report here an example taken from [162].

1. Inverted W/O emulsion. The premixed emulsion was composed of aque-
ous droplets dispersed in an oil phase containing a lipophilic surfactant. The
droplet mass fraction ¢; was set to 80%. This crude emulsion was sheared
into the Couette-type cell [159] at constant shear rate ¥ = 10000 s~ and a
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FIGURE 1.30. Evolution of the water phase viscosity 7. as a function of the shear rate and
alginate concentration (filled symbols). For the sake of comparison, the viscosity n, of the
inverted emulsion at ¢; = 75 wt% is reported in the same graph (open symbols). (Adapted
from [162].)

monodisperse W/O emulsion with d = 0.30 pum and P ~ 20% was obtained.
To vary the droplet volume fraction ¢;, the emulsion was diluted after the frag-
mentation process.

2. Double emulsions. A given amount of the primary inverted emulsion was
dispersed in an aqueous phase containing the hydrophilic surfactant. Because
the viscosity of the continuous phase was very low compared to that of the
inverted emulsion, a thickening agent was dissolved in water. To predict the
best conditions to obtain quasi-monodisperse fragmentation, the evolution of
the aqueous phase viscosity 1. as a function of the shear rate and thickener
concentration is plotted in Fig. 1.30. For the sake of comparison, the viscosity
na of the inverted emulsion is reported in the same graph (up to 1000 s~!). For
a 2 wt% thickener solution, the viscosity ratio n,/n, was of the order of 1 at
1000 s~!, so double globules with narrow size distribution were expected in this
thickener composition range. Of course, the viscosity ratio became smaller than
1, in the presence of concentrated double globules, because the whole emulsion
viscosity 71,y should be considered instead of 1. (n.y > 1.). However, it was
checked that the ratio remained in the adequate range, that is, between 0.01 and
2, over the whole set of experiments.

The premixed double emulsion was sheared in the same Couette-type cell at
different shear rates from 0 to 14200 s~!. The obtained double emulsions had
average diameters ranging from 7 to 2 pm and polydispersities between 15%
and 30%. Figure 1.31 shows microscopic images of double emulsions fabricated
at different shear rates. Large oil globules very uniform in size are visible, and
the smaller inverted water droplets are also distinguishable. From these results,
it can be concluded that the fragmentation method that has been developed for
simple emulsions can be extended to produce quasi-monodisperse double emul-
sions. In other words, the capillary instability occurring in simple emulsions
also takes place in the presence of materials such as concentrated emulsions,
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FIGURE 1.31. Images of W/O/ W emulsions obtained at different shear rates. The emulsions
were diluted with water and glucose to facilitate observation. (a) Y = 1000 s~! and (b)
Y = 14,200 s~'. (Adapted from [162].)

within the same rheological and shearing conditions. It is worth noting that in
the previous experiments, the final globule size was always significantly larger
than the internal water droplet diameter (there is at least a factor of 10 between
the two diameters). In such conditions, the W/O emulsion may be considered
as an effective continuous medium obeying the same fragmentation properties
as a simple fluid.

iv. Influence of the Internal Droplet Mass Fraction

The primary W/O emulsion was diluted to vary the mass fraction ¢; of the water
droplets in the inverted emulsion. In Fig. 1.32 the evolution of the globule diameter
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FIGURE 1.32. Dependence of the globule diameter in W/O/W emulsions on the steady shear
rate ¥ for different ¢; values. (Adapted from [137].)
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as a function of ¥, for three different mass fractions ¢; is reported. The mass
fraction ¢, of the globules in the double emulsion was always equal to 70%. It can
be observed that for a given shear rate, the globule size increases with the droplet
mass fraction. By varying ¢;, the average viscosity of the inverted emulsion also
changed. The results were qualitatively identical to the concepts discribed for the
fragmentation of simple emulsions. By increasing the viscosity of the dispersed
phase, they identically observed that the droplet diameter increases.

1.7.6.4. Ferrofluid Emulsions

Monodisperse ferrofluid emulsions comprise magnetic oil droplets dispersed in a
water continuous phase. The specific magnetic and optical properties of these mate-
rials are currently exploited in research and/or technological fields. Leal-Calderon
et al. [168] have developed a technique that allows one to directly determine
the force distance law between tiny colloidal particles. Their technique exploits
the fact that the anisotropy of the forces between dipoles causes the ferrofluid
droplets to form chains. Because chains give rise to a strong Bragg diffraction
of the visible light, the inter-droplet spacing is accurately measured. Moreover,
because the attractive dipolar magnetic force can be varied trough the intensity of
the external field, the balancing repulsive force can also be measured at various
spacings. This technique has been used for the measurement of colloidal forces in
the presence of many different surface active species (surfactants, polymers, pro-
teins) and has provided interesting insights in the field of colloidal forces (see
Chapter 2). Because this technique is based on a precise determination
of the interdroplet spacing, it requires the use of highly monodisperse
emulsions.

The preparation of a ferrofluid emulsions is quite similar to that described for
double emulsions. The starting material is a ferrofluid oil made of small iron oxide
grains (Fe,03) of typical size equal to 10 nm, dispersed in oil in the presence of an
oil-soluble surfactant. The preparation of ferrofluid oils was initially described in
a US patent [169]. Once fabricated, the ferrofluid oil is emulsified in a water phase
containing a hydrophilic surfactant. The viscosity ratio between the dispersed and
continuous phases is adjusted to lie in the range in which monodisperse fragmen-
tation occurs (0.01-2). The emulsification leads to direct emulsions with a typical
diameter around 200 nm and a very narrow size distribution, as can be observed
in Fig. 1.33.

1.8. Conclusion

The size characteristics of emulsions obtained through different techniques re-
viewed in this chapter are summarized in Table 1.2. The emulsification method
should be selected depending on the required size for industrial use. For high-jet
homogenization, the stabilizer concentration and the applied pressure should be
properly controlled. The dispersed volume fraction is restricted to 30% to avoid
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FIGURE 1.33. Scanning electron microscopy image of a ferrofluid emulsion (Courtesy of
Ademtech Company.)

recombination. Higher volume fraction or viscous phases would also risk plugging
the microchannels composing the apparatus.

Membrane emulsification allows a precise control of the droplet size and
monodispersity but the scale up of this process is difficult. Microchannel emul-
sification is a promising technique but the low production rates restrict its use to
highly monodisperse systems intended for high-technology applications.

Emulsification through inversion is often used at an industrial scale, especially
in the cosmetics field. Its main restriction lies in the formulation dependence.

Mechanical stirring is widely used in industrial processes in which the flow is
often generated by the displacement of a mobile (helix or rotor-stator) in a laminar
or turbulent regime. The final size distribution is generally wide and results from a
complex coupling between fragmentation and recombination (coalescence). In this
chapter, we have described a simple regime of emulsification under mechanical stir-
ring where the flow was spatially homogeneous and where recombination did not
take place owing to the rapid adsorption of the surface active species. Under such
idealized conditions, it is possible to produce monodisperse emulsions devoted to
fundamental studies or to specific high-technology applications (Chapter 7).

TABLE 1.2. Summary of the accessible sizes

Emulsification method Typical size
High-pressure homogenization (¢ < 30%) 50 nm-5 pm
Membrane 0.2-100 pum
Microchannel 10-100 pum
Spontaneous ~100 nm
Inversion <lum

Mechanical stirring 1-15 pm
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2

Force Measurements

2.1. Introduction

Knowledge of the forces acting between colloidal particles is of primary impor-
tance in understanding the behavior of dispersed systems. Emulsions, foams, and
colloidal dispersions require repulsive surface forces to become metastable. In
the case of liquid dispersions, coalescence may occur when the thin liquid films
separating the interfaces break. If the net force acting at short distances is highly
repulsive, coalescence is inhibited and the system can remain stable for a long
period of time. A net attractive force may lead to aggregation of droplets. Whether
droplets are aggregated or not determines the phase behavior and the rheological
properties of emulsions. This is why it is important to know the variation of the
net force with distance, and many different techniques have been devised for that
purpose.

This chapter comprises two sections. The first describes the most usual tech-
niques to directly measure force versus distance profiles between solid or liquid
surfaces. We then describe different long-range forces (range >5 nm) accessible
to evaluation via these techniques for different types of surface active species. The
second section is devoted to attractive interactions whose strong amplitude and
short range are difficult to determine. In the presence of such interactions, emul-
sion droplets exhibit flat facets at each contact. The free energy of interaction can
be evaluated from droplet deformation and reveals interesting issues.

2.2. Long-Range Forces

The development of various techniques has led to important advances. The pos-
sibility to measure intermolecular and intercolloidal forces directly represents a
qualitative change from the indirect way such forces had been inferred in the past
from aggregation kinetics or from bulk properties such as the compressibility (de-
duced from small angle scattering) or phase behavior. Both static (i.e., equilibrium)
and dynamic (e.g., viscous) forces can now be directly measured, providing infor-
mation not only on the fundamental interactions in liquids but also on the structure
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of liquids adjacent to surfaces and other interfacial phenomena. Two techniques are
available for measuring forces between macroscopic solid surfaces as a function of
distance: the surface force apparatus (SFA) [1-3] and the measurement and anal-
ysis of surface interaction forces (MASIF) [4,5]. Forces between a macroscopic
surface and a particle can be measured by means of the atomic force microscope
(AFM) using a colloidal probe [6], or by employing total internal reflection mi-
croscopy (TIRM) to monitor the position of a particle trapped by a laser beam [7].
Measurement of forces between two liquid interfaces may be performed via the
thin film balance technique (TFB) for macroscopic single films [8] or via the liquid
surface force apparatus (LSFA) for very small films formed between a droplet and
a macroscopic liquid surface [9]. The magnetic chaining technique (MCT) used
for direct measurement of force—distance profiles between liquid particles of col-
loidal size involves the application of magnetic fields to ferrofluid emulsions [10].
Osmotic stress techniques combined with X-ray scattering are commonly used for
studying interactions in liquid crystalline surfactant phases or in concentrated dis-
persions [11]. All these techniques (and others not mentioned here) have provided
very detailed and useful information on surface forces, especially in the presence
of species adsorbed at the interfaces (ions, surfactants, polymers, phospholipids,
proteins, etc.). They have been used under a sufficiently large variety of conditions
to allow comparisons and to infer some general rules that govern the behavior of
thin liquid films. In this section, we first briefly describe three of them, which have
been chosen because they are representative of the techniques that can be used for
measuring forces between solid (SFA) and “soft” interfaces (TFB and MCT). We
then report some of the most recent advances in the field of force measurements
between liquid interfaces, emphasizing the influence of adsorbed and nonadsorbed
surfactant and polymer molecules.

2.2.1. Techniques for Surface Force Measurements
2.2.1.1. Surface Force Apparatus (SFA) (Fig. 2.1)

In this technique, two molecularly smooth mica surfaces are mounted in a crossed
cylinder configuration with a typical radius, R, of 2 cm. They are silvered on their
backside and glued onto cylindrical silica disks. Collimated white light oriented
normal to the surfaces passes through one surface and is multiply reflected between
the silver layers. Because of constructive interferences, multiple-beam interference
fringes are transmitted through the second surface. The surface separation / can be
determined by comparing the interference fringes when the surfaces are in contact
and apart. The distance resolution is of the order of 0.1 nm. The distance between
the two interacting surfaces is generally changed by applying a variable voltage to
a piezoelectric crystal. The force between them is deduced from the deflection of a
cantilever spring of constant k on which one of the surfaces is attached. The force
F is measured by expanding or contracting the piezoelectric crystal to a known
amount A/ and by measuring by interferometry the actual displacement Ahy
of the two surfaces relative to one another. The difference of the two distances
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gives, using Hookes’s law, the difference in the forces applied before and after
displacement:

AF = k(Ah — Ahg) 2.1)

The force resolution is generally of the order of 10~ N. One of the main advantages
of the SFA technique compared to the two others presented here is that it allows
the measurement of both attractive and repulsive forces.

2.2.1.2. Thin Film Balance (TFB) (Fig. 2.2)

Initially devised to measure interactions in single soap films (air/water/air) [8],
the TFB technique has been progressively improved and its application has been
broadened to emulsion films (oil/water/oil) [ 12] and asymmetric films (air/water/oil
or air/water/solid) [13,14]. In a classical setup, a thin porous glass disk is fused
on the side to a capillary tube and a small hole is drilled in the center of the
disk. The liquid solution fills the disk, part of the capillary, and a thin horizon-
tal film is formed across the hole. The disk is enclosed in a hermetically sealed
box, with the capillary tube exposed to a constant reference pressure P.. Under
the effect of the pressure difference AP between the box and the reference, the

objective [!J

light beam

pressure
transducer

FIGURE 2.2. Scheme of the thin film balance technique (TFB).
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film thins and finally stabilizes at a thickness # if the surface force per unit area IT
balances the applied pressure. I is a function of / and is called disjoining pressure
after Derjaguin [15]. The pressure difference is typically controlled within a few
Pascals through changes in the box pressure via a precise syringe pump. As in the
SFA technique, the thickness 4 is measured by monitoring the light reflectivity at
normal incidence, and by using classical interferometric formulas. Typically, the
optical system consists of a reflected light microscope supplied with a heat-filtered
light source. At equilibrium and in the flat portion of the film, the disjoining pres-
sure equals the capillary pressure, that is, the pressure difference between the box
and the liquid in the Plateau-border region:

2Vt
M=P,— P, =P, — P+ y;’f—pgs 2.2)

where yq,r is the air—solution surface tension, r is the capillary radius, p is the
density of the solution, § is the height of the solution in the capillary tube, and g is
the gravitational constant. The first term P, — P, can be measured with a differ-
ential pressure transducer and the others terms are easily obtained from standard
measurement methods. It should be noted that only globally repulsive forces can
be measured via this technique, in contrast to the SFA.

2.2.1.3. Magnetic Chaining Technique (MCT) (Fig. 2.3)

In TFB technique, the thin film radius is typically of the order of 100 pum, far
larger than the contact film radius likely to be formed when two micron-sized
droplets approach. The magnetic chaining technique overcomes this limitation,
allowing the direct measurement of force—distance profiles between liquid col-
loidal droplets. This technique exploits the properties of monodisperse ferrofluid

cylindrical coil

Magpnetic field e
PC *
e h 2a
1‘/ |
ﬁ I
\\\white gt~ /

FIGURE 2.3. Scheme of the magnetic chaining technique (MCT).
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emulsions. The dispersed phase of a ferrofluid emulsion is an octane ferrofluid,
that is, octane containing small ferrimagnetic oxide grains (Fe,03, 100 A in size).
Highly Monodisperse oil-in-water emulsions are obtained using the fragmenta-
tion method described in Chapter 1 (Section 1.7.6.4) followed by the fractionated
crystallization technique described in Chapter 3 (Section 3.2.1.2).

At very low droplet volume fractions (¢ < 0.1%) and on application of an
external field, the droplets form chains that are only one droplet thick and that
remain well separated. If the sample is illuminated by a white light source, the
emulsion appears beautifully colored in the back-scattering direction. These colors
originate from Bragg diffraction and provide a straightforward measure of the
spacing between droplets within the chains. For perfectly aligned particles with a
separation d, illuminated by incident white light parallel to the chains, the first-
order Bragg condition reduces to:

2d = ho/n (2.3)

where 7 is the refractive index of the suspending medium (n = 1.33 for water), and
Ao is the wavelength of the light Bragg-scattered at an angle of 180° with respect
to the incident beam direction. The wavelength of the Bragg peak provides a direct
measure of the spacing between the drops, through Eq. (2.3). Because the drops are
monodisperse and negligibly deformable owing to their large capillary pressure
(~1atm), it is possible to determine the interfacial separation,h = d — 2a, wherea
is the droplet radius. The average interfacial separation is resolved with a precision
of about 1.5 nm.

The repulsive force, F,, between the droplets must exactly balance the attractive
force, F,,, between the dipoles induced by the applied magnetic field. Since the
dipoles are aligned parallel to the field, this force can be calculated exactly and is
given by [16]:

1.202 3m?

Fr(d)sz(d)z_m*7

(2.4)
where 1 is the magnetic permeability of free space and m is the induced mag-
netic moment of each drop. The induced magnetic moment must be determined
self-consistently from the susceptibility of the ferrofluid, and the presence of the
neighboring droplets. Thus,

4
m= U 37 a’ X; Hr (2.5)

where Hry is the total magnetic field acting on each drop, and y; is the susceptibility
of a spherical droplet. The total applied field, Hr, is given by the sum of the
external applied field and the field from the induced magnetic moments in all the
neighboring drops in the chain. This can easily be calculated for an infinite chain,
assuming point dipoles, giving:

2m

Hr = Hext +2*1202*7
47
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FIGURE 2.4. Comparison of the free energy levels that are accessible using SFA, TFB, and
MCT techniques.

This technique allows measuring interparticle forces as small as 10~!* N, corre-
sponding to the minimum force required for forming chains. One advantage of this
particular experiment is the “built-in” averaging over extremely large number of
emulsion films.

2.2.1.4. Comparison of the Different Techniques—Free Energy per Unit Area

It is instructive to compare the data emanating from different force measurement
techniques. This requires a conversion of the disjoining pressure in energy per unit
area. By integration over the thickness of the disjoining pressure, one obtains the
corresponding energy per unit area, E(h), between two infinite planes:

E(h) = / h T(h) dh Q2.7)
h

The so-called Derjaguin equation relates in a general way the force F (&) between
curved surfaces to the interaction energy per unit area E(h), provided the radius of
curvature R is larger than the range of the interactions [17]. Adopting the Derjaguin
approximation, one obtains:

E(h) = F(h)/ma (2.8)

InEq. (2.8), a is the radius of the spheres (MCT). For crossed cylinders with radius
of curvature R (SFA), one obtains:

E(h) = F(h)/2n R 2.9)

In Fig. 2.4, we compare the free energy levels that are accessible using SFA,
TFB, and MCT techniques. For TFB and MCT, the accessible range is narrower
but these two techniques offer the advantage to reach lower levels of free energy
per unit area compared to SFA.

2.2.2. Recent Advances
2.2.2.1. Surfactant-Covered Interfaces

By using MCT, Leal-Calderon et al. [ 10] measured the total repulsive force between
tiny colloidal droplets stabilized with sodium dodecyl sulfate (SDS) (Fig. 2.5). The
measurements were performed for emulsions with three different concentrations
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FIGURE 2.5. Evolution of the force with the spacing 4 for three surfactant (SDS) concen-
trations. Points correspond to experimental values and solid lines to theoretical predictions.
Droplet radius = 94 nm. (Adapted from [10].)

of SDS in the continuous phase, ranging from 6 107> mol/I to10~2 mol/l. As can
be seen, the range of the repulsive interaction clearly increases as the SDS concen-
tration decreases. An electrostatic repulsion arises from the presence of anionic
SDS molecules adsorbed on the droplets. However, it is not a simple Coulomb
repulsion, since, to conserve electroneutrality, the particle charge is surrounded by
a diffuse ion atmosphere forming an electric double-layer with the surface charge.
For the case of particles having small charge densities, the force, F,, between two
particles is best represented by [18]:

K + 1
h+2a (h+2a)?

Fo(h) = 4me Y a* [ } exp(—«h) (2.10)
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In this expression, ¢ is the dielectric permittivity of the suspending medium, v is
the electric surface potential, and « is the inverse Debye length [17], defined as:

k' =@®xL,)"? 2.11)
where

I1=1/2)" 7} (2.12)
i

is the ionic strength of the solution and L, is the Bjerrum length (L, = 0.708 nm
at T = 25°C in water). In Eq. (2.12), the summation involves all ionic species
with charge number Z;, at bulk concentration C;. For a 1:1 electrolyte, Eq. (2.11)
reduces to:

k1= @8nL,Cs)"? (2.13)

where C; is the electrolyte concentration in the continuous phase which in this
case is equal to the surfactant concentration. Equation (2.10) is valid for extended
double layers where ka < 5. If the particles have a thin double-layer, ka > 5, the
alternate approximation [19] provides the appropriate interaction force with the
assumption that 1y remains constant and independent of A:

Fuh) = 2oy a— PR (2.14)

1 + exp (—«h)

Because the inverse Debye length is calculated from the ionic surfactant concentra-
tion of the continuous phase, the only unknown parameter is the surface potential
Yo; this can be obtained from a fit of these expressions to the experimental data.
The theoretical values of F,(h) are shown by the continuous curves in Fig. 2.5,
for the three surfactant concentrations. The agreement between theory and exper-
iment is spectacular, and as expected, the surface potential increases with the bulk
surfactant concentration as a result of the adsorption equilibrium. Consequently, a
higher surfactant concentration induces a larger repulsion, but is also characterized
by a shorter range due to the decrease of the Debye screening length.

The repulsive electrostatic force may coexist with other types of interactions
and specially the so-called depletion force. This attractive force arises when small
particles are present within the continuous phase of the emulsions, for example,
surfactant aggregates. Indeed, surfactant form small (nanometer sized) and ap-
proximately spherical aggregates called micelles when present at a concentration
above the critical micellar concentration (CMC). Emulsion droplets mixed with
polymer coils also exhibit this kind of attraction. The depletion attraction has an
entropic origin: if two large oil droplets approach one another, micelles or poly-
mer coils are excluded from the region in between, leading to an uncompensated
osmotic pressure within the depleted region. Therefore, the so-called depletion
interaction scales with the osmotic pressure P,g, of the micelles or polymer coils
and also with the depleted volume in between the two large oil droplets (Fig. 2.6).
The simplest description of the depletion interaction consists in ascribing a char-
acteristic separation at which the small particles are excluded [20]. This simple
model is in agreement with direct force measurements performed with the surface
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Droplets micelles

FIGURE 2.6. Schematic representation of the depletion mechanism. Because micelles are
excluded from the gap, a depletion force takes place and is calculated by integrating the
uncompensated osmotic pressure over the accessible surface.

force apparatus (SFA), when depletion interactions are induced by charged sur-
factant micelles [21]. Indeed, small surfactant micelles are good candidates to test
this simple limit: they may be considered as non deformable objects and the re-
pulsion that eventually arises from their charge may be simply accounted for by
considering an effective exclusion diameter.

In the case of charged droplets mixed with identically charged micelles, the
net interaction between the emulsion droplets is certainly a combination of both
double-layer repulsion and some depletion mechanism. By using MCT, Mondain-
Monval et al. have measured the repulsive force—distance profiles between emul-
sion droplets stabilized by a cationic surfactant (cethyltrimethylammonium bro-
mide [CTAB]) in the presence of the same surfactant micelles [22]. Figure 2.7
shows the force—distance profiles for four different surfactant concentrations
C, = 1,5, 10, and 20 CMC (CMC = 9 10~* mol/l). For the lowest surfactant con-
centration (Cy = CMC), for which a normal electrostatic repulsion is expected, the
force profile can be accounted for by Eq. (2.14). The profile is linear in a semilog
plot and the slope obtained is in perfect agreement with the experimentally con-
trolled Debye length given by Eq. (2.13). At C, larger than CMC, the behavior
is no longer linear; instead, it exhibits a larger slope at larger separation, which
suggests that micelles contribute to an attractive force that becomes comparatively
more pronounced at large distance. Using the surface force apparatus, Richetti et
al. have measured a highly repulsive regime at short separation which was shown
to follow the classical double-layer theory [21]. However, the screening length was
larger than that expected from the total amount of charged surfactant. The Debye
length was empirically deducible from the amount of free ions only and did not
include the presence of charged micelles:

k' = {4 L, [2CMC + (Cs — CMCO)Q)]} /2 (2.15)

where Q is the fraction of dissociated CTAB molecules in a micelle (Q ~ 25%).
The deviation at large separation was attributed to the depletion force, which was
superimposed to the electrostatic repulsion. However, in the net repulsive regime,
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FIGURE 2.7. Force—distance profiles at different CTAB surfactant concentrations. Droplet
radius = 98 nm. The continuous lines are the best fits obtained with Egs. (2.14), (2.15) (for
double-layer repulsion), and (2.17) (for depletion attraction). (Adapted from [22].)

the double-layer repulsion was always largely predominant with respect to the
depletion force, which precluded a reliable observation of their interplay.

To account for their data (Fig. 2.7), Mondain-Monval et al. hypothesized that
these two forces simply add and that the repulsion between micelles and droplets
increases the effective diameter of the droplets (or micelles) [22]. This force is
derived by integrating the osmotic pressure P,g, over the accessible zone for
micelles of diameter 2r,, (r,, = 2.35 nm) from 6§ =x to 6 = — 6, with 6;
defined in Fig. 2.6. The distance at which the small micelles are excluded from
the gap between the droplets is evidently influenced by the electrostatic micelle—
droplet repulsion. To account for this repulsion, droplets (or micelles) may be
considered as particles of effective radius (a + §) [or micelles of radius (7, + 5)].
From

T—0

1
Fy(h) = =2Ppgur(a + rm + S)Zf sin 6 cos 8dH (2.16)

b2

one gets:

a+h/2
F,(h)=0 for h > 2(r, +96)
2.17)

2
Fd(h)Z_Posmn(a+rm+8)2|:1_( )i| for 0 < h < 2(r, +9)
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FIGURE 2.8. Evolution of the param-
eter § deduced from the best fits
of the data as a function of «~!
deduced from Eq. (2.15). (Adapted
from [22].)

8 (nm)

The osmotic pressure is given by P,,, = n,,kgT (inthe perfect gas approximation),
kpT being the thermal energy, and #n,, being the micelle concentration related to
Cs[n,, = (C; — CMC)N, /N, where N is the aggregation number equal to 90, and
N, the Avogadro number]. Figure 2.7 provides a comparison of the data and the
theoretical curve (continuous lines) for the three surfactant concentrations above
CMC. Clearly, the net repulsive regime is properly described by the sum of a
screened electrostatic force where k! is set by free ions only (Eq. (2.15)) and a
depletion force that includes the role of the micelles’ free zone around droplets
(extra thickness §).

On the basis of this description, a relationship between the two lengths § and
k! can be established. Different § values are obtained by gradually increasing
the amount of micelles and fitting the force profiles. The evolution of § as a
function of the calculated Debye length ! is plotted in Fig. 2.8. The thickness §
increases linearly with k ~!. The inherent coupling between depletion and double-
layer forces is reflected by this empirical linear relationship which is a consequence
of the electrostatic repulsion between droplets and micelles. The thickness § may
be conceptually defined as a distance of closer approach between droplets and
micelles and thus may be empirically obtained by writing:

B = A exp(—«$) (2.18)

where B is a threshold energy of the order of the thermal energy, kg7, and A
is a constant depending on surface potentials of droplets and micelles. From this
assumption, it can be deduced that « § scales as In[ B/A] which may be considered as
a constant. Hence, « ~'and 8 should be linearly related as observed experimentally.
The slope is a nonuniversal quantity that depends on the surface potentials and
respective diameters.

In the presence of large amount of micelles, the total force between surfaces
may oscillate due to the occurrence of oscillatory structural forces. Structural
forces are a consequence of variations in the density of packing of small particles
around a surface on the approach of a second one (stratification). Stratification of
particles such as micelles in thin liquid films explains, for example, the stepwise
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FIGURE 2.9. Measured force F
(normalized by the mean radius of
curvature R of the surfaces) as a
function of the surface separation
between crossed mica cylinders
coated with an adsorbed bilayer
of CTAB and immersed in a mi-
cellar solution of CTAB (volume
fraction of 0.073). In addition to
the depletion attractive minimum, N T R T
two oscillations due to structural 40 50 60 70 80
forces turn up. (Reproduced from Distance (nm)

[21], with permission.)

Force / Radius ( mN/m)

thinning occurring in large soap and emulsion films during water drainage [23].
Theoretical models [24] predict that at high particle concentration, the structural
forces have an oscillatory profile: the force varies between attraction and repul-
sion with a periodicity close to the mean diameter of the small particles. At low
particle concentration, the force between the surfaces becomes monotically attrac-
tive and structural forces transform into the depletion attraction. As the particle
volume fraction increases, the depletion attraction is still present at short separa-
tions and the force begins to oscillate at larger separations, the amplitude of the
oscillations increasing with the particle volume fraction. Experimentally, oscilla-
tory structural forces between mica surfaces in the presence of CTAB micelles
have been measured by Richetti and Kékicheff [21] using the SFA technique. As
predicted, at high enough micellar concentration, they observe the addition of an
oscillatory potential to a depletion minimum (Fig. 2.9). Structural forces have also
been measured on foam [25] and emulsion films [12] using the TFB technique. One
important difference between the SFA and the TFB measurements is the magnitude
of the oscillatory forces: in foam and emulsion films, the magnitudes of the oscilla-
tions are significantly lower than in SFA measurements [25]. This difference prob-
ably originates from the physical nature of the interfaces that confine micelles. In
SFA measurements, micelles are confined between two perfectly smooth solid sur-
faces while fluid interface are deformable and may experience thermal surface fluc-
tuations that reduce the ordering responsible for the oscillatory structural forces.

2.2.2.2. Polymer-Covered Interfaces

Double-layer forces are commonly used to induce repulsive interactions in col-
loidal systems. However, the range of electrostatic forces is strongly reduced by
increasing the ionic strength of the continuous phase. Also, electrostatic effects are
strong only in polar solvents, which is a severe restriction. An alternative way to
create long-range repulsion is to adsorb macromolecules at the interface between
the dispersed and the continuous phase. Polymer chains may be densely adsorbed
on surfaces where they form loops and tails with a very broad distribution of sizes
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and extending in the continuous phase [26]. The repulsive forces between adsorbed
polymer layers are essentially due to steric effects between the two layers when
they overlap.

i. Dilute Regime

The structure, the thickness, and the interactions generated by the presence of
the adsorbed polymer layers have been extensively studied [17]. In particular, the
force between two polymer-covered mica sheets in various solvency conditions
has been probed via the SFA technique [27,28]. The force is purely repulsive in
a good solvent and becomes attractive as the solvent gets poorer. However, these
studies concern only a regime of large interaction compared to the thermal energy
and are restricted to interactions between solid surfaces.

Following the pioneering experiments of Lyklema and van Vliet [29], Mondain-
Monval et al. [30,31] have measured the repulsive forces between polymer-covered
liquid interfaces in the low interaction regime (force/radius <10~% N/m). They used
two different force measurement techniques, i.e., MCT and TFB techniques. All the
experiments were performed in the dilute regime (¢, < ¢, where ¢ is the dilute
to semidilute bulk polymer volume fraction). The force—distance profiles between
the ferrofluid droplets and the air—water films are displayed for three molecular
weights for PVA—Vac polymer (statistical copolymer of vinyl alcohol [88%] and
vinyl acetate [12%]) on Fig. 2.10a. The disjoining pressure I1 measured via the
TFB technique was transformed into a force through the Derjaguin approximation
[17] (Egs. (2.7) and (2.8)). The two profiles are qualitatively similar and show a lin-
ear decay with the same slope on a semilogarithmic scale. However, the distances
corresponding to equal forces are very different in the two experiments (they
are larger in the air-liquid films). The force as a function of the distance may be
written as:

Fy(h) = a h exp(—h/A) (2.19)

where A is a characteristic decay length and « is a constant prefactor. These
exponentially decaying profiles are insensitive to the presence of electrolytes
and thus cannot be attributed to an electrostatic repulsion that could exist if, for
example, some parasitic charges were present at the interface. In both techniques,
the thickness A is of the order of the radius of gyration of the chains in solution
despite the fact that the interaction that drives the adsorption can be very different
from one interface to the other. Using a different polymer, it can be shown that
this exponential behavior is not specific to PVA—Vac. A second set of experiments
has been performed with a weak polyelectrolyte (polyacrylic acid [PAA]) in
solutions of high ionic strength and low pH (Fig. 2.10b). The presence of salt
ensures that any long-range repulsion is not due to electrostatics. Here also,
exponentially decaying profiles were measured with characteristic distances
varying with molecular weight. The polymer radius of gyration R, may be varied
by increasing the temperature from 20°C to 80°C, i.e., in a regime in which the



2.2. Long-Range Forces 65

10

1072

Force (N)

107

10"

I ENEIn|
—
O
=

1072

Force (N)

Ll

107

T
40 60 80 100 120 140 160
h (nm)

FIGURE 2.10. (a) Influence of the polymer molecular weight on the force-distance pro-
files between air-water (filled symbols) and oil-water interfaces (empty symbols). Polymer
concentration = 0.5 wt%. Average molecular masses of the polymers: oil-water interface:
(O) M,, = 10000 g/mol; ((J) M,, = 55000 g/mol; (O) M,, = 155000 g/mol. air—water
interface: (¢) M,, = 10000 g/mol; (Hl) M,, = 55000 g/mol; (®) M,, = 155000 g/mol.
(b) Forces in PAA solutions at the oil-water interface. Polymer concentration = 0.1% wt%.
Experiments were performed in the presence of NaCl (0.2 mol/l) at pH = 3. Average molec-
ular masses of the polymers: ({) M,, = 100000 g/mol; ((CJ) M,, = 320000 g/mol. In both
figures, the lines are the best fits to the data using Eq. (2.19) in the text. (Adapted from
(311)

radius of gyration is significantly reduced but still in good solvent conditions. The
profiles always remain exponential but the range decreases significantly. Figure
2.11 shows the experimental evolution of the adsorbed layer thickness X as a
function of the radius of gyration: the variation is reasonably linear.

Using both a mean field and a scaling approach, Semenov et al. [32] compared
these experimental results with the theoretical predictions. The theory distinguishes
the loop and tail sections of the adsorbed chains and involves three length scales: the
adsorbed layer thickness X, an adsorption length z* that separates the regions where
the monomer concentration is dominated by loops and by tails, and a microscopic
length b inversely proportional to the adsorption strength. Two regimes must be
distinguished depending on the strength of the adsorption measured by the ratio A/b.
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FIGURE 2.11. Evolution of the experimental characteristic distance A (deduced from the
best fit to the data using Eq. (2.19)) as a function of the polymer coil hydrodynamic radius
R, (deduced from viscosimetric measurements) for the PVA—Vac polymer. ((J) Air—water
interface; (@) Oil-water interface. (Adapted from [31].)

In the strong adsorption limit (A/b > 1) the expression of the adsorbed layer
thickness A, corresponding to the size of the largest loops or tails in the layer, reads
in the mean field theory:

A = R/(In(1/¢y vb?*))"/? (2.20)

where v is the Flory excluded volume parameter and ¢y is the bulk polymer
volume fraction. The adsorbed layer thickness is thus proportional to the chain
radius of gyration and varies only weakly with the polymer concentration ¢, and
the adsorption strength 1/b. The scaling theory in a good solvent leads to similar
conclusions.

If the distance between the two surfaces is smaller than X, the polymer-mediated
interaction decays as a power law (= in the mean field theory and 4 ~3 in the
scaling theory). The sign of the force depends, however, on the reversibility of
the adsorption and the force is repulsive at short distances only if the adsorption
is irreversible. At distances larger than A, the concentration is dominated by the
tails and the force is always repulsive and decays exponentially with the distance.
Using the Derjaguin approximation, one gets, in the scaling theory which is more
appropriate to describe polymers in good solvents, the force between spherical
droplets of radius a:

Fy(h) = (kgTma/’*) hexp(—h/A) (2.21)

This expression is valid only if A is large enough (essentially larger than z*¥), i.e.,
for a polymer adsorbed amount close to the saturation value.

The weak adsorption limit (A /b < 1) has been studied less extensively. The only
relevant length scale in this limit is the chain radius of gyration and the adsorbed
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FIGURE 2.12. Influence of a nonionic surfactant concentration (NP10 of CMC =
7 10~> mol/l) on the pressure isotherms (air-water interface). PVA—Vac concentration =
0.5 wt%. (+) [NP10] = 0; (L) [NP10] = CMC/10; (@) [NP10] = CMC. (Adapted from
[301.)

layer thickness is proportional to the radius of gyration. The force is proportional
to the number of chains adsorbed at the interface, or to the polymer-adsorbed
amount I". One expects that in the crossover range between the weak and strong
adsorption regimes the force increases (in an unknown way) with the polymer
adsorbed amount.

The model in the strong adsorption limit is in qualitative agreement with the
data of Mondain-Monval et al. For the PVA—Vac polymer, an estimation of the
theoretical prefactor (kg Tma/A3) using A deduced from the experimental slopes
(semilogarithmic plots) leads to a value between 107! and 4.10~'3 N/m. From
the fit to the data, the value typically obtained for the prefactor « in Eq. (2.19)
lies in the same range. The dependence of o on A could not be observed ow-
ing to a lack of precision. To test the variation of the force with I, increas-
ing quantities of nonyl phenol oxyethylene (NP10) were added to the polymer
solution. This nonionic surfactant is known to adsorb preferentially at the inter-
face and to displace the polymer [33]. The evolution of the disjoining pressure—
distance profiles with increasing NP10 concentrations are plotted in Fig. 2.12. The
characteristic distance A remains unchanged while the prefactor decreases as the
adsorbed polymer amount is reduced. A similar behavior is observed at the oil—-
water interface. This variation of the force—distance profile with the adsorbed
amount provides an explanation for the different equilibrium distances at identical
repulsive forces observed in the two experiments. These observations are in dis-
agreement with the predictions of the theory (for A/b >> 1) in which both X and the
preexponential factor vary only weakly with the adsorption strength that controls
the adsorbed amount. A reasonable reason could be that the polymer desorption
that is driven by NP10 concentration causes a change of regime from the large
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(for the lowest NP10 concentrations) to the weak adsorption limit (at high NP10
concentrations).

Omarjee et al. [34] have measured and compared the forces between different
polymers adsorbed at different surfaces, as determined by three different methods
involving liquid-liquid (MCT), liquid—air (TFB), and solid—solid (SFA) interfaces.
In the distal regime (weak interactions at the onset of overlap), the forces are
exponentially decaying with characteristic distances depending linearly on the
polymer chain gyration radius. Such qualitative behavior is very general and is
not expected to depend on the type of interfaces or details of the polymer—good
solvent system. In contrast, the preexponential factors or absolute magnitudes
are strongly system-dependent. The differences in the prefactor are attributable
to the different adsorption abilities of the polymers at the different interfaces.
A higher absorbance leads to higher segment concentration in the overlapping
regions and therefore stronger repulsion. The mobility of the adsorbed polymer
on the highly curved fluid emulsion surfaces may also result in some reduction
of the absolute repulsion when the layers are compressed (as chains can respond
by moving sideways). All these effects would result in a lower absolute repulsion
between the fluid-adsorbed compared to the solid-adsorbed polymers.

If the surfaces are not fully covered by polymers, an attraction can occur even
in good solvent. In this case, polymer coils can extend from one surface to the
other and make molecular contacts on both sides. One surface then provides the
missing polymer to the other, resulting in an attractive interaction usually called
bridging. At equilibrium adsorption, polymers are used to stabilize colloids, since
the steric repulsions exceed the bridging attractions at all separations. Reducing the
adsorption to less than its equilibrium value can therefore change the net repulsion
to a net bridging attraction [35,36]. To study the kinetics of polymer bridging,
Cohen-Tannoudji et al. [37] have developed anew tool based on the self-assembling
properties of superparamagnetic beads under a field. It consists of following the
kinetics of formation of permanents links between self-organized magnetic beads
with optical microscopy. It has been shown that polymer bridging is activated by
temperature but it cannot be understood simply in terms of an Arrhenius model.
Indeed, a more precise approach is required that takes into account the necessary
removal of adsorbed polymer from the near-contact region and the slowdown of
the dynamics in the near-surface layer, owing to the proximity of a surface glassy
state. This difficulty to induce bridging at equilibrium adsorbance explains the
efficiency of adsorbing polymers at the surface of colloids to improve their kinetic
stability.

The magnetic beads were spherical, monodisperse, strongly magnetic, and
Brownian. They consisted of calibrated emulsion droplets of diameter 800 nm
of an organic ferrofluid in water. The method to follow the kinetics of bridging is
based on the formation of magnetic chains that persist after removal of the field.
A colloidal sample was introduced by capillarity into a square tube of 50 um
(Fig. 2.13). The tube was submitted to a given field, at a controlled temperature,
for a given incubation time. After the field was removed, the sample was observed
via optical microscopy and photographs of different parts of the tube were taken.
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For each photograph, the sum of the lengths of all the chains was determined
numerically. The ratio of this total length by the diameter of a bead provided the
number N of adhesive links and was averaged over the photographs. This was
repeated for different incubation times, which gave the kinetics of the bridging
process. The polymer used was PAA of average molecular weight 250000 g/mol.
It had a pK, of 5.8, so that in the conditions of the experiments, at pH = 3.5, it
was essentially neutral. To ensure that equilibrium adsorption was attained, the
beads were incubated for 20 h in the PAA solution prior to application of any field
[30]. When subjected to a magnetic field for a sufficient time, the beads covered by
PAA formed permanent chains. Chain formation was attributed to a net attraction
between the beads arising from bridging by the polymers. This net attraction can
arise only through reduction of the adsorption to subequilibrium levels by removal
of polymer from the region of closest approach. Polymers may be squeezed out of
the gap by the lateral force F,(r) on each polymer chain arising from the lateral
pressure gradient (0 P /dr) acting between the curved surfaces, which results from
the decrease in osmotic pressure P(r) at a distance r away from the point of closest
approach A. P(r) can be written as [26]:

P(r)~ (kgT/I%) ¢7, (2.22)

where [ is a monomer size and ¢ is the monomer volume fraction:

2
¢y = 2T /(h + %) , (2.23)

a being the bead radius and I the polymer adsorbance. Thus, Fy,(r) may be roughly
estimated

Fyy(r) ~ (volume of polymer chain) (3 P/0r) ~ (n)/*kgTT?r/ah’) (2.24)

where n, is the degree of polymerization (= 3500 for the PAA used). For
typical values of the parameters Fi,(r) ~ 10~'" N. The typical net monomer
adsorption energy is ¢ &~ 0.02 —0.1kgT [36], requiring a tension of order
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800 T T T T T FIGURE 2.14. N(t) under a magnetic field
of 12mT at 35°C (@), 40°C (H), and 45°C
(#); curves are fits to Eq. (2.25). (Repro-
duced from [37], with permission.)
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(e/1 A) &~ (1-5)107'2 N to detach. The outward lateral force on each chain
is thus comparable with that required to detach the adsorbed monomers, enabling
the creep of chains along the surface and their squeeze-out to take place, and
therefore bridging to become dominant.

Figure 2.14 shows the number N of adhesive links as a function of the incubation
time ¢ under a magnetic field of 12 mT, for three different temperatures. N(¢)
exhibits a monoexponential growth, well modeled by a first-order kinetics:

N() = No[1 —exp(—1/7)], (2.25)

where Ny (660) is the averaged total number of particles in the volume captured
in a photograph and t is the characteristic time of the kinetics. The only fitting
parameter in Eq. (2.25) is thus the characteristic time t. The process of poly-
mer creep and relaxation along the surfaces is complex. Because it occurs by the
detachment of monomers from the surface, it is likely to be an activated process
but will depend also on the dynamics of the near-surface layer. Using an Arrhenius
law to fit the evolution of T with 7',

1 1 E, (2.26)
—=—exp|— , .
T To P kgT

leads to an estimated activation energy E, without field of about 150 kpT7,,T,
being the room temperature (20°C) (fits not shown). The rate at which bridg-
ing is attained will depend on the magnetic field through its effect on A, which
affects the lateral squeezing force Fy,(oc1/ h3). The value of 150 kg7, may re-
flect the need for cooperativity in detachment of polymer segments. Surpris-
ingly, attempt frequencies 1/7y of order 10’* Hz were found, which is much
too high for a molecular phenomenon and cannot have any physical meaning.
Evidently, the Arrhenius law is thus unable to model the activation of polymer
bridging, and another approach has to be considered that takes into account the
existence of a glass transition in the system [38—42]. The relevance of this relies
on the approach to a glassy state of the near-surface layers [43]. The so-called
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FIGURE 2.15. (a) In(1/7) as a function of -2 T T T
1/(kT,) under a magnetic field of 10 mT (@)
(4), 12 mT (M), and 15 mT (@); lines
are fits to Eq. (2.27) with Ty = —30°C;
(b) E,(T =40° C)/(kpT,) as a function =
of the magnetic field B; the dotted line is = 5| ]
a linear extrapolation to B = 0. (Repro- IS

duced from [37], with permission.) -6r

-8
2.2 1020 2.3 1020 2.4 1020
1/(kgTy) (07

160 — T T
140 T~ (b) 1
120 S~ 1
100 1

40 °C)/(kgT,)

E.(T=
D
o

Vogel-Tamman—Fulcher (VTF) model reads:

1 1 A
e —exp|—— |, 2.27)
T T k(T — Tp)

where 1/1¢ is still an attempt frequency, A is an energetic parameter, Ty is the empir-
ical Vogel temperature. T is the temperature at which all the relaxation times of the
system diverge [42] and is a few tens of degrees below the glass transition tempera-
ture [41]. It is still possible to define an apparent activation energy, which depends
on temperature [42], and which is simply the slope of the In(t) vs. 1/kgT curve:
E T) = kgw (2.28)
a(1/T)
Figure 2.15a shows a good fit of the experimental points to the VTF model for
three field intensities. 7y is an increasing function of the polymer concentration
[41], and it is known that the local concentration of polymer near the surface
on which it is adsorbed is much higher than the bulk concentration [44]. As the
polymer concentration near the surface was unknown, it was impossible to have
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any precision on the value of 7.7y ~ —120°C for dilute solutions of PAA in water
(lessthan 1 wt%) [45] and Ty & 0°C for 75% wt% PAA in water [46]. The adsorbed
polymers involved in the bridging should thus have a Vogel temperature ranging
roughly between —70°C and 0°C. Since the choice of T had almost no influence
on the apparent activation energy deduced from the fit, 7T was arbitrarily fixed at
—30°C in Fig. 2.15. A value of 160 kpT, for E,(40°C) was obtained at zero field
(Fig. 2.15b), which compares very well with the value of 150 k37, found with the
Arrhenius law. In contrast, the frequency 1/t determined by the VTF fit is very
sensitive to Ty. It ranges from 100 Hz for Ty = 0°C to 10'° Hz for Ty = —70°C,
which is physically reasonable. This proves that the VTF model for the thermal
activation of polymer bridging is a much better description than the Arrhenius law.

As mentioned earlier, the squeezing away of the polymer is due to the osmotic
outward lateral force Fy,(r), which is an increasing function of the degree n, of
polymerization of the considered polymer. Experimentally, this implies that the
bridging phenomenon should be faster when the adsorbed polymer is longer. Some
experiments were carried out at 45°C under a magnetic field of 11 mT with three
PAA of different average n . For n, of about 28, 1400, and 3500, the characteristic
times 7 were equal to 1800, 74, and 54 s, respectively. This confirms the role
of the squeezing out of polymer in the bridging process. The interpretation of
polymer bridging was also confirmed by performing measurements at 25°C under
a magnetic field of 12 mT after different equilibration times of the beads with the
polymer. Whereas a characteristic time T &~ 12 min was found if the adsorption
equilibrium was reached (after 20 h), the kinetics is much more rapid (t & 0.9 min)
if the PAA had only 10 min to adsorb prior to application of the field. When the time
was insufficient for the polymer to be completely adsorbed, bridging dominance
required less polymer to be squeezed away.

Magnetically induced bridging by adsorbed polymers has been exploited by
Goubault et al. [47] to produce long filaments with an extremely uniform diameter
of one particle and lengths of several hundreds of micrometers as can be observed in
Fig. 2.16. Such filaments can find numerous applications in chemistry and biology.
Self-organized in a microchip, they provide a new promising sewing matrix that
can be exploited for rare cells sorting.

ii. Semi-dilute Regime

The stability of films in the presence of polymers (adsorbed or nonadsorbed)
in a semidilute regime (¢, > ¢;) has also been investigated. In addition to the
eventual steric interaction (in the case of adsorbing polymers), depletion forces are
expected due to the exclusion of the polymer chains. However, polymer molecules
in the semidilute regime can no longer be treated as hard spheres and the simple
picture given for micelles (total exclusion when surface separation is lower than
the micellar effective diameter) is no longer valid. Instead, in the semidilute regime
the polymer solution may be regarded as an entangled network of flexible chains
with average mesh size £ [26]. Owing to their flexibility, the polymer molecules
confined between two walls will not totally vacate the confined region and there
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FIGURE 2.16. Long magnetic nanowires made by submitting a mixture of magnetic particles
and PA A to a magnetic field. The chains are bent by gravity after field removal. (Reproduced
with permission from [47].)

will be residual polymer segment density in the depleted zone. Conformation of
regular flexible and nonadsorbing polymers in a good solvent and in a semidilute
regime has been calculated by Joanny et al. [48]. For narrowing gaps, the density of
polymer segments decreases below some separation and vanishes completely at a
critical separation of w&. In the limit of two identical spherical walls of large radius
R (R > m§), the attractive depletion force resulting from segment exclusion is a
linear function of the separation 4:

Fy & —mR(mé — kT /€3, h <mé& (2.29)

Because & varies with the bulk polymer volume fraction as ¢, 075 the range
of the depletion interaction should decrease also as ¢, 075 while the adhesion
F4(h = 0) should increase as ¢tl,'5 when the chain concentration increases. A very
different picture is predicted in the case of adsorbing polymers [49]. The layer of
adsorbed chains may be partially interpenetrated by free chains in the bulk and
therefore the range and strength of the attraction are not determined by the solution
concentration. Instead, they are rather sensitive to the coverage and thickness of
the adsorbed chains which depend essentially on the solvent quality and on the
mean chain length in the dilute regime.

Attempts to measure the depletion force in nonadsorbing polymer medium
with an SFA have failed essentially because measurements are hindered by the
slow exclusion of the polymer from the narrow gap due to the large viscosity of
the polymer solutions. However, depletion forces have been measured in solu-
tions of “living” polymers in a semi-dilute regime by Kékicheff et al. [SO]. The
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measured evolution of the range and strength of the depletion attraction roughly
follow the model of Joanny et al. [48]. “Living” polymers are linear and flexible
elongated micelles that can break and recombine. Owing to their labile nature, such
systems can adapt to release any conformation restriction induced by confinement
and so any equilibrium is more rapidly achieved than for regular polymers. The
depletion interaction between a sphere and a plane in the presence of nonadsorbing
polymers has been measured via AFM [51]. Adhesive energy measurements be-
tween lipid bilayer membranes induced by concentrated solutions of nonadsorbing
polymer are also reported and show good agreement with mean field theory [52].
By using the TFB technique, Asnacios et al. have studied thin liquid films made
from semidilute polyelectrolytes [53]. The TFB method does not allow measuring
attraction and therefore no depletion minimum was observed. However, an inter-
esting result is that they have measured oscillatory forces, likely to be structural
forces associated with the polymer mesh structure. Indeed, film stratification is ob-
served, with a strata thickness strictly corresponding to the theoretical mesh size
& of semidilute polyelectrolyte solution. These oscillatory forces are particular to
polyelectrolytes and disappear when the electrostatic forces are screened with salt.

2.2.2.3. Interfaces Covered by Polymer—Surfactant Complexes

The ability of polymer—surfactant complexes to alter rheological properties and
stability of colloidal formulations has been exploited in oil recovery operations
as well as in various industrial products such as paints, detergents, cosmetics,
pharmaceuticals, etc. While polyelectrolytes are mainly used for their unique rhe-
ological properties, surfactants are usually employed for their ability to adsorb
and lower surface energy. Once added to the same solution, polyelectrolytes and
charged surfactants can have strong interactions, which affect both bulk and sur-
face properties of the solution. In particular, it is well known that polyelectrolytes
and surfactants of opposite charge form hydrophobic complexes at surfactant con-
centrations lower than the critical micelle concentration, owing to the strong elec-
trostatic interaction between the surfactant head group and the polymer backbone.
Bulk interactions and phase behavior [54-56] of polyelectrolytes and surfactants of
opposite charge have been studied via several techniques, including turbidimetry
[57], fluorescence [56,58], viscometry [59,60], dynamic and static light-scattering
[60,61], small-angle neutron scattering [62], small angle X-ray scattering [63],
electrophoresis [60], and potentiometric measurements using ion-specific elec-
trodes [64,65]. These techniques have led to estimates of the type of interactions,
the aggregation numbers, and the structure of the complexes formed by surfactants
and polyelectrolyte molecules. Micelles are bound to the polyelectrolyte chains,
their aggregation numbers being in general smaller than that for the free micelles.
The concentration of surfactant needed to measure significant aggregation be-
tween the polymer and the surfactant is generally called the critical aggregation
concentration (CAC).

In addition to the studies in the volume, the adsorption properties of the
polyelectrolyte—surfactant complexes at the air—water interface have also been
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investigated using surface tension measurements [59,66—71] and neutron or X-ray
reflectometry [68—71]. Recently, Claesson et al. [72] have introduced the concept
of a surface critical aggregation concentration for adsorption onto solid surfaces,
to underline the differences seen between bulk and surface behavior. Monteux
et al. [73] also show that aggregates can form at the air—water surface at surfac-
tant concentrations different than that seen for solution aggregation. In addition,
surface aggregates can form interfacial gels. Surface gelation is identified by a
pronounced increase in surface rheological properties which are detected by thin-
film drainage studies. Evidence of this phenomenon was obtained by systematic
investigation of the air—water surface properties for mixtures of an anionic poly-
electrolyte (100% charged sodium polystyrene sulfonate [PSS]) with a cationic
surfactant (dodecyltrimethylammonium bromide [DTAB]). By combining surface
tension measurements with ellipsometry studies, it was possible to monitor the
adsorption at the air—water interface. At the same time, polyelectrolyte—surfactant
interactions in the bulk solution were evaluated by measurements of the solution
conductivities with ion-specific electrodes.

The formation of complexes is not restricted to mixtures of polyectrolytes and
surfactants of opposite charge. Neutral polymers and ionic surfactants can also form
bulk and/or surface complexes. Philip et al. [74] have studied the colloidal forces
in presence of neutral polymer/ionic surfactant mixtures in the case where both
species can adsorb at the interface of oil droplets dispersed in an aqueous phase. The
molecules used in their studies are a neutral PVA—Vac copolymer (vinyl alcohol
[88%] and vinyl acetate [12%]), with average molecular weight My, = 155000
g/mol, and ionic surfactants such as SDS. The force measurements were performed
using MCT. The force profiles were always roughly linear in semilogarithmic scale
and were fitted by a simple exponential function:

F(h) o exp(—h/A) (2.30)

The authors deduce the decay length (1) from the slope and the first interaction
length or onset of repulsion (2L) defined as the distance at which the magnitude
of force is 2 10713 N. One of the main findings of this study is that the force profiles
are strongly dependent upon the sequence of adsorption of polymer and surfactant
and three cases are envisaged.

Case I (see Fig. 2.17) corresponds to the situation such that the emulsion is
initially stabilized with SDS at 8 10~* mol/l (CMC). The repulsive force as a
function of distance between the ferrofluid droplets, stabilized with SDS alone
is referred as “0% PVA.” Then, PVA—Vac is introduced at different concentra-
tions varying from 0.002 to 0.5 wt%. After each addition, the emulsion is incu-
bated for 48 h to reach equilibrium. It can be seen that the force profiles remain
almost the same as in the case of 0% PVA. As the surfactant concentration is
equal to CMC, the expected decay length is 3.4 nm. The experimental value of
the decay length obtained from the force profile, 2.9 nm (solid line), is in good
agreement with the predicted value. Thus, if the emulsion is preadsorbed with sur-
factant molecules, the introduction of polymer does not influence the force profile
significantly.
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FIGURE2.17. Forces between the ferrofluid droplets as a function of the interdroplet spacing.
The best fits, using Eq. (2.30) are shown by solid lines. Case I: Droplets preadsorbed with
sodium dodecyl sulfate (SDS) at 8 10~3 mol/l and at various PVA—Vac concentrations.
The solid line represents the average value of the best fit. Case II: Droplets preadsorbed
with sodium dodecyl sulfate (SDS) at 0.27 10~ mol/l. Premixed PVA-SDS was added
to the emulsion. In all the cases, the polymer concentration was 0.6 wt%. The surfactant
concentrations are indicated in the inset. Case III: Droplets preadsorbed with PVA—Vac. In
all the cases, the polymer concentration was fixed at 0.6 wt%. The surfactant concentrations
are indicated in the inset. (Adapted from [75].)

Case II corresponds to an emulsion preadsorbed with surfactant molecules at
very low concentration (stabilized with SDS at a concentration of 0.27 10~2 mol/I
or CMC/30). Polymer and surfactant were premixed separately and later added
to the emulsion. In all cases, the polymer concentration was fixed at 0.6 wt%.
Premixed polymer/surfactant mixture was incubated sufficiently (>2 h) before
adding to the emulsion. The force profiles are again repulsive (Fig. 2.17) and
exponentially decaying with a characteristic decay length comparable to the Debye
length, corresponding to the equivalent amount of surfactant concentration present
in the premixed system.
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For case III, the polymer is preadsorbed at the emulsion droplet interface. The
force profile in the absence of any surfactant is the reference curve (0 mM). The
polymer concentration in all the curves was 0.6 wt%, corresponding to the plateau
in the adsorption isotherm. The force profiles are repulsive and exponentially de-
caying with a characteristic decay length comparable to the radius of gyration
of the free polymer (16 nm). As the concentration of the surfactant increases,
the decay length and the onset of repulsion also increases. Here, the SDS con-
centration was varied from 0.1 to 1.6 10~° mol/l. The variations of the experi-
mentally obtained decay length and 2L values for cases II and III are shown in
Fig. 2.18. In case II, both decay length and 2L values decrease with increasing
surfactant concentration, while under case III, both values increase with surfactant
concentration.

On the basis of the above experimental results, the expected conformations
of polymer—surfactant complexes at the oil-water interface are depicted in Fig.
2.19. In case I, the added polymer associates with excess surfactants present in
the bulk solution, but the complexes prefer to remain in the bulk phase. Alter-
nately, the polymer—surfactant complexes are unable to displace the adsorbed sur-
factant molecules from the liquid—liquid interface. Irrespective of the amount of
polymer—surfactant concentration in the bulk, the experimental decay length val-
ues remain comparable to the Debye lengths, corresponding to the concentration
of ion species in the bulk solution (Eq. (2.11)). This means that the force profile is
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FIGURE 2.19. Schematic diagram of polymer—surfactant complex on emulsions droplets for
cases I, I, and III. (Adapted from [74,75].)

dictated by the double-layer forces due to adsorbed surfactant molecules. In case
I1, the decay length decreases with increasing surfactant concentration. The decay
length almost coincides with the Debye length, indicating that the droplet interface
is fully adsorbed with surfactant molecules. This shows that polymer—surfactant
complexes remain in the bulk solution. In case III, the A values correspond to the
radius of gyration of the polymer, indicating that the polymer is adsorbed at the oil—
water interface. The interaction between the surfactant and preadsorbed polymer
drastically changes polymer conformation at the interface and hence the repulsive
forces, especially the onset of repulsion. It is argued that, as the concentration
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of SDS increases, more and more surfactant molecules and micelles go into the
folded chains (central regime) and stretch the loops and tails. Therefore, at higher
surfactant concentrations, the neutral polymer chains at the interface are likely to
adopt diblock polyelectrolyte type conformations on the emulsion droplets. The
stretching is expected to continue until the coils are saturated with adsorbed sur-
factant micelles. The critical aggregation concentration CAC for SDS-PVA—Vac
My, = 155000 g/mol) system was measured in bulk solutions (without emulsion)
using conductivity and viscometry and was found about 3 10~* mol/l. However,
the force experiments with a three-component system show that the onset of repul-
sion begins at surfactant concentrations of 0.45 10~3 mol/l. This suggests that the
critical concentrations at which the association occurs for the adsorbed polymer
and the free polymer in the bulk solution are different.

To test the generality of their findings, the authors studied the force measure-
ments using polymers of different molecular weights, and different ionic surfac-
tants (cationic, anionic). In all those cases, they observed the same phenomena
[74,75].

2.2.2.4. Protein-Covered Interfaces

Protein-stabilized emulsions find a variety of applications in food industry. The
main features of these systems arise from the specific interfacial properties of the
stabilizing molecules. First, it is noteworthy that proteins do not lower the interfa-
cial tension as much as simple surfactants do. In bulk solutions, protein molecules
maintain a tightly packed structure. Their adsorption at fluid—fluid interfaces is
accompanied by a gradual unfolding, which means that the biomolecule looses its
secondary and higher structure in the adsorbed state. This happens because the
presence of a hydrophobic fluid phase (i.e., oil or air) gives the molecule the pos-
sibility to minimize the configurational free energy. The adsorbed species are often
referred to as denatured or unfolded. This conformation state makes the adsorbed
molecules very much different from their nonadsorbed analogues. The process of
unfolding uncovers the different segments of adsorbed species and facilitates the
lateral interaction between two or more adsorbed molecules. Various interactions
are possible, for example, ionic, hydrophobic, covalent (disulfide bridging) or hy-
drogen bonding. As a result, the adsorbed species form a rigid network and the
protein layers, which protects the droplets against coalescence are viscoelastic and
almost always tangentially immobile. The large variety of possible interactions as
well as their different time scales make the properties of the protein layers largely
dependent on the sample history. This feature is frequently termed “aging effects.”
It is generally not possible to postulate equilibrium adsorption, for at least two
reasons. First, the existence of many adsorption sites per molecule makes the hy-
pothesis of instantaneous desorption unlikely. Second, it is an experimental fact
that reaching constant interfacial tension does not mean reaching constant adsorp-
tion. The protein adsorption can continue via multilayer formation [76,77]. The
multilayers comprise reversibly adsorbed molecules and the surface coverage can
be augmented up to 5-10 mg/m?.



o)
(@)

2. Force Measurements

. FIGURE 2.20. (a) Disjoining pres-
é: sure vs. thickness isotherm (dots,
[ . o )
£ 1000 experimental data; hlne, double
o layer fit) for an emulsion film sta-
g bilized by 0.1% p-casein, ionic
> strength of 10~3mol/l NaCl, oil
= phase = hexadecane. (b) Compari-
:% son between the data obtained from
2 100 TFB, MCT, and SFA. (Adapted
10 20 _ 30_ 40 50 60 from [87].)
Film thickness (nm)
= SFA 1.0 10° moll
g, —TFB 1.0 10° mol/
-3

£ 100 o = MCT 1.3 10™ mol/l |
2
e
£ 10}

10 20 30 40 50 60
distance (nm)

There exists relatively little experimental information concerning the surface
forces acting in the emulsion films stabilized by proteins. Dimitrova and Leal-
Calderon [78] applied two complementary techniques, that is, MCT and TFB
to measure the forces acting between protein-stabilized emulsion droplets. Some
examples are given below, where typical data sets for bovine serum albumin (BSA),
B-lactoglobulin (BLG), and B-casein are shown. These molecules represent two
important classes of proteins: the globular (BSA and BLG) and disordered (8-
casein) ones. To investigate single foam and emulsions films, a variant of the
Mysels—Bergeron thin liquid film set-up was developed [79]. The thin liquid films
(TFB) were formed in a porous glass plate immersed in the corresponding oil
phase.

i. B-casein

The disjoining pressure vs. thickness isotherms of thin liquid films (TFB) were
measured between hexadecane droplets stabilized by 0.1 wt% of B-casein. The
profiles obey classical electrostatic behavior. Figure 2.20a shows the experimen-
tally obtained I1(%) isotherm (dots) and the best fit using electrostatic standard
equations. The Debye length was calculated from the electrolyte concentration
using Eq. (2.11). The only free parameter was the surface potential, which was
found to be —30 mV. It agrees fairly well with the surface potential deduced from
electrophoretic measurements for g-casein-covered particles (—30 to —36 mV).
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Some data obtained from MCT, SFA, and TFB under similar conditions are
compared in Fig. 2.20b. The SFA data were taken from reference [80]. They were
obtained with hydrophobized mica surfaces, protein concentration of 0.1 wt%,
and ionic strength of 10> mol/l. Data for TFB and MCT led to very similar
results. However, comparison with the SFA data demonstrates that the force laws
are only qualitatively similar: the curves are parallel but the normalized data for
liquid—liquid interfaces (TFB and MCT) lie about one decade below those obtained
for solid—liquid interfaces (SFA). This result suggests that the proteins exhibit
different adsorption abilities and or adopt different conformations at the two types
of surfaces.

The force profiles between S-casein-covered droplets were explored at different
protein concentrations in the continuous phase (from 0.1 to 0.5 wt%) using MCT
(Fig. 2.21). At high protein content, the measured profiles cannot be interpreted
by means of a simple electrostatic force. Instead, the long-range part of the inter-
action deviates from linearity (in a semilog plot), which suggests the existence of
an attractive interaction. The higher the concentration, the stronger the deviation
from the classical double-layer repulsion. This evolution strongly suggests the
occurrence of depletion attraction due to the presence of B8-casein micelles. The
lines in Fig. 2.21 represent the fit to the data assuming additivity of the depletion
attraction and double-layer forces. The depletion attraction was calculated via Eq.
(2.17), where P,g, is the osmotic pressure exerted by S-casein micelles, r,, is the
radius of the micelles and § is an extra exclusion distance that accounts for the
electrostatic and steric repulsion between micelles and droplet surfaces (Fig. 2.6).
For B-casein, the range of the electrostatic repulsion is always longer or equal to
the range of the steric repulsion, so § was supposed to coincide with the Debye
length. P,g, was calculated assuming the perfect gas approximation. The surface
potential, vy, of the droplets and the mean size r,, of the depleting species were
used as adjustable parameters. The values deduced from each plot remain constant
whatever the ionic strength: ¢y & —30 mV and r,, & 30 nm. The exclusion vol-
ume effect of caseinate micelles has been observed and reported in the literature,
where it is found that liquid films stabilized with sodium caseinate at concentra-
tions 0.1-4 wt% undergo stepwise thinning [81]. The height of the stratification
steps was 20-25 nm. In the same study, the average size of caseinate submicelles,
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measured by dynamic light-scattering, is reported to be about 25 nm, which is also
in very good accord with the values deduced from the force profiles. This proposed
mechanism is also consistent with the microscopic observation of flocculation in
emulsions stabilized with sodium caseinate [82]. Depletion flocculation induced
by micellar and/or submicellar protein aggregates/micelles was observed at free
protein concentration in the aqueous phase equal (or higher) to about 0.7 wt%. The
measurement technique (MCT) allows attaining very low levels of forces, mak-
ing it possible to detect the depletion attraction below the threshold concentration
necessary to induce flocculation.

ii. BSA

For TFB experiments, the measurements were carried out with 0.1 wt% BSA
solutions. The ionic strength is 10~3 mol/l of NaCl and the oil phase is hexadecane.
The results from TFB are shown as points in Fig. 2.22a. The value of —10 mV for
the surface potential was used to estimate the maximum electrostatic contribution
to the total disjoining pressure (dashed line). Electrophoretic measurements of
hexadecane droplets, covered by BSA under similar conditions provided values
between 0 and —5 mV. It clearly appears that the measured repulsive pressure
is longer ranged than the one predicted by a purely electrostatic model. This
means that there is an additional repulsive interaction, which is not electrostatic

in origin. Generally, BSA layers exhibit strong and long-range steric repulsion
[83,84]. For numerous proteins, it is known that after the equilibrium interfacial
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tension is reached, the adsorption I" continues to increase due to the formation of
additional layer(s) of partially unfolded proteins [76,77]. To take into account the
formation of a second protein layer, one may use the approach of Israelachvili and
Wennerstrém [85]. The segment density, p(z), in the second layer at a distance z
from the interface, can be written:

p(z) = p(zo) exp(—h/1") (2.31)

where A* is the characteristic size of the protein species that constitute the second
layer. Neglecting the correlations between the moieties in the second layer, the
following expression for the repulsive pressure is obtained:

kgTh
Hrepulsion = FZiT exp(_h/)"*) (2.32)

where I'; is the adsorption in the second protein layer only. The previous equation
is valid for interdroplet spacings & much larger than A*. Assuming additivity of the
electrostatic contribution and of the repulsive steric pressure given by Eq. (2.32),
the experimental data can be fitted using I'; and L* as free parameters (solid line
in Fig. 2.22a). The values obtained are I'; = 0.23 mg/m? and A* = 10.7 nm. An
increase of the total adsorption (after the equilibrium value of the surface tension
is reached) of approximately 0.5 mg/m? is reported in the literature, in good accord
with the I'; value deduced from the fit [86]. The value of A* is consistent with the
size of the BSA molecule (11.4 x 11.4 x 4.1 nm), as well as with the radius of
gyration of a BSA molecule of ~9 nm.

In the presence of BSA alone, the measurements using MCT were impossible
because of the flocculated state of the ferrofluid droplets. To prevent floccula-
tion, a nonionic surfactant, polyoxyethylene (20) sorbitan monolaurate (Tween-20,
CMC = 2 107> mol/l) was systematically added to the samples. Typical results
are shown in Fig. 2.22b, where the Tween-20 concentration is kept at 5 CMC. For
pure Tween-20, the repulsion profile is fitted by adopting a standard electrostatic
model, yielding a surface potential of —17 mV. Despite its nonionic nature, this
surfactant is known to promote surface ionization [79]. At a constant Tween-20
concentration, when the protein content is increased from 0 to 0.4 wt%, there is
a progressive change with respect to classical electrostatic repulsion. The profiles
in the presence of the same quantity of BSA at surfactant content of 20CMC and
50CMC are very similar and do not depend on the Tween-20 concentration. This
suggests that the presence of the protein dominates the behavior and the properties
of these systems. The surface potential deduced from electrophoretic measure-
ments gave values between 0 and —3 mV, meaning that the contribution of the
electrostatics to the total repulsive force is negligible.

The disjoining pressure was transformed into force in the same manner as in the
case of f-casein and compared with results from MCT and SFA (Fig. 2.23). The
data from MCT and TFB show reasonably good agreement. The results from SFA
are only qualitatively similar to both MCT and TFB data. The reason is essentially
the same as in the case of B-casein-stabilized films, that is, the difference in either
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the conformational state of BSA or the amount adsorbed on solid—fluid and on
fluid—fluid interfaces.

iti. Threshold Flocculation Force

During the preparation of the samples for MCT, the emulsion properties appeared
to be very sensitive to the history of preparation. Flocculation was always observed
after centrifugation, that is, when the droplets were brought in contact. For BLG
and B-casein, it was possible to produce nonflocculated emulsions stabilized solely
by the proteins; however, these systems showed a tendency to flocculate when cen-
trifuged at acceleration larger than 150-200g for more than 30 min. The critical
force necessary to induce irreversible flocculation was measured using MCT [87].
The removal of the magnetic field generally leads to instantaneous decomposi-
tion of the formed chains. This is observed for ferrofluid oil-in-water emulsions
stabilized by low molecular weight surfactants. For proteins, microscopy revealed
that above some critical force, the droplets remained irreversibly chained even in
the absence of magnetic field. Figure 2.24a,b shows the force profiles for ferrofluid
oil-in-water emulsions stabilized by 0.1 wt% protein at various ionic strengths. For
both S-casein and BLG, a repulsion is measured up to a force, F* (indicated by
the arrow), above which droplets are held together in flexible chains that persist
over time. The dependence of F* on the ionic strength is shown in Fig. 2.24c. The
decrease in the resistance against flocculation when the ionic strength increases,
may be due to the screening effect of salt. Under equivalent conditions, the critical
threshold flocculation force is lower for BLG than for S-casein-stabilized emul-
sions. An interesting phenomenon was observed for BLG-stabilized systems. The
“irreversible” chains were rigid linear rods that remained unchanged for a period
as long as 48 h (Fig. 2.25). The existence of these rods suggests that the contacts
between the individual droplets forming the chains are substantially strong and
cannot be affected by thermal motion. Instead, the chains formed by B-casein-
stabilized particles were rather flexible and tended to decompose for the same
period of time.

In Section 2.2.2.2, we described a bridging mechanism in which polymer was
laterally squeezed away from the near-contact region upon approach of the droplets.
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FIGURE 2.24. (a) Force vs. distance profiles for ferrofluid emulsions stabilized with 0.1 wt%
B-casein at pH = 6.2 and at different ionic strength (points). The lines (where presented)
are double-layer fits. (b) Force vs. distance profiles for ferrofluid emulsions stabilized with
0.1 wt% BLG at pH = 6.0 and at different ionic strengths. (¢) Threshold flocculation force
for ferrofluid-in-water emulsions stabilized with S-casein and BLG as a function of ionic
strength. The lines are visual guides. (Adapted from [87].)

Such mechanism can be ruled out for protein-stabilized droplets whose interfaces
are tangentially immobile. When droplets get closer, the approaching protein layers
start “touching” each other. This allows some of the adsorbed entities to interact
forming a local link. Such links are often termed as “surface aggregates” because in
thin liquid film experiments as well as in Brewster angle microscopy studies [88],
they appear like lumps of material located on the surface (see Fig. 2.26). These
lumps appear as a result of rapid surface distortion. AFM images of B-casein and
BLG layers formed at the water—tetradecane interface and further transferred on
mica by Langmuir-Blodgett technique, reveal a network formed by the adsorbed
species [89]. This is a further evidence for the interaction between the proteins
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FIGURE 2.25. Optical micrographs of a ferrofluid oil-in-water emulsion stabilized by
0.04 wt% BLG. The bar corresponds to 10 um. (a) On field corresponding to force of
1 pN. (b) 30 min after switching off the magnetic field. (Reproduced from [87], with
permission.)

in the adsorbed state. The network formation is possible because the adsorbed
proteins are unfolded and therefore segments of various types are available for
interaction. Provided that two protein-covered droplets are sufficiently close, there
is no difference whether the interacting entities belong to the same or to different
protein layers. The value of the critical flocculation force, measured as described in
the preceding text, has to be considered as the force necessary to bring the droplets
at the minimum distance allowing the formation of surface clusters between the
two protein layers.
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FIGURE 2.26. Six consecutive steps in shrinking of an emulsion film stabilized with 0.1
wt% BSA. Oil phase is hexadecane; the ionic strength is 10~ mol/l. The bar corresponds
to 100 um. The local adhesion on aggregates is evident. Arrows indicate some of the points
of adherence at the interfaces. (Adapted from [87].)

2.2.2.5. Role of Droplet Deformability

For nondeformable particles, the theories describing the interaction forces are
well advanced. So far, most of the surface force measurements between planar
liquid surfaces (TFB) have been conducted under conditions such that the film
thickness is always at equilibrium. In the absence of hydrodynamics effects, the
forces are correctly accounted considering classical theories valid for planar solid
surfaces. When approached at high rate, droplets may deform, which consider-
ably complicates the description; it is well known that when the two droplets are
sufficiently large, hydrodynamic forces result in the formation of a dimple that flat-
tens prior to film thinning. Along with the hydrodynamic interactions, the direct
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W FIGURE 2.27. Schematic representation of colloid probe—
PDMS droplet interaction during the AFM experiment. Solid
line depicts the undeformed profile of the PDMS droplet and

the rigid colloid probe. Dashed line shows the deformed pro-

.............. file of the PDMS droplet.

droplet

interactions due to surface forces can be strongly affected by the deformation as
well. A theoretical approach for calculation of the different contributions (van der
Waals, electrostatics, steric, depletion) has been developed [90]. The shapes of two
deformed droplets in contact are approximated by truncated spheres separated by
a planar film. The contribution of the surface extension energy and/or bending
elasticity is also included. The extension of the drop surface upon the deformation
is equivalent to a soft interdroplet repulsion.

Experimental interaction studies on droplets of colloidal size are still in a
pioneering phase and much further work is required before the development of a
fully quantitative description of the interplay between emulsion droplet deforma-
tion and interaction. The colloid probe AFM technique, originally developed for
hard particles [6], has recently been applied to bubbles and soft polymer colloids
[91-96], and is proving to be a valuable tool in characterising droplet deformation.
The interplay between the Laplace pressure and internal droplet rheology in
controlling deformation has been well demonstrated by Gillies and Prestidge
[97,98]. They used AFM to determine the interaction forces between a spherical
silica probe and immobilized colloidal droplets of polydimethylsiloxane (PDMS)
in aqueous solution, the characteristic size of both objects being of the order of
some tens of microns (Fig. 2.27). Under alkaline conditions where PDMS droplets
and the silica probe are both negatively charged, repulsive forces are evidenced
(Fig. 2.28). At large separations the repulsive forces are well characterized by the
electrostatic interactions of rigid colloids, while at smaller separations, droplet de-
formation results in deviation from this behavior: the force increases less rapidly on
surface approach than expected for electrostatic interaction of rigid particles. The
departure from hard-sphere behavior enables the extent of droplet deformation to
be determined and by varying the extent of internal cross-linking within the PDMS
droplets, the influence of internal droplet rheology and interfacial tension on droplet
deformation has been explored. For highly cross-linked droplets, the extent of de-
formation is controlled by the internal droplet rheology rather than the interfacial
properties. On retraction of the surfaces, force curve hysteresis was observed and
was due to the viscoelastic response of the PDMS. Instead, for liquid-like droplets,
with a low level of cross-linking, no force curve hysteresis was observed; in this
limit, the deformation was dominated by interfacial effects and not by the bulk
rheology.
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FIGURE 2.28. Log force vs. arbitrary separation curves for the approach of a glass probe
and a droplet from emulsion. The symbols correspond to different levels of cross-linking
of PDMS droplets: (4) 50%; X) 45%; ((J) 40%; (A) 35%; (O) 30%. The background
electrolyte solution contains KNOj3 at 10~ mol/l and pH = 9.5. Solid line represents the
theoretical electrostatic repulsion with a Debye length of 9.6 nm. All forces were determined
at 1 um/s. (Reproduced from [97], with permission.)

2.3. Short-Range Forces and Adhesion Between
Emulsion Droplets

As shown in the previous section, long-range forces between interfaces in colloidal
suspensions and emulsions systems are now rather well understood. Emulsion
droplets can also experience short-range attractions or repulsions, whose range
and amplitude is more difficult to determine. Emulsion droplets exhibit “adhesion”
when they experience pronounced attraction. A strong, steep repulsion at short
range is then necessary to stabilize the droplets against coalescence. Under such
conditions, emulsion droplets form large contact angles as they adhere to one
another or as they adhere onto a substrate. As in classical wetting phenomena,
the contact angles are imposed by the energy of adhesion. However, in contrast
to classical wetting, a thin liquid film of the continuous phase persists between
the interfaces. This film is stabilized by the surfactant molecules adsorbed at the
interfaces. The adhesion is governed by the properties of the surfactant film, rather
than by the nature of the phases on contact. That is why adhesion in emulsion
systems is closely related to adhesion in other surfactant systems such as soap
films [99-102] and biological membranes [103].

2.3.1. Energy of Adhesion and Contact Angles

The thermodynamics of thin liquid films and adhesion is well documented in
the literature [15,17,100-103]. The first theoretical approaches were developed
mainly for thin soap films. Most of the results of the thermodynamics of soap
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M(h) FIGURE 2.29. Disjoining pressure between interfaces of a
liquid film.

—

films can be equivalently used for emulsion systems. A thin liquid film can be
modeled by two interfaces at a distance / from each other. The excess pressure
in the film due to the interactions between the interfaces has been already defined
as the disjoining pressure, [1(%). As mentioned earlier, adhesion occurs when the
interfaces experience a strong attraction and a steep repulsion at short range. A
typical [1(%) for adhesive systems is shown in Fig. 2.29. The pressure is negative at
longer range whereas it sharply rises at shorter range, ensuring stabilization against
coalescence. The short-range repulsion can be often considered as a hard wall
because it is usually due to steric or solvation forces [17]. Under these conditions,
the interfaces spontaneously approach each other up to the equilibrium distance
h.. This distance is imposed by the sharp rise of the repulsion. The resultant work
of adhesion, E(h,), is given by:
he

E(h,) = —/ (k) dh (2.33)

oo

E(h,) is negative for adhesive systems and —E(h,) is traditionally known as the
free energy of adhesion.

An important consequence resulting from the approach of the interfaces is that
¥r, the surface energy of the film, is lowered by the energy of adhesion. When the
interfaces are far apart, E(h) is equal to zero and y is simply equal to 2y, where
¥int 1S the tension of a single interface. At equilibrium, the surface energy of the
filmis y; = 2yin + E(he).

As the tension of the film is different from the tension of two single isolated
interfaces, a contact angle, 0, is expected at the junction between adherent and
free interfaces. This is depicted in Fig. 2.30. The mechanical equilibrium of the
contact line at the junction between free and adherent interfaces dictates the value
of the contact angle:

Y = 2¥in c0s(0) (2.34)
The contact angle can be written as a function of E(h,):
E(h.) = 2¥in [cos(0) — 1] (2.35)

This relation is known as the Young—Dupré equation. It shows that the energy
of adhesion can be determined by measuring the contact angle and the surface
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FIGURE 2.30. Two adhesive emulsion l P

droplets. A flat liquid film stabilized '\, - Rdes b RN
by the surfactant layers is located be- ALY ," \\.
tween the droplets. This film being ! )
very thin, it can be usually considered " I .-
as a surfactant bilayer. y is the ten- I he

sion of the film and y;, the tension of
single isolated interface.

tension of a single interface. The pair interaction energy, u, between two droplets
separated by an adhesive film of radius r (Fig. 2.30) is given by:

U = Vi wr? [cos(0) — 1] (2.36)

where u is equal to half of the adhesion energy times the surface area of the flat
adhesive film.

As shown in Fig. 2.31, a contact angle can be experimentally measured by
looking at two adhesive droplets. However, a direct determination from side views
is rather difficult unless the contact angle is large enough, as in Fig. 2.31. A more
convenient way to achieve measurements of contact angles consists of measuring
the radius of two adhesive droplets, a; and a,, and the radius of the adhesive film
between the droplets, » (Fig. 2.32) [104—107]. One has:

20 = Arcsin <L) + Arcsin (L> 2.37)

az

ai

in the case of two droplets with different radii.

FIGURE 2.31. Two adhesive emulsion droplets of few tens of microns. The adhesion in-
duces the formation of a large contact angle of about 40°. (Reproduced from [113], with
permission.)
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FIGURE 2.32. Two adhesive droplets of
size a; and a,. If the droplets are of the
same Nature Yinc1 = Yint2 = Vint and 6, =
6,.

Moreover, an accurate measurement of r can be easily performed by looking
at droplets from above or in perspective as sketched in Fig. 2.33. As shown in
the experimental picture of Fig. 2.34, the adhesive film looks brighter than the
surrounding part of droplets. This comes from the minute thickness of the film.
It does not reflect light as do the surrounding oil-water interfaces. For the same
reason, thin soap films look black when they are observed with reflected light,
thus their name. With transmitted light, as for optical microscopy observations,
the “black films” look brighter. The r corresponds to the radius of the white circle
viewed from above or to the larger axis of the white ellipse when observed in
perspective. This way of measurement allows small contact angles to be accu-
rately determined and also the onset of formation of nonzero contact angle to be
characterized by the onset of apparition of a white spot between the droplets.

The contact line is considered as a sharp boundary in the classical picture
presented above. In this picture, there is a discontinuous transition from the flat

FIGURE 2.33. Scheme of two adhesive droplets viewed in perspective. The brighter ellipse
between the droplets is the adhesive film. (Adapted from [113].)



2.3. Short-Range Forces and Adhesion Between Emulsion Droplets 93

FIGURE 2.34. Collection of adhesive emulsion droplets (of a few tens of microns). A white
ellipsoid can be seen between superimposed droplets. This ellipsoid is the projection of
the adhesive film between the droplets. The contact angle is about 29°. (Reproduced from
[113], with permission.)

adhesive film to the curved isolated interfaces that are considered at infinity, as
they are not in the film. However, in practice, there is a transition region where the
curvature changes continuously as the separation between the interfaces increases.
At short range, in the adhesive film, the interactions are attractive whereas they
can become repulsive in the region of separation. A phenomenological approach
can be used to account for the additional energy due to the contact line. It consists
in assigning a line tension to the transition region [107,108]. If the interactions
are repulsive this tension is expected to be positive and unfavorable to adhesion.
Its competition with surface and adhesion phenomena depends on the size ag of
the droplet. Indeed, the involved surface energy scales as ag, whereas the energy
of the transition region scales as ay. The consequences of the contact line are thus
expected to be important for smaller droplets. However, it was shown for soap
films and air bubbles that the line tension is in fact very small [107,108]. Indirect
experiments lead to the same conclusion for emulsion systems [109]. This is due
to the shortness of the range of the interactions involved in these systems. The
long-range interactions are too weak to significantly affect the adhesion.

2.3.2. Experimental Measurements of the Adhesive Energy
2.3.2.1. Oil-in-Water Emulsions

Observations of large contact angles in emulsions were first reported by Aronson
and Princen [105,106]. The authors have studied oil-in-water droplets stabilized
by anionic surfactant in the presence of various salts. Similar systems were stud-
ied by Poulin [110]. Anionic surfactants such as sulfate, sulfonate, or carboxylate
surfactants [106,110] exhibit a good stability and a strong adhesion in the presence
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FIGURE 2.35. Energy of adhesion between hexadecane droplets stabilized in water by SDS,
at various NaCl concentrations. (Adapted from [111].)

of monovalent salts such as NaCl and KCI. Systems made with cationic surfac-
tants such as alkyl ammonium are less stable when salt is added. However, some
systems can exhibit adhesion in well-defined conditions without coalescing too
quickly [110]. For example, highly viscous silicon oil droplets stabilized in water
by tetradecyl trimethyl ammonium bromide (TTAB) exhibit adhesion in the pres-
ence of KI. However, the droplets coalesce in a few minutes after the salt is added.
Finally, strong adhesion with pure nonionic surfactants in water was not observed
to our knowledge. However, mixtures of nonionic and ionic surfactant can lead to
adhesion [111].

The energy of adhesion between hexadecane droplets stabilized in water by
SDS in the presence of NaCl is shown in Fig. 2.35. It is observed that the adhesion
depends strongly on the temperature and on the salt concentration. For a given salt
concentration, there is a well defined temperature, 7*, above which there is no
adhesion. As the behavior of the surface energy changes at 7%, this temperature
can be referred to as a wetting transition temperature [109]. The dependence of
T* versus the salt concentration is plotted on Fig. 2.36.

Moreover, the adhesion depends strongly on the nature of the salt [105]. A
pronounced difference is noted in Fig. 2.37, where the energy of adhesion with
KCl, NaCl and LiCl are compared [110]. The system is much more adhesive with
KCI. This is the contrary with a carboxylate surfactant [106,110]. This behavior
is important because it suggests that the adhesion is linked to the solubility of the
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FIGURE 2.36. Onset of adhesion, T*, between
hexadecane droplets stabilized in water by 701
SDS as a function of the NaCl concentration. 5 60
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surfactant. Indeed, sulfate sodium salts are more soluble than sulfate potassium
salts whereas carboxylate sodium salts are less soluble than carboxylate potassium
salts. Moreover, cooling down the system and increasing the salt concentration
favors surfactant insolubility and emulsion adhesion at the same time.

2.3.2.2. Water-in-Oil Emulsions

The study of inverse adhesive emulsions has revealed the same features as direct
emulsions [112,113]. Here again, it was shown that adhesion is favored when the
surfactant becomes less soluble in the continuous phase [113]. This can be tested
experimentally by using binary mixtures of oils, one in which the surfactant is
soluble and another one in which the surfactant is insoluble. For example, water
droplets can be stabilized in mineral oil by sorbitan monooleate (Span 80). This
surfactant is soluble in dodecane whereas it is not in silicon oil. The affinity of the
surfactant for the organic solvent can be tuned by mixing dodecane and silicon
oil. As shown in Fig. 2.38, the energy of adhesion between water droplets strongly
varies as the ratio of the mixture is changed. A sharp rise is noted as the surfactant

o LiCl (2.00 mol/l)
6 = NaCl (0.70 mol/l)
o KCI (0.14 mol/l)

FIGURE 2.37. Energy of adhesion between
hexadecane droplets stabilized in water by
sodium dodecyl sulfate (SDS). The energy of
adhesion is much greater with KCl than with
NaCl or LiCl, although the KCI concentration 20 30 40 50 60
is lower. (Adapted from [110].) Temperature (°C)

Energy of adhesion (mN/m)
N
T
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FIGURE 2.38. Energy of adhesion between water droplets stabilized with sorbitan
monooleate (Span 80) in a silicon oil-dodecane mixture. The arrow indicates the insol-
ubility threshold of the amphiphile. (Adapted from [113].)

becomes insoluble in the solvent due to the large ratio of silicone oil. Similar
behavior was observed for inverted emulsions stabilized by phospholipids [114].

2.3.2.3. Influence of Droplet Size

For weakly adhesive systems, the pair energy between two identical droplets, u,
can be written as [109]:
2 2
u = TG (2.38)
2Vim

where aj is the droplet’s undeformed radius. The energy u scales as aZ. This means
that for a given energy of adhesion E (k. ), the pair energy u can strongly vary as a
function of the droplet size. If the net energy is much larger than kg T', the droplets
are expected to be adhesive. However, if u is of the order of k3T, or even weaker,
the droplets can be dispersed. Because u depends on the size of the particles,
small droplets can be homogeneously dispersed in conditions where large droplets
are adhesive. This effect was observed by Poulin et al. in oil-in-water emulsions
stabilized by SDS in the presence of salt [109]. The onset of adhesion of very large
droplets for such systems is given in Fig. 2.39. T* defines the temperature below
which macroscopic interfaces become adhesive. It was observed that below 7*
small droplets can remain totally dispersed. However, below a critical temperature
T, lower than T, aggregation and adhesion of the drops occur. T is plotted in
Fig. 2.39 for various salt concentrations and different drop sizes. The temperature
shift of adhesion, from macroscopic to colloidal scale, increases as the size of the
drops decreases. This effect was quantitatively explained by a very simple model
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that takes into account the entropy of the drops and the net energy of adhesion
between them [109].

2.3.2.4. Film Thickness Measurements

Film thickness measurements can be achieved between macroscopic solid or lig-
uid interfaces via optical techniques [17,90,99-102,115]. For example, an early
estimation of the thickness of Newton black soap films stabilized by SDS was
about 40 A [99-101]. More accurate measurements were performed using X-ray
reflectivity [116]. It was shown that the thickness of Newton black soap films is,
in fact, about 30 A. This means that such film is essentially a surfactant bilayer
standing in air. Neutron-scattering from concentrated emulsions was used to mea-
sure the thickness of adhesive films between small emulsion droplets suspended
in a liquid phase [111]. This technique takes advantage of the large surface area
that is involved in a concentrated emulsion of small emulsion droplets. It is found
that the global film thickness is 29 A. Moreover, this thickness is independent of
the temperature. The thickness in emulsion systems is thus similar to the thickness
of Newton black soap films [116]. Emulsion and foam films stabilized with the
same surfactant exhibit similar adhesive behavior [117], although the Hamaker
constants for air and oil systems are significantly different [17]. This shows that
the van der Waals interactions between oil or air media do not play an important
role. Moreover, the order of magnitude of the energy of adhesion in surfactant films
can reach a few mN/m. Such value reflects the molecular origin of the adhesion in
surfactant films. Indeed, a few mN/m corresponds to about a few tenths of kg T per
surfactant molecule. The cohesion of adhesive liquid films is thus usually arising
from short-range interactions between the surfactant layers.

2.4. Conclusion

Several techniques (SFA, TFB, AFM, MCT, etc.) have allowed very important
advances in the field of surface forces between solid and liquid surfaces. Force
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measurements offer insight into interaction of emulsion droplets and have impli-
cations when considering the stability and processing of emulsions. So far most of
the studies have concerned equilibrium forces. Additional effects occur when the
droplets move relative to one another. Two kinds of dynamical effects can be distin-
guished. The most obvious occurs when droplets move so rapidly that there is not
enough time for equilibrating. For example, the ions of the electric double-layer
can be left slightly behind when a charged droplet moves. Identically, for droplets
covered with adsorbed polymer, the rearrangements at the surface are often slow,
causing the force between two such surfaces to depend on the rate of the relative
motion. The second, dynamical effect arises when droplets or aggregates move in
the liquid medium. As a big unit moves, it creates a flow in the surrounding incom-
pressible liquid. The presence of a second particle will influence the flow patterns
in the liquid and will result in the two particles “seeing” each other trough the flow
of the intervening fluid. This effect is called hydrodynamic interaction. So far it is
difficult to state general rules concerning dynamic effects and it seems likely that
dynamic measurements of hydrodynamic and viscous forces will receive increased
attention in the near future.
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3

Phase Transitions

3.1. Introduction

Attractive interactions between droplets may induce flocculation and, depending
on the respective density of the solvent and the droplets, sedimentation or creaming
occurs. Flocculation is the process in which emulsion droplets aggregate, without
rupture of the stabilizing film between them. Flocculation occurs when the total
pairwise interaction between droplets becomes appreciably attractive at a given
separation. If the depth of the attractive well is of the order of the thermal en-
ergy, kg T, then the droplets form aggregates that coexist with single Brownian
droplets. The thermal energy allows an equilibrium state to be reached with per-
manent exchange between aggregated and free droplets. At the macroscopic scale,
after a few hours of settling, the emulsions undergo a phase separation between a
concentrated cream/sediment and a dilute phase. When the depth of the attractive
well is large compared to kg T (i.e., more than 10 k5 T'), the droplets are strongly
bound to the aggregates and cannot be redispersed by thermal motion. After a short
period of time, all the droplets are entrapped within large and tenuous clusters that
fill the whole space. The contraction of this gel-like network may be very long,
especially in concentrated emulsions. In Section 3.2, we describe flocculation phe-
nomena produced by weak attractive interactions. In this limit, flocculation can
be regarded as a reversible phase transition, exactly as in molecular fluids. To
illustrate the analogy, we shall present a method that allows partitioning of a poly-
disperse emulsion into monodisperse fractions (fractionated crystallization) based
on reversible aggregation. Finally, irreversible flocculation phenomena and their
associated gel structures are presented in Section 3.3.

3.2. Weak Attractive Interactions and Equilibrium
Phase Transitions

3.2.1. Experimental Observations

The droplet structure in attractive emulsions can be directly observed under a
microscope. Besides direct observations, a precise determination of the structure
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and a quantitative determination of the interdroplet attraction generally requires
the use of scattering techniques.

3.2.1.1. Scattering Techniques

Scattering methods, such as light scattering, are generally useful for studying
emulsions owing to the characteristic visible wavelength which is of the same
order as the droplet diameter. In a typical scattering experiment, a monochromatic
beam of light is focused on the liquid sample and the intensity of the scattered beam
is measured via a detector, as illustrated in Fig. 3.1. Collisions between photons
and the molecules of the sample are elastic (with no energy exchange), but a
transfer of momentum takes place. The larger the momentum transfer, the higher
the scattering angle 6. The momentum transfer is determined by the scattering
vector g (Fig. 3.1) such that:

1G] = 21 G © 3.1
= = Sin — .
q q o 3

where A is the light wavelength in vacuum and 7, is the average refractive index
of the sample. A straightforward scattering experiment consists of measuring the
intensity of the scattered beam as a function of the scattering vector. In colloidal
systems, light scattering is caused by local variations in the refractive index. A
light beam hitting a colloidal system will “see” the dispersed phase as particles
of refractive index n,, more or less randomly distributed in a solvent of refractive
index ng. Provided ny # ny, the refractive index averaged over a volume of size
Ag will vary in accordance with the local concentrations of the dispersed objects.
The average intensity of the scattered light depends on four factors: an instru-
mental constant, a contrast factor, a concentration factor, and a sample-dependent
scattering function. The three first factors can be measured independently, and the
relevant information is found in the scattering function, which is termed 1(g). If

Light source K m

Incident ’
beam 0

v

= l
mX

Detector
— I(a)

Py
@

FIGURE 3.1. Scheme of a light-scattering experiment. For elastic scattering, the magnitude
of the wave-vector is conserved:|k;| = |ks| = 2mn, /1. The magnitude of the scattering
vector ¢ = k; — k; is given by Eq. (3.1).
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the intra- and interparticle interferences are independent, the scattering function
becomes a product of a form factor P(q) and a structure factor S(g):

1(q) = P(q)S(q) (3.2)

The form factor depends only on intraparticle interferences and is independent
of concentration as long as the particles remain unchanged. For example, for a
uniform sphere of radius a comparable to A¢:

3 (singa — ga cos qa):|2 33)

(qa)’

The structure factor accounts for interparticle interferences. It relates to the so-
called pair distribution function, g(r), of particles through:

P(q) = [

3 [ .
S@)=1+— / [g(r) — 1]rsin(gr)dr (3.4)
qa- Jo

where ¢ is the particle volume fraction. The function g(r) describes the probability
to find one particle at center-to-center distance » from a test particle (at the origin).
Thus, if we know the particle size, we can calculate P(g), measure /(q), and then
determine the particle distribution g(r). Knowing the radial distribution function,
one may calculate all the macroscopic properties of suspended colloidal particles
as the osmotic pressure, the isothermal compressibility, and so forth [1]. The
radial distribution function is influenced by the many-body interactions that exist
between the dispersed particles. Describing the radial distribution function for a
multiparticle system is not simple. The reason is that the interactions between each
two particles is affected by the presence of all others in the ensemble. This is why all
equations for determining the radial distribution function introduce assumptions
and approximations [1]. For example, for very dilute colloidal dispersions with
short-range interparticle interactions, many-body correlations (i.e., more than two
particles) can be neglected, and g(r) can be expressed as a function of the two-body
(pair) interaction energy, u(r):

g(r) =~ expl—u(r)/kpT] 3.5)

Hence, by adopting the appropriate approximation, it is possible to obtain quanti-
tative information about the pair interaction energy from scattering experiments,
over a wide variety of systems and particle concentrations.

3.2.1.2. Oil-in-Water Emulsions

We first consider emulsion droplets submitted to attractive interactions of the
order of kg T. Reversible flocculation may be simply produced by adding excess
surfactant in the continuous phase of emulsions. As already mentioned in Chapter
2, micelles may induce an attractive depletion interaction between the dispersed
droplets. For equal spheres of radius a at center-to-center separation r, the depletion
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energy may be written as [2]:

Uy :/ F,(r'dr'

o0

Tda+n Tlearay

where F is the depletion force defined in Chapter 2, A is the exclusion charac-
teristic length which is comparable to the micellar radius, and P,,, is the mi-
cellar osmotic pressure. This potential decreases monotonically, from zero at
r = 2(a + A), to a minimum value u . at contact (r = 2a):

47 A3 3a
Ude = — I+ Posim (37)

4 3 3r P
= —T(a + Ay Py | 1 (3.6)

3 2A

The first observation of depletion flocculation by surfactant micelles was reported
by Aronson [3]. Bibette et al. [4] have studied the behavior of silicone-in-water
emulsions stabilized by sodium dodecyl sulfate (SDS). They have exploited the
attractive depletion interaction to size fractionate a crude polydisperse emulsion
[5]. Because the surfactant volume fraction necessary to induce flocculation is
always lower than 5%, the micelle osmotic pressure can be taken to be the ideal-
gas value:

Pm
4
A3
3
where n,, and ¢,, are the micelle concentration and volume fraction, respectively.
Moreover, because silicone oil droplets have a size ranging from 0.1 pum to a few

microns, the ratio a/A is very large and Eq. (3.7) can be approximated by:

Posim ~ nkaT = kBT (38)

3 a
e~ ——kpT¢,,— 3.9
uq ks ) A (3.9

This equation predicts a simple linear dependence of the contact potential on
the micelle volume fraction and on the ratio a/A. For example, for ¢, = 2% and
A =5 nm (typical effective micelle radius), Eq. (3.9) predicts that the pair contact
energy between droplets having a radius of 1 um is equal to —6 kg7, an attraction
that is in principle sufficient to produce flocculation. By adjusting the amount of
surfactant above its critical micellar concentration (CMC), the volume fraction
of micelles can be easily controlled. This type of interaction can be exploited to
size fractionate a primary polydisperse emulsion [5]. To produce monodisperse
fractions, a crude polydisperse emulsion is diluted to a droplet volume fraction of
¢ ~ 10% According to Eq. (3.9), for or any given micelle volume fraction ¢,,, the
absolute value of the depletion attraction will be greater than kg T for oil droplets
larger than some radius and will cause these larger droplets to flocculate. The
density mismatch between the oil and the water will cause these flocs to cream
after approximately 12 h of settling. The creamed droplets can be removed from
the initial emulsion and redispersed at ¢ ~ 10% in a separate suspension. By this
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means, the droplet distribution has been divided into two parts; droplets larger than
some size will be preferentially in one part, while smaller droplets will be in the
other. For the second fractionation step, the surfactant concentration of the emul-
sion containing the large droplets is reduced in order to flocculate only the largest
droplets. In the emulsion containing the smaller droplets, the surfactant concen-
tration is raised to flocculate still smaller droplets. By repeating this separation
procedure five or six times, monodisperse emulsions having different droplet radii
can be fractionated from a single polydisperse emulsion.

The uniformity of the droplet size distribution can be appreciated by compar-
ing an initial polydisperse emulsion, shown in the optical microscopy image in
Fig. 3.2a, with a monodisperse emulsion at the same volume fraction (*60%) ob-
tained after six fractionation steps, shown in Fig. 3.2b. The polydisperse emulsion
is highly disordered and possesses a wide range of droplet sizes. By contrast, the
droplet size of the fractionated emulsion is very uniform, allowing the development
of ordered packing. This fractionation method can produce monodisperse emul-
sions with droplet radii that range from 0.1 to 1 pm. The degree of polydispersity
defined as the ratio of the size distribution’s width to its average (see Chapter 1,
eq 1.4 for the exact definition), may be as low as 10% after six purification steps.
Owing to the entropic origin of the depletion attraction, this method is applicable
to any kind of emulsion stabilized by any kind of surfactant provided the emulsion
is stable against coalescence and Ostwald ripening.

Once produced, monodisperse emulsions can be used to study the physics of
the phase separation occurring in the presence of excess surfactant [6]. As previ-
ously described, adding surfactant leads to the formation of aggregates coexisting
with free droplets. Likewise, the two coexisting phases, the dense one contain-
ing aggregates and the dilute one containing free droplets, exchange continuously
particles as can be observed under a microscope (Fig. 3.3). This strongly suggests
the existence of a fluid—solid thermodynamic equilibrium as defined in the field
of conventional molecular fluids. Macroscopic samples of the dense phase may
be obtained after creaming. Iridescence is observed when a 1-5 pum thick film of
the dense phase is deposited between two glass slides. This property gives fairly
good certitude that the dense phase is solid-like with long range ordering of the oil
droplets. This is confirmed by the photomicrograph in Fig. 3.2b in which one can
easily distinguish oil droplets forming randomly oriented crystallites and by light
diffraction experiments, the results of which are consistent with a face-centered
crystalline structure [6]. Because a thermodynamic equilibrium is expected, one
can draw a phase diagram for various droplet sizes as a function of surfactant
concentration and oil droplet volume fraction [6] (Fig. 3.4). The experimental
points separate the one-phase region where only free droplets are observed from
the two-phase region (above the curve) where aggregated and free droplets coexist.
Creaming is systematically observed at the macroscopic level when the surfactant
concentration threshold is reached. Qualitatively, the droplet size dependence of
the experimental phase diagrams is in accord with the above described depletion
mechanism. Indeed, the colloidal aggregation at low droplet volume fraction can
be considered as a gas—solid phase transition and may be simply described by



110 3. Phase Transitions

FIGURE 3.2. Microscopic image of a polydisperse emulsion (a) and of the emulsion obtained
after six fractionation steps (b). The droplet volume fraction in both pictures is around 60%.
(Reproduced with permission from [5].)

equating both the chemical potentials and pressures of an ideal gas and a purely
incompressible dense phase involving only nearest neighbors [6]:

Z
2kpT

Ing = (ue + Au®) (3.10)
where z is the coordination number of a droplet within the dense phase (z = 12
in a compact structure), u, is the pair energy at each contact, ¢ is the droplet
volume fraction, and A0 is the reference chemical potential difference between
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FIGURE 3.3. Microscopic image showing the effect of adding excess surfactant in the con-
tinuous phase of the emulsions: flocs separate from a coexisting fluid phase.

fluid and dense phases. Hence, at constant droplet volume fraction, the boundary
corresponds to a constant pair interaction energy, u., within the aggregates. Fol-
lowing Eq. (3.9), higher ¢,, values are required for smaller droplets to get phase
separation (1, = ug.), as observed experimentally. The colloidal structure of di-
lute phases has been investigated by means of static light-scattering experiments
[6]. The dilute phase exhibits a correlation peak indicating hard-sphere-like in-
teractions between emulsion droplets at low surfactant concentration, replaced by
intense small-angle scattering indicative of attractive interactions at higher surfac-
tant concentration. The attractive interactions deduced from the scattered intensity
profiles confirm the depletion mechanism.

3

£ 77
% 22046 um FIGURE 3.4. Experimental phase
<y diagrams in the micelle volume
2a=0.60 um fraction ¢,,/0il volume fraction ¢
2a=0.93 um plane. The lines are visual guides
that delimitate the one-phase re-
0 T T T gion (fluid) from the two-phase

0 5 10 15 20

region (fluid + solid). (Adapted
¢ (vol%) from [6].)
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As described in Chapter 2, depletion attraction may also arise from the presence
of free polymer coils in the continuous phase of emulsions. Meller and Stavans
have investigated the effect of nonadsorbing hydrophilic polymers (poly[ethylene
oxide]) on the stability of monodisperse oil-in-water emulsions [7]. Above some
threshold polymer concentration, the polymer coils induce a fluid—solid equilib-
rium due to depletion effects. Indeed, in the dilute regime, macromolecules may be
regarded as hard spheres whose radius is comparable to the radius of gyration R,.
Polymer coils are thus excluded when droplet surface separation becomes lower
than A = R,. Steiner et al. have investigated the phase behavior of mixtures of
emulsion droplets, covering a large range of relative compositions and size ratios
[8]. Their results confirm the general phenomenology of phase separation induced
by osmotic depletion forces due to the smaller droplets. From their study it may
be concluded that polydispersity in itself may induce aggregation.

Many different types of interaction can induce reversible phase transitions. For
instance, weak flocculation has been observed in emulsions stabilized by nonionic
surfactants by increasing the temperature. It is well known that many nonionic sur-
factants dissolved in water undergo a phase separation: above a critical temperature,
an initially homogeneous surfactant solution separates into two micellar phases of
different composition. This demixtion is generally termed as “cloud point transi-
tion.” Identically, oil droplets covered by the same surfactants molecules become
attractive within the same temperature range and undergo a reversible fluid—solid
phase separation [9].

3.2.1.3. Water-in-Oil Emulsions

Inverse emulsions are generally made of water droplets covered by a layer of
short, aliphatic chains adsorbed at the oil-water interface. Because the droplets
are not charged and ions do not form easily in the low-dielectric-constant organic
solvents, electrostatic interaction can be neglected. Hence, the interaction between
the droplets depends essentially on the London-van-der Waals forces between the
droplet cores and on the quality of the solvent with regard to the stabilizing chains.
A rough approximation of the van der Waals potential between spherical particles
at contact is given by [10]:

Aa

= —— 3.11
uyaw Y (3.11)

where A is the Hamaker constant and § is the thickness of the surfactant stabilizing
layer. To impart stability against van der Waals attraction, the absolute value of
this interaction potential must be of the order or lower than the thermal energy,
kpT . For this to be the case, the stabilizing thickness § must satisfy the condition:

8 A
- =
a — 24kgT
The interaction that arises from the overlapping of the surfactant chains is due to
a complex interplay between enthalpic and entropic effects involving surfactant

chain segments (monomer units) and solvent molecules. The enthalpic part of the

(3.12)
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interaction is determined by the balance between segment—segment and solvent—
segment interactions. If the latter are highly favorable, the chains are solvated by
solvent molecules and a slight interpenetration of two stabilizing layers leads to a
strong repulsion, which is modeled as a “hard sphere” interaction. This repulsion
is very strong and short ranged because the chains are short, uniform in length,
and cover the surface densely. If the segment—solvent interaction is unfavorable,
then in addition to the usual steric repulsion, an attractive interaction may appear
between the stabilizing chains.

Leal-Calderon et al. [11] have studied the flocculation of water-in-oil emul-
sions stabilized with sorbitan monooleate (SMO), an oil-soluble surfactant that
possesses an average unsaturated C;g hydrophobic tail. Above the critical micellar
concentration, inverted micelles are present within the continuous oil phase, thus
allowing micellar depletion forces to induce reversible flocculation and further
fractionation of crude polydisperse emulsions. Within several decantation steps,
different monodisperse emulsion droplets were obtained via the same procedure
as described for direct emulsions. The monodisperse samples were then exploited
to characterize the role of the oil continuous phase in inducing aggregation. It
appeared that the droplets were dispersed in some oils referred as “good solvents,”
such as dodecane, and remained aggregated in many other different oils referred
as “bad solvents,” such as vegetable or silicone oils. Hence, it is interesting to
identify and characterize the aggregation threshold as a function of the continuous
phase composition made of a mixture of a so-called good solvent (dodecane) and
bad solvent (isopropyl myristate [[PM]). Figure 3.5a,b, shows the phase diagram
obtained when both the surfactant and the bad solvent contents are varied at con-
stant water droplet volume fraction (¢ = 5%). The system changes continuously
from a Brownian emulsion to a gel on addition of IPM or excess surfactant. For in-
termediate solvent compositions, coexisting states (fluid—solid equilibrium) were
observed. It is also noteworthy that this threshold depends on the droplet size.
Indeed aggregation was found at lower surfactant or IPM contents as the droplet
diameter was increased (Fig. 3.5a). In other words, a smaller amount of surfactant
or of the so-called bad solvent was required for larger droplets to phase separate.
Figure 3.6 shows a photomicrograph of an emulsion in which the solvent composi-
tion is much above the aggregation threshold. The clusters are very reminiscent of
those observed in direct emulsions undergoing gelation on addition of electrolytes.
(see Figure 3.11). Such an observation suggests that the attractive interaction be-
tween water droplets induced by the addition of the second solvent may become
much larger than kg T (in absolute value).

As for direct emulsions, the presence of excess surfactant induces depletion in-
teraction followed by phase separation. Such a mechanism was proposed by Binks
etal. [12] to explain the flocculation of inverse emulsion droplets in the presence of
microemulsion-swollen micelles. The microscopic origin of the interaction driven
by the presence of the “bad solvent” is more speculative. From empirical consid-
erations, it can be deduced that surfactant chains mix more easily with alkanes
than with vegetable, silicone, and some functionalized oils. The size dependence
of such a mechanism, reflected by the shifts in the phase transition thresholds, is
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FIGURE 3.5. Phase diagrams obtained for two monodisperse water-in-oil emulsions stabi-
lized with SMO. (O) totally dispersed; (®) flocculated (fluid—solid); (®) totally flocculated
(gel). (Adapted from [11].)

certainly due to the increasing contact surface between larger droplets. As previ-
ously mentioned, the interaction between the stabilizing chains are quite complex
and rather sensitive to many different microscopic parameters such as segment—
segment and chain—solvent molecular interactions, surfactant coverage, thickness
of the adsorbed layer, solvent chain length, and so forth.

Leal-Calderon et al. [13] have proposed some basic ideas that control the col-
loidal interactions induced by solvent or a mixture of solvent and solute, when
varying their length from molecular to colloidal scale. They have investigated the
behavior of water- and glycerol-in oil emulsions in the presence of linear flexible
chains of various masses. Figure 3.7 shows the phase behavior of both water and
glycerol droplets of diameter 0.4 um when dispersed in a linear aliphatic solvent
of formula C,Hj,1,, from n = 5 to n = 30. Because, for n larger than 16, sol-
vent crystallization occurs at room temperature, a second series of experiments
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FIGURE 3.6. Microscopic image of a totally flocculated emulsion (water droplets of diameter
0.51 um in a mixture of dodecane and IPM).

was performed at 65°C. The absolute value of the refractive index mismatch An,
between oil and water or glycerol is plotted as a function of n. The state of ag-
gregation is reported for each sample (dark symbols, aggregated; empty symbols,
dispersed). For water droplets, increasing n leads to increase |An,| and an ag-
gregation threshold appears at large n. Below this threshold occurring at n = 24,
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FIGURE 3.7. State of aggregation of water and glycerol droplets in different oils (C,Hy,,+2)
as a function of n and of the absolute value refractive index mismatch An, between the
dispersed and the continuous phase. The surfactant concentration (SMO) is equal to 1 wt%.
The droplet volume fraction is set at 5%. Water and glycerol droplets have a diameter
close to 0.4 um. Black symbols, aggregated droplets; empty symbols, dispersed droplets.
(Adapted from [13].)
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droplets are perfectly Brownian while above the threshold, the emulsions turn into
a completely aggregated system. In contrast, for glycerol droplets, increasing n
reduces |An,| and, instead, two distinct thresholds at n = 7 and n = 26 are ob-
served. The droplets are first aggregated (] An, | large), become dispersed as |An, |
decreases, and are finally aggregated again as |An,| decreases further. Note that
this second aggregation threshold occurs in the limit of large .

From these results, it can be concluded that two distinct and independent mech-
anisms affect the colloidal aggregation and therefore the contact pair interaction.
One is controlled by the refractive index mismatch, which reflects the magnitude
of the van der Waals forces [10]. The hydrocarbon—water Hamaker constant lies in
the range 3—7 10~2! J when n varies from 5 to 30 [10]. Assuming a layer thickness
& of about 2 nm, Eq. (3.11) gives a potential energy between —2 and —6 kpT, a
range in which phase separation is expected to occur, as found experimentally for
the water droplets. However, for the glycerol droplets, the Hamaker constant is
continuously decreasing as n increases and the flocculation observed for n > 26
suggests that the attraction in the presence of long alkanes is not produced only
by van der Waals forces. The interaction that arises from the overlapping of the
surfactant chains covering the droplets is controlled by the chain length of the sol-
vent, which certainly suggests an entropically driven mechanism. Indeed, enthalpic
contributions should be weakly changing with n because the chemical nature of
the solvent remains the same (alkanes), and the surfactant chain is also kept the
same.

To test this idea, the coupling between the length parameter n and the volume
fraction ¢ of flexible chains when mixed with dodecane was investigated. Because
the variable ¢ allows one to continuously vary the magnitude of the attraction, it
is possible to induce a transition from the dispersed to the totally aggregated state
with a coexisting state in between (fluid—solid equilibrium). Figure 3.8 shows the
aggregation threshold ¢* of glycerol droplets (¢ = 5%) within the ¢/n plane from
n = 25 to n = 40. ¢* is defined as the volume fraction of linear alkane C,,Hy,»
required to reach the coexisting state. Observations are performed at 65°C in order
to avoid crystallization of the dodecane/C,H,,+, mixture. As expected, there is a
strong coupling between ¢ and n: the longer the chain is, the fewer are required

100
80 ! [
2 60 [
o
g
& 40: 3 I FIGURE 3.8. Volume fraction of n-alkane at the on-
20 1 set of flocculation as a function of n-alkane chain
1. I length (C,Hy,12). The continuous phase is made of
0 ----... amixture of n-alkane, dodecane, and SMO (1 wt%).

10 15 20 25 30 35 40 4 Glycerol droplets (5% in volume) have a diameter
n of 0.38 um. 7 = 65°C. (Adapted from [13].)
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for reaching the coexisting state. Note that ¢*(n) dramatically increases when n
approaches the number of unit segments that compose the adsorbed surfactant tail
(n =18).

To explore the form of the function ¢*(n) on a larger scale, the same authors
studied the behavior of water droplets dispersed in a mixture of polydimethyl-
siloxane (PDMS) chains and dodecane (with 1 wt% of SMO). PDMS chains con-
form to the general formula (CH3); Si — [O — Si(CHj3),], — CHs. In Fig. 3.9 the
concentration threshold ¢* of PDMS oil necessary to reach the coexisting state is
plotted as a function of the average number n of monomers per chain (at 20°C and
fixed water volume fraction (¢ = 1%)). The boundary is clearly governed by two
distinct regimes: a sharp drop that occurs for low r, as for alkanes, and a smoother
decrease at large n. As in the case of normal alkanes, the aggregation is totally
reversible because it disappears on simple dilution with pure dodecane.

The colloidal aggregation at low droplet volume fraction can be considered as
a gas—solid phase transition. Following Eq. (3.10), it can also be assumed that the
@/n boundary at which the colloidal aggregation occurs corresponds to a constant
contact energy, u., of the order of kT between droplets within the dense phase
(at constant ¢). In the limit of large n (n > 500), a hard-core depletion mechanism
may govern the evolution of the ¢/n boundary of Fig. 3.9. Indeed, the van der
Waals force should remain constant, owing to the very small amount of polymer
(¢* < 1%) at which the aggregation occurs. Therefore, because polymer chains are
required to induce colloidal aggregation, van der Waals interactions are obviously
not sufficient. However, they certainly do contribute as a constant background. The
simplest description of the depletion force consists of assuming that for a droplet
surface separation lower than twice the radius of gyration R,, the polymer coils
are totally excluded. Following equation 3.7 (with A = R,), such a mechanism
leads to a contact energy given by:

Ue = =27 PpsmaR;, (3.13)
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where P, is the osmotic pressure of the polymer solution. This relationship as-
sumes that a/R, >> 1. Because the PDMS concentration remains very low (below
the semidilute critical concentration), the perfect-gas approximation may be as-
sumed for P,,,. For the larger n value (n ~ 3400), P,,,, = 60Pa at the aggregation
threshold. Using viscosimetric measurements, a hydrodynamic radius (which is
assumed to be equal to R,) of 147 A has been measured at 20°C. At such a tem-
perature, the solvent behaves roughly as a theta solvent (the hydrodynamic radius
is found to scale as n®, where o = 0.53 &+ 0.05 [14]). Therefore, Eq. (3.13) gives
u, ~ — 2.7kpT, which perfectly agrees with the initial assumption: the hard-core
depletion mechanism might be responsible for the evolution of the ¢/n boundary,
at least for such a large value of n. In a theta solvent, R, scales as n% and P,;,, as
@/n, and therefore the aggregation boundary in that limit should become essentially
independent of n. In a good solvent, R, scales as n%°, and therefore @™ scales as
n~%2, So, if the depletion interaction governs the experimental ¢/n dependence,
@™ is expected to exhibit a very weak dependence on n, which is clearly the case in
the limit of large n. In the inset of Fig. 3.9, the data are plotted in a log—log plot and
confirm that the slope is becoming comparable to the expected one (between 0 and
—0.2; as a guide a line of slope —0.1 has been drawn). In the limit of small n (n <
100), the simple depletion mechanism which assumes a total exclusion of polymer
chains is unrealistic. Indeed, the polymer is small enough to swell the adsorbed
surfactant brush and to be only partially excluded when the two droplets approach.
As an example, at the aggregation threshold corresponding to n = 40 (¢p* = 3%),
the ideal gas osmotic pressure is 22 103 Pa. For this system, the radius of gyration
is about 15 A, leading to a depletion contact potential of about —10 kzT'. As seen
in Fig. 3.9 (inset) for n &~ 40 the data do not agree with the previous scaling and
accordingly, the deduced absolute value of the contact potential at the threshold
is much larger than kg T. This suggests that the hard-core depletion mechanism
is not realistic any longer. Indeed, such a mechanism overestimates the pairwise
interaction at the precipitation threshold and this overestimation becomes more
dramatic as n decreases. For the same reasons, the slope of ¢*(n) for n < 100
deviates from the prediction based on that mechanism.

3.2.2. Models for Phase Transitions

An analogy may be drawn between the phase behavior of weakly attractive
monodisperse dispersions and that of conventional molecular systems provided
coalescence and Ostwald ripening do not occur. The similarity arises from the
common form of the pair potential, whose dominant feature in both cases is the
presence of a shallow minimum. The equilibrium statistical mechanics of such
systems have been extensively explored. As previously explained, the primary dif-
ficulty in predicting equilibrium phase behavior lies in the many-body interactions
intrinsic to any condensed phase. Fortunately, the synthesis of several methods (in-
tegral equation approaches, perturbation theories, virial expansions, and computer
simulations) now provides accurate predictions of thermodynamic properties and
phase behavior of dense molecular fluids or colloidal fluids [1].
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FIGURE 3.10. Phase diagrams of attractive  (a)
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Freezing and crystallization are generally driven by potential minima that over-
come the entropic tendency toward disorder. In some cases however, entropy can
actually induce order and cause a simple liquid to freeze. While this seems coun-
terintuitive, such entropy driven freezing transition has been observed in com-
puter simulations of spheres interacting through a purely repulsive hard sphere
potential [1]. This freezing transition was observed experimentally in monodis-
perse, hard-sphere colloidal suspensions [15]. For liquids and suspensions made
of single-size spheres, freezing is observed when the volume fraction ¢ of spheres
exceeds 49.4% and melting at volume fractions lower than 54.5%. In addition, it
is now well established, from theory and numerical simulations, that the topol-
ogy of the phase diagram depends on the ratio £ of the interparticle attraction
range (A) to the interparticle hard-core repulsion range (a) : £ = % [16-19]. In the
case of sufficiently small &, theory predicts that the only effect of the interparti-
cle attraction is to expand the above-mentioned fluid-crystal coexistence region
(49.4% < ¢ < 54.5%) (Fig. 3.10a). For & values larger than approximately 0.3,
in addition to the fluid—solid coexistence region, a fluid—fluid coexistence (gas—
liquid) is also predicted (Fig. 3.10b). Experimental evidence for the effect of the
range of the interparticle attraction on equilibrium phase behavior has been pro-
vided by studies on colloid—polymer and colloid—colloid mixtures [20-24], thus
confirming the predicted topologies as a function of &. So far, in the field of emul-
sions, the only type of equilibrium that has been recognized is fluid—solid like,
which suggests that only small £ values are accessible. This is due to the fact
that emulsion droplets have a characteristic diameter that generally spans between
0.1 and 1 pum, a hard-core size that is much larger than the range of classical
interactions.
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FIGURE 3.11. Emulsion gel. The droplets are about 0.5 um in diameter. They form large
and ramified aggregates.

3.3. Gelation and Kinetically Induced Ordering

If the attractive energy between the droplets is around —10 kT, equilibrium
phase behavior is no longer possible. Strongly attractive emulsion droplets irre-
versibly stick to one another, as they collide owing to their diffusive motion. As
shown in Fig. 3.11, the resultant bonds can be sufficiently strong to prevent further
rearrangements, leading to highly disordered and tenuous clusters, whose structure
can be well described as fractal [25]. In contrast to a compact aggregate in which
the mass M and the radius R are related as M o R?, the radius of a fractal object
depends more strongly on M. By definition, if M and R are related through:

M « R% (3.14)

we are dealing with a fractal object. The exponent dy represents the fractal di-
mension, which is a rational number less than 3; the smaller dr, the less compact
the aggregate. If there is no repulsive barrier preventing clusters from sticking
upon collision, the aggregation is driven solely by the diffusion-induced collisions
between the growing clusters. This regime, called diffusion-limited cluster aggre-
gation (DLCA), is amenable to detailed theoretical analysis, and has become an
important base case on which understanding of other kinetic growth processes can
be built. At long times, DLCA must produce a gel that spans the system, prevent-
ing further coarsening. DLCA is completely random; nevertheless, experiments
performed with concentrated suspensions, have shown that a surprising order can
develop, manifested by a pronounced peak in the small angle scattering intensity
I(q) as afunction of wave vector, which reflects the development of a characteristic
length scale in the suspension [26,27].
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FIGURE 3.12. Light-scattering intensity as a function of the wave vector for an emulsion
with ¢ = 4% at a series of times. The inset shows that, except at the earliest times, the data
can be scaled onto a single curve. (Adapted from [27].)

The structure of adhesive emulsions stabilized with ionic surfactant in the pres-
ence of salt was studied using light-scattering [27,28]. These emulsions are ideal
systems to reach the limit of DLCA as the droplets can be made unstable toward
aggregation by temperature quenches. Before the quench, at high temperature, the
droplets are homogeneously dispersed whereas they stick to one another just after
the quench (see Chapter 2, Section 2.3). Figure 3.12 shows a series of /(g) taken
at different times after the aggregation begins, using a sample with droplet volume
fraction ¢ = 4%; t = 0 is chosen as the time when the first perceptible change
in the scattering intensity is observed. There is a pronounced peak in /(g) that
grows in intensity and moves to lower ¢ with time; ultimately the system gels, and
there are no further changes in /(g). The scattering wave vector of the maximum
intensity defines a characteristic length scale of the system, g,,'; g, is defined as
the asymptotic limit of g,, at long times, that is, when gelation is achieved. As
previously observed [26], after a brief initial stage, all the scattering curves can be
scaled onto a master curve by plotting q,‘f,f I(g / gm) as a function of ¢ / qm-. This
scaling is illustrated in the inset of Fig. 3.12, where the fractal dimensiondy = 1.9
has been used. This value is close to 1.8, the expected fractal dimension for DLCA
[25]. Such scaling behavior has also been observed in other three-dimensional
[26] and in two-dimensional [29] colloidal systems. Several authors have pointed
out the intriguing similarity between DLCA and spinodal decomposition where
scaling behavior is also observed [26,29-32]. Numerical simulations [30,31] and
theoretical analysis [33] agree with the experimental results obtained with different
systems. The origin of the peak is mainly due to a depletion shell around the larger
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FIGURE 3.13. Dependence of g, vs. ¢.
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clusters as aggregation proceeds [26]. However, at higher volume fraction and later
times, the peak originates mainly from correlations between the growing clusters.

For diffusion-controlled gelation and low droplet fraction, g, follows a power-
law dependence [27]:

g ~ 91/G-) (3.15)

This is confirmed in Fig. 3.13. For ¢ < 10%, the exponent is 0.75, close to the
expected value, 0.83 for d, = 1.8. However, for ¢ > 10%, there is a sharp change,
and very little variation of g, with ¢ is observed. The origin of this behavior
and the mechanisms of colloidal aggregation at very high volume fractions are
still the subject of current research. It has been shown that the similarity with
spinodal decomposition tends to be more pronounced in these regimes of highly
concentrated droplets [34]. There is still a pronounced peak in I(q); however, g,,
is independent of ¢, as shown in Fig. 3.14 for ¢ = 23%. Moreover, the intensity at
gm grows exponentially with time until gelation occurs, typically in less than 2 s;
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I FIGURE 3.14. Time evolution of /(g)
» for ¢ = 23%. The peak position does
q (um™) not change. (Adapted from [28].)
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this is shown in Fig. 3.15. Similar behavior is observed for all ¢ > 10%, although
the peak in /(q) becomes broader as ¢ is increased. This broadening is noticeably
more pronounced when ¢ > 30%. For ¢ > 40%, a peak is no longer observed. The
behavior in this second scenario is similar to that expected for the early stages of a
spinodal decomposition within the framework of the Cahn—Hilliard linear theory
[35,36].

Finally, an important feature of gels made of adhesive emulsions arises from
the deformation of the droplets. Indeed, as the temperature is lowered the contact
angles between the droplets increase [27,28] (see Chapter 2, Section 2.3). Conse-
quently, the structure of the final flocs depends on the time evolution of the strength
of the adhesion. Initially, the adhesion results in the formation of a random, solid
gel network in the emulsion. Further increase of adhesion causes massive fractur-
ing of the gel, disrupting the rigidity of the structure and leading to well separated,
and more compact flocs [27,28].

3.4. Conclusion

Many practical applications of emulsion science revolve around the problem of
controlling the interaction between droplets or between droplets and surfaces.
Some consequences of weak or strong attractions between emulsions droplets have
been examined and we hope that the concepts presented in this chapter will provide
a useful guide for controlling aggregation phenomena. Such phenomena have a
strong impact on optical and rheological properties of emulsions. For instance,
aggregation may induce viscoelastic behavior at relatively low droplet volume
fraction.

In numerous applications, emulsions are used to coat a surface and adhesion of
the droplets on a substrate is required. So far, droplet—substrate interactions have
been much less examined and it is clear that any progress in coating technology will
require further investigation. Among the most exciting challenges, we can mention
the specific deposition or “targeting” of emulsion droplets on biological substrates
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(skin, living cells, etc.) for medical purposes. Targeting requires the formation
of specific complexes between ligand-receptor couples over a wide variety of
hydrodynamic and compositional conditions. Some promising biotechnological
applications of emulsions are reviewed in Chapter 7.
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4

Compressibility and Elasticity
of Concentrated Emulsions

4.1. Introduction

Emulsions are dispersions of deformable droplets that can therefore span droplet
volume fractions from zero to almost one. Much effort has been spent in studying
the rheology of relatively diluted emulsions (oil volume fraction ¢ below 40%)
([1], and references therein, [2,3]). At low volume fraction, nonadhesive emulsions
consist of unpacked spherical droplets; such samples generally show a Newtonian
behavior, while flocculated emulsions show shear-thinning behavior. A significant
change in the rheological behavior is observed if the droplets are concentrated up
to volume fractions higher than the volume fraction ¢* corresponding to the ran-
dom close packing of hard spheres. For randomly packed monodisperse spheres,
¢* = 64%. Above ¢*, the droplets can no longer pack without deforming; al-
though being composed of fluids only, emulsions resemble a solid. The elasticity
exists only because the repulsive droplets have been concentrated up to a suffi-
ciently large volume fraction, ¢, which permits the storage of interfacial energy.
As pointed out by Princen and Kiss [4,5], the considerable elasticity of concen-
trated emulsions exists because the repulsive droplets have been compressed by
an external osmotic pressure. Two compressed droplets will begin to deform be-
fore their interfaces actually touch, owing to the intrinsic repulsive interactions
between them. Emulsions minimize their total free energy by reducing the repul-
sion (which may have different origins) at the expense of creating some additional
surface area by deforming the droplet interfaces. The necessary work to deform
the droplets arises from the application (by any means) of an external osmotic
pressure, I1, and the excess surface area of the droplets determines the equilibrium
elastic energy stored at a given osmotic pressure. The additional excess surface
area created by shear deformation determines the elastic shear modulus, G(¢).
Although IT and G represent fundamentally different properties, they both de-
pend on the degree of droplet deformation and therefore on ¢. This chapter aims
to describe the basic physics of compressibility and elasticity of concentrated
emulsions.

126
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4.2. Basic Concepts

Let us first consider interfaces at equilibrium. Any stress (osmotic or shear stress)
imposed to the emulsion increases the amount of interface, leading to a modifica-
tion of the free energy. For a monodisperse collection of N droplets of radius a, the
total interfacial area of the undeformed droplets is Sy = 47 Na?. If the emulsion is
compressed up to ¢ > ¢*, each droplet is pressing against its neighbors through
flat facets. As a consequence, the total surface area, S, becomes larger than 5.
The osmotic pressure is defined as the derivative of the free energy F with respect
to the total volume V/, at constant number of droplets:

(8F> (8F> (as>
Nn=—(—)=—(=) (= (4.1)
v ), as J, \av )

The derivative of F with respect to S,

_(2F 42
“‘<85>N @2

characterizes the mechanical behavior of the surface and is equal to the interfa-
cial tension, yiy, in the case of a surfactant-covered interface. (%) v is a purely
geometrical term that represents the excess surface due to compression.

A similar approach can be adopted for the bulk shear modulus. When a small
strain is applied to a solid, the latter is stressed, and one can measure the resulting
stress. At low deformation, the bulk shear stress, 7, is proportional to the strain,

I', following Hooke’s law:
T =Gl 4.3)

where G is the elastic shear modulus. For materials that do not store perfectly the
elastic energy (i.e., materials that exhibit some viscous loss), G can be generalized
considering that the stress varies linearly with the strain. Thus G is transformed into
acomplex value that is frequency-dependent. If the emulsion—already compressed
to a surface S—experiences a small shear strain I', the total interface increases
quadratically with the strain, as shown by Princen [6]. The total droplet surface

area thus increases as:
1 HEN
AS=-T*—= 4.4
2 <8F2> 44

The bulk stress can be expressed as:

1(8F> F<8F> (825)
t=—(—) ==(=) (— (4.5)
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The shear modulus is then given by:
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4.3. Experimental Techniques

4.3.1. Elasticity Measurements

G is measured by means of a rheometer. The shear modulus is a complex number
that has a phase and a magnitude, because the viscous dissipation causes a lag
(i.e., a phase shift) between the resulting stress and the applied strain. The real
part of G is related to the energy storage, while the imaginary part is related to
the viscous loss. In a real measurement, a sinusoidal strain or stress is applied at
a given frequency. The response of the system (i.e., the time-dependent stress or
strain) is measured. In the linear regime, the response of the studied material is
also sinusoidal. Considering a periodic strain, with an amplitude I'y and pulsation
w, one writes:

I'(t) = 'y cos(wt)
T(t) = 19 cos(wt + @) 4.7

where ¢ is the phase shift due to dissipation. Equations (4.6) and (4.7) yield:
G = 2 cosg()
= —cos p(w
ro ¥

1 T .
G = F—Osmgo(a)) 4.8)

where G’ and G” are the real and imaginary part, respectively, of G. Hereafter, G’
is called elastic modulus, and G” loss modulus.

4.3.2. Compressibility Measurements

At least two different techniques are available to compress an emulsion at a given
osmotic pressure I1. One technique consists of introducing the emulsion into a
semipermeable dialysis bag and to immerse it into a large reservoir filled with
a stressing polymer solution. This latter sets the osmotic pressure IT. The per-
meability of the dialysis membrane is such that only solvent molecules from the
continuous phase and surfactant are exchanged across the membrane until the os-
motic pressure in the emulsion becomes equal to that of the reservoir. The dialysis
bag is then removed and the droplet volume fraction at equilibrium is measured.

Another technique consists of submitting the emulsion to centrifugation and
determining the droplet volume fraction ¢ at the top (bottom) of the cream (sedi-
ment). The centrifugation typically takes several hours until the equilibrium volume
fraction is achieved. After equilibration, if the droplets occupy a distance much
less than that of the centrifuge lever arm, the spatial gradient in the acceleration
can be neglected, and the osmotic pressure can be determined (see Fig. 4.1):

HZ
= |Ap| Qs (dL.H + 7) (4.9)
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FIGURE 4.1. Scheme of the centrifugation experiment for a) a creaming emulsion, b) a
sedimenting emulsion. See text for details.

where H is the final height of the cream (sediment), ¢, is the final oil (water)
volume fraction, Ap is the density mismatch between the dispersed and the con-
tinuous phase, d, is the length of the lever arm, and €2 is the rotation speed of the
centrifuge. In the right-hand term of Eq. (4.9), the operator 4 applies to creaming
and — to sedimentation. This maximum osmotic pressure reflects the stress exerted
by the droplet layers below (above) the top (bottom) of the cream (sediment).

4.4. Compressibility and Elasticity of
Surfactant-Stabilized Emulsions

In this section, we shall describe the bulk properties of emulsions that are due
to surface tension only, as generally observed with surfactant-stabilized systems:
o = )/jm.

4.4.1. Experimental Results

The first quantitative study on the elastic properties of monodisperse emulsions
was carried out by Mason et al. [7,8], following the pioneering work of Princen
[4,5], performed on polydisperse systems. Mason et al. prepared concentrated
monodisperse silicon oil-in-water emulsions, stabilized by sodium dodecyl sulfate
(SDS). Typical results for both G’ and G”, as a function of the applied oscillatory
strain, I'g, are shown in Fig. 4.2, for several volume fractions of an emulsion with
mean radius a = 0.53 pum. The elastic modulus increases by nearly four decades
as ¢ increases. For low strain values (in the linear regime), G’ is greater than G”,
reflecting the elastic nature of the emulsions. However, at larger strains, there is a
slight but gradual drop in the storage modulus, while the loss modulus begins to
rise, indicating the approach to the nonlinear yielding behavior and plastic flow. At
very large strains, beyond the yield strain marked by the drop of G’, the apparent
G” dominates, reflecting the dominance of the energy loss due to the nonlinear
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FIGURE 4.2. The I' depen-
dence of the storage G’ (solid
symbols) and loss G” (open
symbols) moduli of a mono-
disperse silicon oil-in-water
emulsion stabilized with SDS,
with radius @ = 0.53 pm, for
three volume fractions; from
top to bottom: ¢ = 77%, 60%,
and 57%. The frequency is
1 rad/s; the lines are visual

1072 uides. (Adapted from [10].
107 1073 1072 107 100 100 & (Adap [101)

I'o

flow. Hébraud et al. [9] have investigated the evolutions of droplet motions as the
emulsions undergo the transition from the linear to the nonlinear regime. They used
diffusing-wave spectroscopy as a tool to estimate the fraction of moving drops in
concentrated emulsions subjected to a periodic shear strain. They showed that the
strain gives rise to periodic echoes in the correlation function, which decays with
increasing strain amplitude I'y. For a given Iy, the decay of the echoes implies
that a finite fraction of the emulsion droplets never rearranges while the remaining
fraction of droplets repeatedly rearranges. Yielding occurs when about 4—5% of
the droplets rearrange.

The frequency dependence of the moduli was measured by Mason et al. [7,8] and
is shown in Fig. 4.3 for several values of ¢. In all cases, there is a plateau in G'(w);
at high ¢, this extends over the full four decades of explored frequency, while for
the lower ¢, the plateau is no longer strictly independent on w but reduces to an
inflection point at G’p. In contrast, for all ¢, G”(w) exhibits a shallow minimum,
G,,- Mason et al. used G/, to characterize the elasticity and G}, to characterize the
viscous loss.

10°F 5
[ —o o & & o+ 4 0 FIGURE 4.3. The frequency

103; 77% dependt?nce of the storage
F G’ (solid symbols) and loss

L W G” (open symbols) moduli of
102? M a monodisperse silicon oil-
L 60% in-water emulsion stabilized
10'F W with SDS, with radius a =
[ 0.53 pm, for three volume
100F M fractions; from top to bottom:
F57% ¢ = 77%,60%, and 57%. The
S RV RPN S I S I S strain is 0.005 in all cases.
10°° 102 107 10° 10 10 The lines are visual guides.
o (rad/s) (Adapted from [10].)
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FIGURE 4.4. The plateau storage modulus G’, (small solid symbols) and the minimum of
the loss modulus G;; (small open symbols) as a function of the effective oil volume fraction.
a = 0.25 pm (circles), a = 0.37 pum (triangles), a = 0.53 pm (squares), and a = 0.74 um
(diamonds). The large circles are the measured values for the osmotic pressure. All data are
normalized by yi,/a (Adapted from [10].)

Mason et al. [7,8,10] measured the ¢ dependence of G’), G/, and II, for emul-
sions of different radii and they normalized the results by the Laplace pressure,
Yint/@; the results are reported in Fig. 4.4. Measurements of G, G”, and I1 were
performed on droplets of various sizes. Osmotic pressure data were obtained, in
the regime of large ¢, from a dialysis technique, while in the regime of low ¢,
gentle centrifugation was more accurate. The repulsive electrostatic interaction
induced by adsorbed SDS molecules was accounted by assuming that the droplets
behave as deformable spheres with an effective radius larger than the real one, the
difference being of the order of the Debye length. Indeed, as initially pointed out
by Princen [11], it is the effective oil volume fraction that governs the rheological
properties. ¢,y is calculated from:

Lh@)7
¢eﬁ—¢[1+2 ; ] (4.10)
where h(¢) is the film thickness between the droplets at volume fraction ¢. A linear
variation of /2 on ¢ can be assumed. Hence one needs to evaluate the film thickness
attwo oil volume fractions (above the close packing). For ¢ = ¢*, h has been taken
equalto 175 A, consistent with force—distance measurements for emulsions coated
with the same surfactant [12] (see Chapter 2, Fig. 2.5). Near ¢ = 100%, h has been
taken equal to 50 A; this is consistent with the Debye length of the double-layer
repulsion between highly deformed interfaces and a disjoining pressure of y;,/a
[13].
The rescaled data of G/, and Gy, all fall onto single curves as shown in Fig. 4.4;
G/, rises by about four decades, as ¢¢ increases from 60% to 85%. The scaling
with yine/a confirms that the origin of elasticity results from the storage of energy
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at droplet interfaces. Moreover, the scaling with ¢4 indicates that the elasticity
of these compressed droplets depends only on the packing geometry. Like the
elasticity, the osmotic pressure also reflects the energy storage at the interfaces as
they are deformed with increasing ¢. Remarkably, IT/(yiy/a) is nearly the same as
G'/(¥ini/a), until it diverges at high ¢.;. When the droplets are highly compressed
(¢ — 100%), the emulsion’s elasticity resembles that of a dry foam and it is
determined by yint/a. A random dry foam is predicted to have G’p = 0.55 (¥int/a)
[14], in excellent agreement with both the results of Mason et al. [7,8,10] and
Princen’s earlier data on polydisperse systems. In contrast, the measured IT exhibits
a pronounced increasing slope, as ¢ — 100%.

4.4.2. Theoretical Approaches

The first theoretical considerations concerning I1 (¢) and G (¢) of concentrated
3-D emulsions and foams were based on perfectly ordered crystals of droplets
[4,5,15—18]. In such models, at a given volume fraction and applied shear strain, all
droplets are assumed to be equally compressed, that is, to deform affinely under the
applied shear; thus all of them should have the same shape. Princen [15,16] initially
analyzed an ordered monodisperse 2-D array of deformable cylinders and con-
cluded that G = Ofor ¢ < ¢*, and that G jumps to nearly the 2-D Laplace pressure
of the cylinders at the approach of ¢ = 100%, following a (¢ — ¢*)!/? dependence.

Three-dimensional problems are much more elaborate. The behavior of 3-D
concentrated emulsions can be inferred by considering a single droplet confined
in a box, whose dimensions are decreased below 2a, thus deforming the droplet
and forming flat facets at the walls. Hence, within this picture, the description of
[T (¢) and G(¢) reduces to the problem of a single droplet within a unit cell, each
facet behaving as a spring that repels the walls. This picture can be generalized
to describe the bulk emulsion by assuming the neighboring droplets to form the
box. Therefore, soft spheres interact with their nearest neighbors through central
repulsive potentials that reflect the “spring-like” behavior of each of the facets.
The repulsive pair elastic energy is U (§), withé = 1 — d/2a, d being the distance
between the centers of the interacting deformed spheres. The interaction is said to
be harmonic when U (&) varies as &£2, and nonharmonic when the exponent is larger
than 2. Morse and Witten [ 19] have found from analytical considerations that, when
£ is close to zero (small deformation), the pair elastic potential U (£ ) varies as £2/In&
(the “effective” exponent is thus larger than 2). This was the first demonstration
that the elastic interaction between deformable droplets is nonharmonic. This claim
was the first important step in understanding elasticity of dense emulsions, because
it raised the possibility of nonaffine droplet displacements under shear strain.
Numerical calculations proposed by Lacasse et al. [20] have extended the range
of applicability of the elastic pair interaction toward larger degree of deformation,
also including the nature and the role of the unit cell. In an extensive numerical
study of the response of a single droplet to compression by various Wigner—Seitz
cells, it was shown that, for moderately compressed emulsions, the interaction
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U (&) can be approximated by a power law:
UE) = Kyma’s® 4.11)

where K is a constant and ¢ is a power exponent larger than 2. Note that K and o
depend on the number of interacting neighbors. A better fit over a wider range of
the numerical data was obtained via the expression:

UE) = Kyma’[(1 — &) = 1]° (4.12)

Again, K and o are depending on the number of interacting neighbors. As an
example, o = 2.4 for a face cubic-centered lattice.

‘We now derive an expression for the equation of state I1(¢) from U (§) as defined
in the preceding text. By combining Eq. (4.1) and

47 Na®
= 4.13
¢ 3V (4.13)
we obtain:
3Vim@* [
= SYmé” (95 (4.14)
dra® \ 3¢/ v
where s is the single droplet surface. Since
a\’ ¢*
(—) = ¢ 4.15)
2a ¢
&can be rewritten as:
%\ 1/3 %
£ 1 ("’_> ~ 9= (4.16)
¢ 3¢*

Thus, if we take the limit in which & tends to zero (small deformations), & is
proportional to (¢ — ¢*), and U (&) can be transformed into U (¢). U (¢) is related

to s(¢) by:
(s(@) — 50)Vine = 2U () (4.17)

where z is the number of nearest neighbors and sy is the undeformed droplet
surface area. We can thus derive an expression (for small deformations) for the
equation of state I[1(¢) by differentiating U (¢) in Eq. (4.14). A harmonic potential
is sufficient to describe the main features of the equation of state, at least in the
regime of small deformations, so U (£) can be taken as proportional to £2, leading
to U(¢) proportional to (¢ — ¢*)?. Therefore I1 is proportional to ¢*(¢ — ¢*), in
agreement with the experimental data of Mason et al. [7] which can be fitted by
the following empirical equation for ¢* < ¢ < 95%:

Yt 526 — ¢%) 4.18)

a
An expression for the regime of very large compressions, where the emulsion
is almost dry (¢ — 100%) can be derived following Princen’s argument [4,5].
In highly concentrated emulsions, the droplets are forced to deform, that is, they

Mnm~1.7
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flatten in those areas where they make “contact” and adopt the shape of polyhedra
with rounded edges. The so-called Plateau borders are confined zones that appear
at the intersection of three films. The surfaces delimiting Plateau borders are the
rounded edges of the polyhedra. By assuming that the residual continuous phase
is contained only within Plateau borders, whose shapes can be approximated by
cylinders of radius r and length a, the water volume fraction 1 — ¢ is proportional
to r2a/a®. Because in the limit of ¢ close to 100% the osmotic pressure is equal
to the Laplace pressure, 2y, /r, of the deformed droplets, where r is the plateau
border curvature, we find that IT diverges as (1 — ¢*)~1/2.

Similarly to the osmotic pressure, the static shear modulus G(¢) can be calcu-
lated within a mean field picture. Models based on ordered structures and harmonic
potential predict a sudden raise of G at ¢* and a continuous increase with (";27?) <
0. Such models do not account properly for the experimental data that reveal
that G exhibits a smooth raise at ¢* followed by an increase with (‘327?) >0
(G roughly follows the same evolution as IT for ¢ < 95%). Using the nonharmonic
potential obtained by Morse and Witten [19] described earlier, and assuming an
emulsion that obeys simple cubic packing, Buzza et al. [17,18] predicted a sharp
but continuous rise of the shear modulus at ¢* and then a continuous increase with
(327?) < 0. For more details concerning the calculation of G(¢), the reader is di-
rected to [17,18,21]. The mean field approach, although including a more realistic
elastic interaction, is not adequate for describing the experimental dependence of
G on ¢.

Lacasse et al. [20] performed simulations aimed at predicting the right depen-
dence of both the osmotic pressure and the elastic shear modulus on the droplet
volume fraction. Their simulations have two particular features: (1) The energy of
deformation per facet formed between two neighboring droplets has been taken
as nonharmonic. (2) The real microscopic structure of concentrated emulsions has
been taken into account. Instead of imposing a crystal-like lattice, the model deals
with systems of disordered droplets. Lacasse et al. have “numerically” constructed
disordered systems of soft spheres that interact through a two-body nonharmonic
potential U (£), represented by a power law (see earlier), with a form depending on
the average coordination number of the droplets. Under pairwise repulsive poten-
tials, the particles can be seen as soft compressible spheres, pushing one another
and deforming when their center-to-center distance is smaller than their initial
diameter. The total free energy F of the system is the sum of all the energies in-
volved in the interacting pairs. A random distribution of N > 1000 monodisperse
droplets was generated in a cubic box with periodic boundary conditions. The
cubic box was then “numerically deformed” using isochoric uniaxial strains. For
example, the z-axis was stretched by a factor A > 1 and the perpendicular plane
was compressed by a factor A~!/2. Numerical results for the osmotic pressure, I
and shear modulus G obtained from this model are in excellent agreement with the
experimental results,as can be seen in Fig. 4.5. The simulations provide a physical
insight into the origin of the shear modulus of emulsions. The nonharmonicity
of the potential has profound consequences on the deformations: even under a
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FIGURE 4.5. The computed shear modulus G’ (stars) and osmotic pressure (line), compared
with the experimental values for G/, (squares) and IT (full circles). All data are normalized
by yin/a. (Adapted from [21].)

uniform compression, it implies that there are nonaffine particle displacements.
Lacasse et al. [20] have shown that the shear produces a positional relaxation
(displacement) of the droplets that leads to a much smaller elasticity than in the
absence of such relaxation. By subtracting the actual motion of the droplets from
the affine motion, caused by the uniaxial strain, it appears that the droplet motion
is clearly nonaffine, but random in direction. Such an effect is responsible for the
“smooth” scaling of G, instead of a rapid jump in the vicinity of ¢*, as predicted
from a mean-field picture [4,5,15-18].

4.5. Compressibility and Elasticity of
Solid-Stabilized Emulsions

A growing interest is being devoted to the so-called Pickering or solid-stabilized
emulsions [22-27], as they may advantageously replace conventional emulsions
containing organic surfactants. To adsorb at an interface, particles need to be
partly wetted by both phases. The contact angle of a particle adsorbed at an oil—
water interface, is defined as the angle between the particle tangent at contact and
the interface, through the water phase (see Fig. 4.6). For a preferentially water
(respectively oil) wetted particle the contact angle is smaller (respectively larger)
than 90°. Finkle et al. [28] empirically stated that the phase that preferentially wets
the particle becomes the emulsion continuous phase. Hence O/W (respectively
W/O) emulsions are obtained for contact angles smaller (respectively larger) than
90° [28,29]. The desorption energy of a particle from the interface can be simply
estimated through the following relationship:

E = yintR*(1 — | cos 0])? (4.19)
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FIGURE 4.6. Definition of the contact angle 8 for a particle adsorbed at the water—oil inter-
face. Case where the particle is preferentially wetted by (a) water and by (b) oil.

where yi, is the interfacial tension and R is the particle radius. The adsorption and
desorption energy of a surfactant molecule at the interface is of the order of kT,
while it can easily reach several thousands of kzT for nanometric particles. Con-
sequently surfactant molecules are in dynamic equilibrium between interface and
bulk whereas particles are irreversibly anchored at the interface. This difference
is at the origin of peculiar properties of solid-stabilized emulsions [27,30-33]. In
solid-stabilized emulsions, the stabilizing film in between the droplets is composed
of very rigid layers that may provide outstanding resistance against coalescence.
Arditty et al. [27,31] have measured the bulk properties of solid-stabilized concen-
trated emulsions and have deduced some characteristic properties of the interfacial
layers covering the droplets. The osmotic pressure, I, of the emulsions was mea-
sured for different oil volume fractions above the random close packing. The
dimensionless osmotic pressure, I1/(yint/a), was always substantially higher than
the corresponding values obtained for surfactant-stabilized emulsions. It can be
concluded that droplet deformation in solid-stabilized emulsions is not controlled
by the capillary pressure, yiy/a, of the nondeformed droplets but rather by oy/a,
0y being a parameter characterizing the rigidity of the droplets surfaces. The data
can be interpreted considering that the interfacial layers are elastic at small defor-
mations and exhibit plasticity at intermediate deformations. oy corresponds to the
surface yield stress, that is, the transition between elastic and plastic regimes.

4.5.1. Osmotic Stress Resistance Measurements

Concentrated monodisperse polydimetyhylsiloxane (PDMS)-in-water emulsions
stabilized by solid particles were fabricated [32-34]. Emulsions were stabilized by
spherical, hydrophilic precipitated silica. The surface of such particles was made
partially hydrophobic by chemically grafting n-octyltriethoxysilane in order to
favor adsorption at the oil-water interface. The specific surface area, that is, the
droplet surface covered per unit mass of silica was estimated to sy = 24 m?/g. No
residual free particles were present in the continuous phase after emulsification.
The osmotic pressure, IT, of the emulsions was obtained by centrifugation for dif-
ferent oil volume fractions above the random close packing ¢*. Owing to droplet
deformation, the function I1(¢) in the concentrated regime (¢ > ¢*) reflects the
mechanical properties of the layers formed by the solid particles at the oil-water
interface. Right after centrifugation, the samples were stored at room temperature
for several days. Within this period of time, there was no visible swelling of the
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FIGURE4.7. Evolution of the osmotic resistance IT normalized by Y, /a for PDMS-in-water
emulsions. The dashed line is a visual guide. The solid line corresponds to the best fit of
the normalized data obtained by Mason et al. [7]. (Adapted from [31].)

cream, suggesting that either compaction of the droplets was irreversible or de-
compression was extremely slow. The osmotic pressure is a force per unit surface
capable of causing the expansion of the system. This is the case for the osmotic
pressure of molecular solutions and of nonaggregated colloidal dispersions. Be-
cause the emulsions did not expand after several days if the applied pressure was
set to zero, Arditty et al. preferred to employ the term “osmotic stress resistance”
rather than osmotic pressure in order to account for the eventual irreversibility of
the compression. Hereafter, we summarize their main findings.

A set of experiments was performed at variable droplet sizes. The graph in
Fig. 4.7 shows the dependence of the normalized (by yin/a) osmotic resistance
as a function of the oil volume fraction. The normalized values fall onto a single
curve within reasonable experimental uncertainty. The results were compared to
the normalized data obtained by Mason et al. [7] in the presence of surfactants.
These latter are represented as a solid line that corresponds to the best fit to the
experimental points (Eq. (4.18)). It is worth noting that the normalized pressures in
solid-stabilized emulsions are much larger than the ones obtained in the presence
of surfactants.

4.5.2. Surface Properties: Elasticity and Plasticity

As explained in Section 4.2, the osmotic pressure can be expressed as a product of
two independent terms, the derivative of the free energy with respect to the amount

of interface o = (%) and a geometrical factor (25)  representing the effect of

S
compression (see Eq. (4.1)). Since in solid-stabilized emulsions the interfaces
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contain particles with attractive interactions, they are expected to behave like

2-D solids whose properties should be revealed by o. Assuming that (%) v 18
independent of the interface nature, from Egs. (4.1) and (4.18), we obtain:
S 20 h%
— ) =~ 1.77¢ @~ 9) (4.20)
av /)y a
o can therefore be calculated and we get:
oF 1
o=(2) = ¢ 4.21)
S )y 1.7¢% ¢ — ¢*)

Actually o measures the bidimensional stress of the interface.

In Fig. 4.8, the evolution of o as a function of ¢ for all the emulsions is reported.
In the explored ¢ range, there is no visible variation of o. This result reveals that
the osmotic resistance can be described by a simple parameter, oy, independent
of ¢ : 0 = 0p = 0.2 N/m. On the one hand, the order of magnitude of o is not
compatible with the interfacial tension, y;, measured between PDMS and water:
¥int = 0.03 N/m. On the other hand, this surface stress originates from the bidi-
mensional network of the adsorbed solid particles that are known to exhibit strong
lateral interactions. The invariance of o suggests that this parameter corresponds to
a bidimensional yield stress for plasticity as explained below. In Fig. 4.9, different
possible mechanical behaviors of the interface are represented schematically. The
abscissa represents the relative deformation of the interfaces, which is experimen-
tally controlled by the droplet volume fraction ¢ following Eq. (4.20). The purely
elastic behavior in Fig. 4.9a can be ruled out because it corresponds to a mea-
sured stress that strongly varies with ¢, incompatible with the result of Fig. 4.8.
In contrast, a plastic behavior should result in either a constant stress, oy, for per-
fect plastic behavior, as sketched in Fig. 4.9b, or a weak variation of ¢ for standard
plastic behavior, as indicated in Fig. 4.9c. The precision of the measurements does
not allow distinguishing pure and standard plasticity. Hence, at first order, o can
be considered constant.
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= a=43um
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2
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FIGURE 4.8. Evolution of the surface
0.01 ) ) ) ) ) modulus o as a function of ¢ for
70 80 90 100  emulsions comprising PDMS droplets.

o (vol %) (Adapted from [31].)
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FIGURE 4.9. Schematic mechanical behavior of the interface (a) elastic behavior: the 2-D
stress is proportional to the relative surface extension, (b) ideal plastic behavior: after a
narrow elastic regime the stress becomes constant and equal to oy, and (¢) standard plastic
behavior: in the plastic regime the stress slowly increases with the relative surface extension.
(Adapted from [31].)

The plastic behavior necessarily follows an elastic regime that could not be
probed within the explored ¢ range (¢ > 70%). By integrating Eq. (4.20), the
relative surface excess (S — Sp)/Sp can be calculated:

/ s s #*\2
— =030 —9¢") (4.22)
s So

At ¢ = 70%, the relative surface excess is of the order of 0.1%. At this volume
fraction, the surface stress has already reached its asymptotic value. Thus, the
plastic strain of the surface is smaller than 0.1%.

Arditty et al. have proposed an independent route to measure the 2-D yield
stress op. It is based on the characteristic shear stress, 7., that produces droplet
fragmentation. t, is expected to be of the order of the droplet deformability, that
is, op/a, which allows an independent determination of oy. Dilute monodisperse
PDMS-in-water emulsions were submitted to shear stresses of variable intensity.
After shearing cessation, the emulsions were observed under a microscope to
determine whether fragmentation had occurred or not. Droplet fragmentation was
revealed by a discrete jump of the droplets size before and after application of the
stress. Droplet rupturing took place above a well-defined critical stress 7.. Below
7., the droplet size remained invariant even if the stress was applied for several
minutes while for T > 7., droplet fragmentation was already accomplished after
10 s. Taking into account the viscosity ratio between the dispersed and continuous
phases, the type and history of the shear flow (see Chapter 1, Section 1.7.5), Arditty
etal. obtained oy = 0.19 N/m, in very good agreement with the value deduced from
osmotic resistance measurements.

4.5.2.1. Origin of oy. Influence of the Interparticle Interactions

In solid-stabilized emulsions, the droplet surface can be regarded as a compact 2-D
network of solid particles with strong lateral attractive interactions. The surface
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stress tensor & is defined as

(7 7)
G=—1 4.23)
S
where ® is the tensorial product, 7 and f are the position and force vectors, respec-
tively. At the onset of the plastic regime, surface clusters start to be dissociated and
the yield stress o( corresponds to the tangential component oy,. If ¢, is the pair
interaction energy of the adsorbed particles, then the yield stress can be estimated:

00 =~ nsgea (4.24)

where z is the coordination number (z = 6 for a 2-D hexagonal packing), and n;
is the particle density at the interface. From s, = 24 m?/g, it can be deduced that
ns = 2.4 10" particles/m>. The pair energy corresponding to the experimentally
measured value oy = 0.2 N/m is then: e, &~ 7 10%k3T. Arditty et al. argue that
such high attractive energy mainly results from capillary forces [35,36] and from
the interpenetration of the octyl layers in a bad solvent [37]. The magnitude of
such interactions was evaluated and is of the same order than the total interaction
energy deduced from oy.

The surface rigidity in solid-stabilized emulsions certainly determines the re-
markable resistance of concentrated droplets against coalescence. A recent article
reports that some oil-in-water solid-stabilized emulsions can even be dried without
being destroyed until almost all the water is evaporated [30]. The original shape
of the sample is preserved during the drying process, with absolutely no oil leak-
age, confirming the existence of a strong protective layer around the oil droplets.
The resistance to coalescence is certainly determined by particle interactions, as
can be inferred from the general phenomenology established in the field of solid-
stabilized emulsions: the most stable emulsions are very often obtained with solid
particles that are weakly or strongly aggregated in the bulk continuous phase [24].
However, this correlation has to be handled with care, as lateral interactions at
the oil-water interface may be different from bulk interactions in the continuous
phase. More experimental and theoretical work is needed to consolidate (or refute)
the validity of this empirical link.

4.6. Conclusion

As reported in this chapter, the microscopic origin of both compressibility
and elasticity of dense emulsions is rather well understood. Emulsions have
elastic properties arising from either surface tension or surface elasticity and
plasticity. Some protein-stabilized emulsions obey the same phenomenology as
solid-stabilized emulsions: they exhibit substantially higher osmotic resistances
and higher shear moduli than surfactant-stabilized emulsions [38—40]. Moreover,
they are strongly resistant to water evaporation. Proteins possess the ability to form
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rigid interfacial aggregates (see Chapter 2) and it is likely that the same description
of the interface in terms of elasticity and plasticity can be applied to these systems.
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5

Stability of Concentrated Emulsions

5.1. Introduction

The lifetime of emulsions may vary considerably from one system to another; it
can change from minutes to many years, depending on the nature of the surfac-
tants, the nature of both phases, and their volume ratio. Despite the large amount
of work devoted to this issue, predicting the destruction scenario and the emulsion
lifetime still raises challenging questions, especially with regard to concentrated
emulsions. Irreversible coarsening of emulsions may proceed through two distinct
mechanisms. The first mechanism, known as Ostwald ripening [1], is driven by
the difference in Laplace pressure between droplets having different radii: the
dispersed phase is transferred from the smaller to the larger droplets. The rate
of droplet growth may be determined by the molecular diffusion across the con-
tinuous phase and/or by the permeation across the surfactant films. The second
mechanism, known as coalescence, consists of the rupture of the thin film that
forms between droplets, leading them to fuse into a single one. At a microscopic
scale, a coalescence event proceeds through the nucleation of a thermally activated
hole that reaches a critical size above which it becomes unstable and grows.

In principle, understanding the metastability of emulsions requires two types of
information that account for two distinct phenomena. The first one concerns the
microscopic mechanism of the instabilities. The second one concerns the scenario
of destruction, that is, the time and space distributions of the coarsening events.
Generally, the destruction scenario of emulsions results from the interplay between
coalescence and Ostwald ripening. For the sake of simplicity, most studies have
been performed under conditions such that one type of instability is dominating
the other one, enabling one to monitor its progress quite precisely. In this limit,
theoretical models as well as experiments have revealed that Ostwald ripening gen-
erates emulsions with narrow size distributions in the asymptotic regime [2—7].
In contrast, coalescence favors the diverging growth of large droplets that rapidly
form a free layer at the top or the bottom of the sample [8,9]. Owing to their
different consequences on the droplet evolution and size distribution, coalescence
and Ostwald ripening can be easily identified: a system evolving under the effect
of Ostwald ripening alone exhibits a narrow size distribution with a droplet growth
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rate that progressively vanishes; instead, coalescence events increase the polydis-
persity and accelerate the rate of coarsening as a result of the divergent growth of
large nuclei.

In this chapter, we review some results in the field of emulsion metastabil-
ity, emphasizing the destruction of concentrated emulsions (droplet volume frac-
tion ¢ > 70%) through coalescence. The review concerning Oswald ripening
(Section 5.2) is more concise, as this mechanism is fairly well understood and has
been extensively documented in the literature. So far, the destruction of concen-
trated emulsions through coalescence is much less understood and has motivated
many recent studies and developments that we summarize (Sections 5.3 to 5.6).

5.2. Ostwald Ripening

Ostwald ripening consists of a diffusive transfer of the dispersed phase from smaller
to larger droplets. Ostwald ripening is characterized by either a constant volume
rate Q3 [4,5] (diffusion-controlled ripening) or a constant surface rate €2, [6]
(surface-controlled ripening), depending on the origin of the transfer mechanism:

dD*

dt
where D is the average droplet diameter. Diffusion-controlled ripening (o = 3)
has been recognized in submicron diluted emulsions stabilized by ionic or non-
ionic surfactants [4,5]; so far, permeation-controlled ripening (¢ = 2), has been
proposed to account for the coarsening of concentrated air foams [6].

If the ripening is controlled by diffusion across the continuous phase, then the
cube of the diameter increases linearly with time (¢ = 3) and the ripening rate 23
can be derived using the Lifshitz and Slyozov theory [2,3]:

Q, = 64 DU SV (5.2)

ORT

where S is the molecular solubility, V,, is the molar volume, Diff is the molecular
diffusion coefficient of the dispersed phase in the continuous one, Y is the interfa-
cial tension of the oil-water interface, and R is the molar gas constant. The theory
[2,3] also predicts that the size distribution becomes quite narrow and asymptot-
ically self-similar, in agreement with experiments [4,5]. In principle, Eq. (5.2) is
valid in the limit of very dilute emulsions. In general, it is expected that emulsions
with higher volume fractions of disperse phase will have faster absolute growth
rates than those predicted by the Lifshitz and Slyozov model. The theoretical rate of
ripening must therefore be corrected by a factor f(¢) that reflects the dependence
of the coarsening rate on the dispersed phase volume fraction ¢ [10—14].

Kabalnov [15] and Taylor [16] found that the presence of ionic micelles in the
continuous phase had a surprisingly small effect on the rate of ripening, despite
the fact that the solubility of the dispersed phase is largely enhanced. It was argued
that owing to electrostatic repulsion, ionic micelles cannot absorb oil directly from
emulsion drops. In the presence of nonionic surfactants, much larger increases in

-Q, (5.1)
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the rate of ripening are expected owing to larger solubilization capacities and to
the absence of electrostatic repulsion between droplets and micelles. Weiss et al.
[17] showed that a significant increase in average diameter can be achieved for
tetradecane-in-water emulsions diluted with a fresh solution of nonionic surfactant.
In their experiments, the variation of droplet diameter resulted from a complex
interplay between oil solubilization by the micelles, which tended to reduce droplet
diameter, and Ostwald ripening, which tended to increase it.

When the dispersed phase is composed of a binary mixture, growth may be ar-
rested if one component is almost insoluble in the continuous phase, therefore
retaining the soluble one, owing to the gradual loss of mixing entropy [18]. The
osmotic pressure of the trapped species within the droplets can overcome the
Laplace pressure differences that drive the coarsening and “osmotically stabilize”
the emulsions. Webster and Cates [19] gave rigorous criteria (in terms of osmotic
pressure within the droplets) for stabilization of monodisperse and polydisperse
emulsions in the dilute regime. The same authors [20] also examined the concen-
trated regime in which the droplets are strongly deformed and therefore possess a
high Laplace pressure. These authors conclude that osmotic stabilization of dense
emulsions requires a pressure of trapped molecules in each droplet which is com-
parable to the Laplace pressure that the droplets would have if they were spherical,
as opposed to the much larger pressures actually present in the system.

Mass transfers in emulsions may be driven not only by differences in droplet
curvatures but also by differences in their compositions. This is observed when, for
example, two chemically different oils are emulsified separately and the resulting
emulsions are mixed. This phenomenon is called composition ripening [21,22].
Mass transfer from one emulsion to the other is controlled by the entropy of
mixing and proceeds until the compositions of the droplets become identical.
The most spectacular evidence of composition ripening comes from the so-called
reverse recondensation that occurs when the two emulsions differ significantly
both in their initial droplet size and in their rate of molecular diffusion. If the larger
sized emulsion is composed of the faster diffusing oil, then molecular diffusion
occurs in the “reverse” direction, that is, from large to small droplets [23].

Most experimental studies concerning Ostwald ripening have been performed in
the limit of highly dilute emulsions (¢ < 1%), in conditions such that the droplets
are not in permanent contact. Ostwald ripening is then preferentially controlled by
the molecular diffusion of the dispersed molecules across the continuous phase,
as deduced from experimental measurements [4,5,17,24,25]. Taisne and Cabane
[26] have examined the coarsening of concentrated alkane-in-water droplets (¢ ~
20-40%) stabilized by a nonionic poly(ethoxylated) surfactant, following a tem-
perature quench. Because the rate of ripening does not depend on the alkane
chain length, they conclude that the transfer of oil from the smaller drops to the
larger ones does not occur by diffusion across the continuous phase but rather
through the direct contact of the droplets (permeation) as observed in concentrated
foams [6]. A similar conclusion was drawn by Schmitt et al. [27]. These authors
produce different alkane-in-water concentrated emulsions (¢ ~ 80%) stabilized
by a nonionic surfactant and follow the kinetic evolution by granulometry using
static light-scattering. The size distribution becomes remarkably narrow during the
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first stages of coarsening and progressively widens as time passes. They obtained
evidence that the evolution is first determined by Ostwald ripening and then by
coalescence. In the region dominated by Ostwald ripening, the experimental rates
are not compatible with those predicted by the Lifshitz-Slyozov model assuming
a volume-mediated transfer (¢« = 3). The quadratic scaling (¢ = 2) correctly ac-
counts for the size evolution, suggesting that the oil transfer is surface-controlled.
When a second hydrophobic species of large molecular size is dissolved in the
droplets, both Ostwald ripening and coalescence are inhibited, even at very low
concentration of the second component (~1 wt%). Schmitt et al. [27] argue that
the presence of the second component modifies the properties of the surfactant
monolayers (see Section 5.3.1.1). The fact that the two types of instability dis-
appear simultaneously strongly suggests that they possess the same microscopic
origin: hole nucleation in the thin liquid films. Owing to the activated nature
of the process, only the largest holes grow spontaneously and produce coales-
cence events. Although the smaller holes are evanescent, they allow the trans-
fer of matter between droplets, increasing and even dominating the total rate of
transfer.

5.3. Coalescence

5.3.1. General Phenomenology and Microscopic Description

An emulsion that is, for instance, stable over many years at low droplet volume
fraction may become unstable and coalesce when compressed above a critical
osmotic pressure I1*. As an example, when an oil-in-water emulsion stabilized
with sodium dodecyl sulfate (SDS) is introduced in a dialysis bag and is stressed
by the osmotic pressure imposed by an external polymer solution, coarsening
occurs through the growth of a few randomly distributed large droplets [8]. A
microscopic image of such a growth is shown in Fig. 5.1.

FIGURE 5.1. Microscopic ima-
ge of an emulsion initially com-
posed of monodisperse droplets
having a diameter of about
1.5 pum, which has been sub-
mitted to an osmotic stress of
0.6 atm for 15 days atroom tem-
perature. (Reproduced from [8],
with permission.)
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FIGURE 5.2. Scheme of the hole nucleation process and variation of the energy cost with
hole radius r.

The same type of compression may be applied via centrifugation. In this case,
the osmotic pressure results from the buoyant stress of the droplet layers below the
top of the cream. The destabilization proceeds through the growth of a macroscopic
domain that nucleates at one side of the sample and progresses as a front. Careful
observation reveals that the front is a thin zone where the large drops grow before
merging into a single macroscopic phase [28]. The progress of the coalescence
front during centrifugation, 4(¢), has been very instructive and reveals interesting
issues. The function h(¢) is found linear at the beginning with a slope 8 and sat-
urates at longer times at a value #2*, which depends on the applied acceleration.
It can be deduced that below a certain height #*, the rate of coalescence tends
to zero, making it possible to define the threshold osmotic pressure IT* to induce
coalescence. S is found to depend on the thermodynamic properties of the surfac-
tant layer. For instance, adding electrolytes in the presence of ionic surfactants or
increasing the length of the hydrophobic tail of nonionic surfactants reduces the
rate of coalescence 8.

At a microscopic scale, a single coalescence event proceeds through the nu-
cleation of a thermally activated hole that reaches a critical size, above which it
becomes unstable and grows [29]. We shall term E(r) the energy cost for reaching
a hole of size r. A maximum of E occurs at a critical size r*, E(r*) = E, being
the activation energy of the hole nucleation process (Fig. 5.2).

5.3.1.1. Surfactant-Stabilized Emulsions

The origin of the activation energy is still a matter of debate but it is now gener-
ally agreed that the so-called spontaneous curvature of the surfactant monolayer
covering the emulsion drops is one of the most determining parameters [30]. Con-
vincing evidence is given by a general experimental observation: it is well known
that the micellar phase always tends to be the continuous phase of an emulsion.
Shaking an O/W microemulsion coexisting with excess oil preferentially leads
to the formation of an O/W emulsion, the continuous phase being the O/W mi-
croemulsion. Conversely, shaking a W/O microemulsion coexisting with excess
water leads to the formation of a W/O emulsion with W/O swollen micelles in
the continuous phase [31]. An interpretation for this correlation was proposed by
Kabalnov and Wennerstrom [30]. Let us consider an oil film separating two water
droplets (Fig. 5.3). If the surfactant covering the droplets is essentially oil-soluble,
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FIGURE 5.3. Scheme explaining the influence of the spontaneous curvature on the activation
energy for coalescence in a W/O emulsion.

it possesses a large tail and a small polar head. The spontaneous curvature Cy of
the monolayer is negative, meaning that it tends to curve toward oil. If a tiny hole
is formed in this film, the monolayer at the edge of the hole is curved against the
direction favored by the spontaneous curvature. Because of this, for film rupture to
occur, the system must pass through an energy barrier, after which the growth be-
comes spontaneous. This state can be reached only by a thermal fluctuation and has
a low probability because of the unfavorable spontaneous curvature Cy. However,
if the surfactant covering the droplets is essentially water-soluble, the spontaneous
curvature Cy of the monolayer is positive. Hole propagation occurs with a very
moderate energy barrier because the local curvature C of the edge fits the surfactant
monolayer spontaneous curvature. The consequence is that W/O emulsions persist
in the presence of oil-soluble surfactants and are rapidly destroyed in the presence
of water-soluble surfactants. Conversely, O/W emulsions persist in the presence
of water-soluble surfactants. This model is in agreement with the phenomenology
previously described and also with the well known empirical Bancroft rule [32].
The spontaneous curvature is not the only parameter controlling the activation
energy. The experiments of Sonneville-Aubrun et al. [33] suggest that E,, is influ-
enced by the short-range surface forces and by surfactant packing at the oil-water
interface. These authors carefully examine the influence of centrifugation on O/W
emulsions stabilized by ionic surfactants. The cream that forms after most of the
water has been removed has the structure of a biliquid foam. Examination of this
cream via electron microscopy shows polyhedral oil cells separated by thin films.
The thickness of these films was measured through small-angle neutron-scattering.
The results yield a disjoining pressure isotherm, where the film thickness is de-
termined solely by the pressure applied to extract water during centrifugation.
For hexadecane-in-water biliquid foams stabilized with SDS, this isotherm has
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two states, the common black film (CBF; water thickness beyond 25 A) and the
Newton black film (NBF; water thickness of 13 A). The thickness of the NBF
is stabilized by hydration forces, which resist the dehydration of counterions and
head groups. The surface density of SDS molecules in these films has also been
measured. As water is extracted, the concentration of counterions increases, and
the head groups are more efficiently screened; as a result, the surface density of
SDS in the monolayers rises. In the NBF state, the monolayers are tightly packed,
with an orientational order that exceeds that of the lamellar phase. Consequently,
some fluctuations that could cause the rupture of the films (vacancies in the mono-
layers and defects where opposing monolayers recombine) will be inhibited. This
suggests a general route for improving the metastability of biliquid foams, which
is simply to improve the packing of the surfactant molecules in the monolayers.
This tighter packing of surfactant molecules may explain the surprisingly high
metastability of biliquid foams when the films are in the NBF state.

Other experiments performed by Bergeron [34] on air foams stabilized with
ionic surfactants reveal that the so-called Gibbs or dilatational elasticity ¢ may
play an important role in the coalescence process. The Gibbs elasticity measures
the variation of surface tension yj,, associated to the variation of the surfactant
surface concentration I'":

£ = —T'dyin /dT (5.3)

It is worth noting that ¢ is also linked to the packing of the surfactant molecules
in the monolayers. Foam and emulsion films undergo both spatial and surfactant
density (i.e., charge) fluctuations occurring at the interface (Fig. 5.4). The hydro-
dynamic influence associated with this surface moduli effect is often qualitatively
expressed as a Gibbs—Marangoni stabilization mechanism. Bergeron argues that
the surface elasticity plays a key role in dampening both spatial and density fluc-
tuations in foam and emulsion films. When these fluctuations are dampened, the
probability of overcoming the activation barrier that holds a film in a metastable
state is lower and the film will be more stable. Whether or not disturbances are
thermally or mechanically induced, a cohesive surfactant monolayer with a high
surface elasticity will promote film stability. The influence of ¢ was revealed by
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comparing the relative coalescence rate of foams stabilized by ionic surfactants
(alkyltrimethylammonium bromides) with the same polar head but different alkyl
chain lengths: the resistance to coalescence was clearly correlated to &, which was
an increasing function of the alkyl chain length.

5.3.1.2. Surfactant-Free Emulsions

In the absence of surfactants, it is well known that hydrocarbon (alkane)-in-water
emulsions coalesce and are totally destroyed after several hours of storage. How-
ever, Pashley et al. [35,36] were able to fabricate surfactant-free, alkane-in-water
emulsions (¢ < 6%) with remarkable kinetic stability after almost completely
removing the dissolved gases. The reintroduction of dissolved gases did not desta-
bilize already-formed emulsions. In addition, a systematic trend was found be-
tween the molecular chain length of the alkane and the lifetime of the degassed oil
droplets in water: the larger the alkane chain length, the more stable the emulsion.

Considering the measured electrostatic surface potential of the bare hydro-
carbon—water interface and the Hamaker constant for that system, the emulsions
studied by Pashley et al. should resist coalescence for a long period of time (sev-
eral weeks) owing to the high electrostatic barrier. The failure of double-layer
(DLVO) theory to predict the behavior of nondegassed emulsions raises the issue
of whether additional forces might be involved. To account for their observations,
Pashley et al. discuss the potential role of a long-range attractive force, called
the “hydrophobic interaction.” Such interaction acts over relatively large distances
(>10nm) between hydrophobic surfaces in water [37] and is sensitive to dissolved
gases [38]. The results of Pashley et al. [36,37] have confirmed the importance
of dissolved gas, but a complete explanation for the effect of degassing on the
hydrophobic dispersion still cannot be provided.

5.4. Measurements of the Coalescence Frequency

The evolution of emulsions through coalescence can be characterized by a kinetic
parameter, w, describing the number of coalescence events per unit time and per
unit surface area of the drops. Following the mean field description of Arrhenius,
w can be expressed as:

w=wy exp(—E,/kgT) 5.4)

In this expression, kg T is the thermal energy and wy is the attempt frequency of the
hole nucleation process. Assuming the existence of a unique rupturing frequency
w per unit film area, numerical simulations performed on a 2-D cellular material
[9], reveal that the scenario of destruction through coalescence is intrinsically
inhomogeneous with a few giant cells growing much more rapidly than the average,
in qualitative agreement with the experimental observations previously described.
Owing to the intrinsic complexity of the destruction scenario, the measurements
of wy and E, are scarce. However, any progress in understanding the metastability
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of emulsions is possible only through a quantitative determination of w. Hereafter,
we describe some attempts to measure o for three different systems.

5.4.1. Simple Emulsions Stabilized by Surfactants

In the pioneering work of Deminiere et al. [39], the emulsion is modeled as a stack
of monodisperse cells with characteristic size D. The total number of drops per
unit volume, n, is related to the volume fraction ¢ of the dispersed phase through
the following relationship:

¢ =nnD’/6 (5.5)

Because coalescence is a completely random process, the total number of coales-
cence events per unit time is assumed to be proportional to the total surface area
A of the droplets:

an _ 4 D? (5.6)

—— = wA = wnw .

dt
In Eq. (5.6), w is defined as a coalescence frequency per unit surface area of
the droplets. Considering Eqgs. (5.5) and (5.6) and assuming that w is constant
(independent of D), it can be concluded that the mean size in the emulsion increases
with time according the following law:

1 1 2

= 5.7

D2 b 3" 67
where Dy is the initial droplet diameter. This model predicts a divergence of the
diameter after a finite time 7 given by:

3

R — 5.8
’ 2 JTa)D% (5-:8)

The first kinetics measurements about coalescence were reported by Kabalnov and
Weers in water-in-oil emulsions [40]. These authors measured the characteristic
time at which the layer of free water formed at the bottom of the emulsions corre-
sponded approximately to half of the volume of the dispersed phase. This time was
assumed to be equal to 7. By measuring t at different temperatures, the activation
energy was deduced from an Arrhenius plot. Kabalnov and Weers were able to
obtain the activation energy for a water-in-octane emulsion at ¢ ~ 50%, stabilized
by the nonionic surfactant C12E5 (pentaethylene glycol mono n-dodecyl ether),
above the phase inversion temperature (PIT), and found a value of 47 kgT,, T,
being the room temperature.

The above-mentioned method is based on a mean-field description that assumes
spatially homogeneous monodisperse growth and constant coalescence frequency.
The first assumption poorly agrees with experiments that reveal that the size distri-
bution becomes not only extremely wide but also spatially inhomogeneous during
the destruction process. At ¢ =~ 50%, the emulsion viscosity is quite low and local
rearrangements take place: the larger drops can migrate and concentrate at the



152 5. Stability of Concentrated Emulsions

top (or bottom) of the samples under the effect of buoyancy (or gravity). Because
the biggest drops become progressively predominant in the cream (or sediment),
coalescence is locally accelerated. Indeed, neighboring drops are in permanent
contact and larger drops will grow faster because they exhibit a larger surface
contact area with their neighbors. Instead, in highly concentrated emulsions (¢ >
75%), rearrangements due to creaming are quite slow and the size distribution
remains spatially homogeneous for a long period of time. In this limit, it has been
shown that the average droplet size does not exhibit the diverging growth pre-
dicted by Eq. (5.7) [41]. The mean-field model assuming a time-independent coa-
lescence frequency provides a useful but oversimplified picture of the destruction
process.

A different approach has been proposed by Schmitt et al. [42]. They produced
O/W emulsions at ¢ = 78%, stabilized by ionic and nonionic surfactants. The
emulsions were stored in that concentrated state at 20°C. The droplet size dis-
tribution was measured at regular time intervals via static light-scattering us-
ing Mie theory. Starting from the volume distribution, a little bit of algebra
allowed a straightforward calculation of the average diameter D[p, q] defined
as:

1
S NDP\ 7

D[p,q]l = W (5.9

where N; is the total number of droplets with diameter D;. The emulsions were
characterized in terms of their surface-averaged diameter Dy = D[3, 2] and poly-
dispersity:

| ZND}[D - D

p==- 5.10
D > N:D} (.10)

where D is the median diameter for which the cumulative undersized volume
fraction is equal to 50%.

For all the emulsions under study, the size distribution follows the same qual-
itative evolution as the one reported in Fig. 5.5 for octane-in-water droplets sta-
bilized with SDS. In Fig. 5.6, the evolutions of Dy, and P as a function of time
for the same emulsion are reported. The time interval where the polydispersity is
lower than 20% has been shaded: in terms of droplet diameter, the interval lies
between lower and upper limits, denoted Dy; and Dy,, respectively (Fig. 5.6b).
Initially, the polydispersity is of the order of 40-50%. As time passes, Dy in-
creases until reaching Ds; and P decreases to around 13-20%, a low value in-
dicating the formation of an emulsion with high degree of monodispersity. For
D, < Dy,, P stays at a low level and the diameter growth rate is continuously
decreasing (d*> D, /dt* < 0). These two observations reveal that Ostwald ripening
is the rate-determining mechanism. Indeed, theoretical calculations predict that the
rate is self-saturating and that polydispersity is lower than 20% in the asymptotic
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FIGURE 5.5. Size distribution of an
octane-in-water emulsion stabilized
with SDS. a) just after preparation,
b) 70 hours and c¢) 265 hours after
preparation. (Adapted from [42].)
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regime: P = 10.4% for diffusion-controlled ripening and P = 15.7% for interface-
controlled ripening. The experimental precision is insufficient to differentiate the
two possible origins on the basis of P measurements. The same mechanism is op-
erative when the average diameter is smaller than Dj; but the asymptotic regime
is not yet achieved because of the large polydispersity of the initial emulsions. At
longer times, for D;> Dy,, the distribution becomes broad again (P > 20% and
continuously increases) with the appearance of drops much larger than the aver-
age (Fig. 5.5). A general feature of this regime is the divergent diameter growth
(d*Dy/dt* > 0) which allows one to conclude that this evolution is consistent
with a coalescence-driven mechanism. Hence, for all the systems under study, the
coarsening is determined first by Ostwald ripening followed by coalescence. It is
only the time scale of these two mechanisms that varies depending on the surfactant
and oil chemical natures.
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FIGURE5.6. a) Experimental time evolution of the diameter D, () and the polydispersity P
([J, right scale) for an octane-in-water emulsion stabilized with SDS. b) Schematic repre-
sentation for the evolution of Dy as a function of time. (Adapted from [42].)

The homogeneous growth observed in the shaded part of Fig. 5.6 (D, <
D; < Dy,) is governed by molecular diffusion through Eq. (5.1). The regime
following the shaded zone is dominated by coalescence and the authors adopt the
simple model previously described (Eq. (5.6)) to account for the droplet growth.
However, they restrict the application of this mean field description to the very first
steps of the coalescence regime. In this limit, the size distribution remains suffi-
ciently narrow to describe the system in terms of a unique droplet diameter. For
all the studied emulsions, a well-defined threshold diameter D* (inflexion point)
defines the transition between the two regimes. For D; < D*, Ostwald ripening
is the rate-determining mechanism, while for D; > D* coalescence becomes the
dominating instability (Fig. 5.6b). At Dy, = D*, the two coarsening mechanisms
occur at comparable rates:

(dD.;) ~ (st> 5.11)
dt Coalescence dt Ostwald ripening
thus:
Qq « T 3
_— X — (D* 5.12
(X(D*)O‘_l w 3 ( ) ( )
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TABLE 5.1. Characteristic coalescence frequency for different alkane-in-water emulsions

w*(m2s7h wm 257
Q3 Q) D, = D* Dy, = D*+ 1 um

Surfactant  Oil 1072 m3 s71) (m? s~ D* (um) Eq. (5.12) Eq. (5.14)

Ifralan Heptane — (1.04+0.1)10716 31402 (52415100 (3.4+0.6)10°
Ifralan Octane — (1.9+0.1)107"7 30402 (1.1+£04)10° (0.8+0.2)10°
Ifralan Nonane — (5.9403)1078 25401 (7.34+2.1)10* (6.5+1.3)10*
Ifralan Dodecane — 25+01)107" 24401 (3.6+12)10° (4.2+0.8)10°
SDS heptane (6.3 £0.3) — 6.6+03 (1.6+£0.5)10* (2.0+£0.4)10*
SDS Octane (2.540.1) — 6.8+04 (54+1.6)10° (7.2+1.4)10°

Ifralan is a commercial nonionic surfactant essentially composed of a mixture of polyethylene glycols C12ES and
CI10ES. In Eq. (5.12), o = 2 was adopted for Ifralan surfactant and « = 3 was adopted for SDS. (From [42].)

The right-hand side was derived from the variation of the drops number consid-
ering the volume conservation principle. From Eq. (5.12), the authors deduce an
estimation of the frequency w* valid for Dy &~ D* and some values are reported
in Table 5.1.

It is interesting to examine the impact of the alkane molecular weight on the co-
alescence rate, for a given surfactant: smaller alkanes coalesce more rapidly. The
authors [27] argue that this dependence is related to the spontaneous curvature
of the surfactant monolayers. The longer alkane chains, such as hexadecane, can
hardly penetrate the hydrophobic surfactant brush covering the surfaces and there-
fore the natural spontaneous curvature is quite elevated, thus stabilizing the direct
films against hole nucleation. Instead, shorter oil chains such as octane can more
easily penetrate and swell the surfactant brush, providing a less positive average
curvature, which allows rapid formation of holes in the O/W/O films.

To test the reliability of the previous method, the authors compared it to an
independent measurement of w. They thus propose an extended version of the
previous mean-field model, valid at any stage of the coalescence regime, even
in presence of broad droplet size distributions. It is obtained by considering that
the variation of the total number of coalescence events is proportional to the total
surface area per unit volume developed by the droplets of different sizes. The
total number of drops and total surface are replaced by summations over all the
granulometric size intervals:

% ZN,- =—w ZNian (5.13)

Using the definition of the averaged diameters D[3,0] and Dy = D[3,2] (Eq. (5.9)),
the previous equation can be rewritten as:

__tdr 1y, 5.14
= T rar D[3,0]3> s (5.14)



156 5. Stability of Concentrated Emulsions
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This equation reflects the possibility to measure w from the experimental evolution
of D[3,0] and Dy, both diameters being directly deduced from the experimental
droplet size distributions. Of course, this procedure is to be applied at long times,
that is, in the regime governed by coalescence (D; > D*). In Fig. 5.7, it appears
that w exhibits a regular decrease with time.

Following the pioneering approach of Bibette et al. [8], it is argued that the
decrease of w essentially reflects the effect of the disjoining pressure in the films
[42]. In concentrated emulsions, the droplet surfaces contain facets, along which
droplets press against each other across thin films of water. The inward pres-
sure exerted on the films, called the disjoining pressure I1,, is opposed by re-
pulsive interactions between the oil-water interfaces, and determines the film
thickness. This pressure also determines the mean radius of curvature r. on
the remaining curved sections of the droplets surfaces by the Laplace equation:
[Ty = 2yin/r.. For ¢ = 78% and polydisperse systems, the droplets are weakly
deformed spheres, and press against each other across small facets. Hence, I1; ap-
proaches the average Laplace pressure [1; = 4yi,/ D, of the undeformed droplets:
[T, ~ I1;. With an increase on the droplets diameter, the average Laplace pres-
sure decreases and each plane parallel film is moving along the curve of the re-
pulsive disjoining pressure isotherm so that to increase the average film thick-
ness. Thus the coalescence frequency is expected to decrease as experimentally
observed.

For the sake of comparison, Table 5.1. contains the numerical values of w ob-
tained following the two previous independent methods, at the same ¢ = 78%. For
the second one (Eq. (5.14)), the reported data are those obtained in the vicinity of
D*(at Dy & D* 4 1 um). The comparison was made at a Dy value larger than D*
to be sure that the measured frequency is negligibly perturbed by Ostwald ripen-
ing. The agreement between the two methods is rather satisfactory considering
that the calculation procedures are completely different. Thus, using Eq. (5.12), it
is possible to characterize the metastability of concentrated emulsions in terms of
two independent parameters: the rate of Ostwald ripening €2, and the critical di-
ameter D* that defines the crossover between Ostwald ripening and coalescence.
The characteristic coalescence frequency nearby D* can then be deduced from
Eq. (5.12). The phenomenology previously described is quite general, as it was
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reproduced in the presence of different alkanes stabilized by both ionic and non-
ionic surfactants. Ionic surfactants generally provide a better stabilization against
coalescence, revealed by larger D* values.

5.4.2. Double Emulsions Stabilized by Surfactants

A different method for the measurement of the coalescence frequency has been
proposed by Pays et al. [43—-45]. It is based on the use of monodisperse (W/O/W)
double emulsions. The so-called water-in-oil-in-water (W/O/W) emulsions are
composed of oil globules dispersed in water, each globule containing smaller
water droplets. Sodium chloride was initially dissolved in the internal droplets as
a tracer to probe the coalescence kinetics. The amount of salt released through
coalescence from the internal droplets to the external water phase was measured
via an electrode selective to chloride ions immersed in the continuous phase of the
double emulsion. The method of Pays et al. exploits the fact that the total number
of internal droplets adsorbed on a globule surface governs the rate of release.
An attractive interaction exists between the small internal droplets and between
the droplets and the globule surface. However, because the globules are at least
10 times larger than the entrapped droplets, the attraction between the almost flat
globule and a small droplet is nearly twice as large as that between inner droplets.
This attraction is small enough for the small droplets to behave like a gas that
adsorbs reversibly onto the globule surface. By varying the concentration of the
hydrophilic surfactant within the external water phase, the authors found a regime
in which the leakage is controlled by the droplet—globule coalescence only. Under
such conditions, measuring the rate of release allows a direct determination of
the average lifetime of the thin film that forms between a small internal droplet
and the globule surface. A determination of both the activation energy and the
natural frequency of the hole nucleation process is then possible, by exploring the
temperature dependence of the rate of release.

The thin liquid film that forms between the internal droplets and the globule sur-
face is composed of two mixed monolayers covered by both oil and water-soluble
surfactant molecules. Because the water-soluble molecules migrate rapidly from
the external to the internal water phase, the film can be regarded as close to ther-
modynamic equilibrium with respect to surfactant adsorption. As was previously
explained, such inverse films possess a long-range stability when essentially cov-
ered by hydrophobic surfactant (Cy < 0) but become very unstable when a large
proportion of hydrophilic surfactant (Cy > 0) is adsorbed. The transition from
long-time to short-time stability may be achieved by varying the concentration of
the hydrophilic surfactant in the external water phase.

In the experiments described by Pays et al. [44], the double globules were
composed of dodecane and the surfactants used were sorbitan monooleate (SMO),
which is oil soluble, and the water-soluble SDS. The concentrations of both surfac-
tants were fixed and the initial internal droplet volume fraction was varied between
5% and 35%. The coalescence frequency was determined from a simple experi-
ment in which the globule surface was totally saturated by the water droplets. For
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that purpose, a silicone polymer (polydimethylsiloxane), that added an additional
depletion attraction to the inherent van der Waals interaction, was dissolved in
the oil phase. However, this polymer did not adsorb at the water—oil interface and
therefore, it did not perturb the film characteristics. The saturation of the globule
surface by the droplets produced a spherical shell observable under a microscope
when the oil globules were sufficiently large. n; was defined as the total internal
droplet concentration within the globules and n,, was the concentration of adsorbed
droplets (per unit volume of the globules). The number of coalescence events per
unit time was assumed to be proportional to the concentration of adsorbed droplets:

di’Li
dt

where A is the characteristic frequency of coalescence (note that in this definition,
the coalescence frequency is not normalized by surface area). This rate of coa-
lescence dn; /dt remained constant as long as the globule surface was saturated,
and this was confirmed by the appearance of a plateau in Fig. 5.8. Dividing the
plateau value by the total number of available sites for adsorption (calculated from
the diameters of the globules and internal droplets), the following A value was
obtained: A = 6 1073 min~'. Measurements of the same type were performed
with oils of different molecular weights: for octane globules A was very small and
could not be measured, while for hexadecane A =2.5 1072 min~' [45]. Again, the
spontaneous curvature may be evoked to explain the impact of the molecular chain
length on A. Short alkanes such as octane easily penetrate the surfactant brush
and provide a negative spontaneous curvature to the surfactant monolayer, which
tends to stabilize W/O/W films (note that octane had the opposite destabilizing
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FIGURE 5.8. Rate of coalescence as a function of the number density of internal droplets
in the globules. Globule diameter = 11.5 pm; droplet diameter = 0.36 wm; initial droplet
volume fraction in the globules = 25%; globule volume fraction = 10%; SDS concentra-
tion = 2.4 102 mol/l; SMO concentration in the oil phase = 2 wt%; 0.1% of silicone
oil with a gyration radius of 12 nm was added to dodecane. (Reproduced from [44], with
permission.)
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effect in the case of O/W/O films, as described in §5.4.1). In contrast, it is likely
that large alkanes (hexadecane) are excluded from the short surfactant brush and
the spontaneous curvature becomes less negative.

The previous experiments were performed at room temperature. Within the
same conditions the temperature was varied between 20°C and 60°C for double
emulsions comprising dodecane globules. In Fig. 5.9, the evolution of A as a
function of 1/(kpT) in a semilog scale is plotted. The experimental points roughly
follow an Arrhenius law and from the best fit to the data, the activation energy was
obtained: E, = 30kp7,. From the intercept, it was possible to obtain the attempt
frequency which corresponds to the total number of holes generated per unit time in
the film between the internal droplets and the globule surface: Ao = 4 10" min~".
Only a fraction of them will grow and ultimately produce a coalescence event
while the other ones simply vanish. From the ratio between the measured values
of A and Ay, it can be concluded that only one per 10'3 holes generated in the film
leads to a coalescence event at room temperature.

5.4.3. Simple Emulsions Stabilized by Solid Particles

Arditty et al. have described the scenario of coalescence in solid-stabilized emul-
sions and they have proposed a precise determination of the coalescence frequency
[46,47]. Solid-stabilized emulsions can be obtained with a wide variety of solid
organic or mineral powders. The surface of such particles is made partially hy-
drophobic to promote adsorption at the oil-water interface and generally the ad-
sorption is totally irreversible. Emulsions can be prepared by manually shaking a
mixture of oil and an aqueous dispersion of silica. When shaking is stopped, the
oil drops coalesce to form drops of macroscopic size. The sequence in Fig. 5.10
reveals the typical evolution of a concentrated emulsion. The average droplet
size increases at short times and approaches an asymptotic value at long times.
It can be noticed that the emulsion remains remarkably monodisperse over the
whole process. Because the solid content is initially insufficient to fully cover
the oil-water interfaces, emulsion droplets coalesce to a limited extent. Under the
effect of coalescence, the total interfacial area between oil and water is progres-
sively reduced, thus increasing the degree of coverage by particles because they
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FIGURE 5.10. Images of an O/W emulsion containing 90 wt% of oil and 24.4 mg of hy-
drophobically modified silica particles taken at different times since formation. The times
are (a) 9s, (b) 21 s, (¢) 54 s, (d) 141 s and the scale bar = 7.5 mm. (Reproduced from [46],
with permission.)

are irreversibly adsorbed. This results in the formation of dense solid interfacial

films that ultimately inhibit coalescence and kinetically stabilize the emulsions.
Figure 5.11 shows the images of O/W emulsions obtained for different solid

contents, m ,, expressed as a mass of particles in the emulsion. It can be clearly

m,=286mg m,=466mg —

FIGURE 5.11. Images of O/W emulsions at long times containing 80 wt% oil obtained for
different masses of hydrophobically modified silica particles, m,, (given). V; = 40 ml. Scale
bar = 1.2 cm. (Reproduced from [46], with permission.)
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FIGURE 5.12. Evolution in time of 5
the surface-averaged droplet di-
ameter in O/W emulsions con-
taining 90 wt% oil and different
masses of silica particles: () 18.3
mg, (l) 24.4 mg, (A) 30.5 mg,
(@) 36.6 mg and (x) 42.7 mg
(Adapted from [46].)
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seen that the final droplet size decreases when increasing the total amount of
solid particles. The volume fraction of the dispersed phase is quite elevated, being
larger than 80%. Such emulsions can therefore be considered as biliquid foams.
Surprisingly, these foams can be stored at rest for months without any structural
evolution.

The surface-averaged final diameter Dy can be easily controlled by adjusting
the amount of particles. Because the solid particles are irreversibly adsorbed at the
oil-water interface, the inverse average droplet diameter varies linearly with the
amount of particles according to the simple equation:

1 spm,

2 5.16
Dy 6Vy 10

where V is the volume of dispersed phase and s ; the specific surface area, that is,
the droplet surface covered per unit mass of silica.

Figure 5.12 represents the evolution in time of the surface-averaged droplet
diameter for different amounts of solid particles. The kinetic curves confirm the
qualitative evolution previously described. The droplet growth is initially rapid but
the coalescence rate progressively decreases until the average diameter reaches an
asymptotic value. Figure 5.13 shows the change in the droplet size distribution
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FIGURE 5.13. Evolution of the
droplet size distribution with 20
time for an O/W emulsion con- 10
taining 90 wt% oil and 24.4 mg 00 ]
of silica particles. (Reproduced ’
from [46], with permission.)




162 5. Stability of Concentrated Emulsions

108
A X
10° 1 u
0 - A’A ox %
& (J X
1041 n
TE mP “...h‘.z:x.xx X
o 3 ¢ 18.3 mg ‘e m Ao X
s 10°7] [m24.4mg » RS
A 30.5mg * [
101 | @ 36.6 mg .
X 42.7 mg
10' " " "
0 0.2 0.4 0.6 0.8 1.0
T= DS/DSf

FIGURE 5.14. Variation of the coalescence frequency w with t for O/W emulsions. The
emulsion contains 90 wt% oil. (Reproduced from [46], with permission.)

with time. For all the plots reported in this figure, the polydispersity (defined
by Eq. (5.10)) is lower than 30%, a surprisingly low value considering that the
distribution is achieved via coalescence. The change in the droplet concentration
n as a function of time is deduced from Fig. 5.12 considering Eq. (5.5). The curves
obtained were numerically differentiated with respect to time in order to obtain
the characteristic frequency of coalescence through Eq. (5.6). Application of this
equation is justified in this case owing to the existence of a well-defined droplet
size over the whole growth process.

In Fig. 5.14 the evolution of w is reported as a function of the degree of surface
coverage. The degree of surface coverage 7 is defined as the ratio of the particle
density at any time to the final particle density. It can also be expressed as:

D,
T=— (5.17)
Dy
As could be expected, the curves reveal a dramatic decrease of the coalescence
frequency with 7. As t approaches unity, the degree of surface coverage be-
comes sufficient to kinetically stabilize the droplets such that no further structural
evolution is observed. In this limit, one expects that w reaches very small, but
nonzero values, the stability being only of kinetic order. In Fig. 5.15, the evolution
of w as a function of the average droplet diameter Dy at constant degree of surface
coverage t is reported. It is interesting to note that w is a decreasing function
of droplet diameter, at constant concentration of solid particles at the oil-water
interface.

It is argued that the kinetics of the limited coalescence process is determined
by the uncovered surface fraction 1 — t and by the rate of thinning (drainage) of
the films formed between the deformable droplets [46,47]. The homogeneous and
monodisperse growth generated by limited coalescence is intrinsically different
from the polydisperse evolution observed for surfactant-stabilized emulsions. As
noted by Whitesides and Ross [48], the mere fact that coalescence halts as a
result of surface saturation does not provide an obvious explanation of the very
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FIGURE 5.15. Variation of the coalescence frequency w with D; at constant T for O/W
emulsions stabilized by silica particles. The lines are only visual guides. (Reproduced from
[46,47], with permission.)

narrow droplet size distributions that are frequently obtained in solid-stabilized
emulsions. The same authors propose a theoretical analysis for either diffusional
or turbulence-driven droplet collisions. Assuming that the coalescence probability
between two drops is simply proportional to their individual uncovered surface
fraction 1 — 7, Monte Carlo simulations predict droplet size distributions that
are in close accord with experimental results, and that are much narrower than
those resulting from unlimited coalescence. One interesting conclusion from the
numerical calculations is that the final narrow size distribution is insensitive to the
details of the initial droplet size distribution (uniformity, surface coverage) within
fairly wide limits [48].

5.5. Gelation and Homothetic Contraction

The following section is devoted to a totally distinct scenario of destruction occur-
ring in emulsions comprising highly viscous drops. Coalescence involves two dif-
ferent steps. The first step consists of the nucleation of a small channel between two
neighboring droplets. Hereafter, we shall term t,, the characteristic time separating
two nucleation events. This first nucleation step is followed by a shape-relaxation
driven by surface tension, which causes two droplets to fuse into a unique one. The
characteristic time 7, for shape relaxation is governed by the competition between
surface tension and viscous dissipation and is given by:

T = 1D /Vint (5.18)

where 7 is the viscosity of the droplets, D is their characteristic diameter, and iy,
is the interfacial tension between the two phases. When there is no energy barrier
for coalescence, the droplets coalesce as soon as they collide under the effect of
Brownian motion. In the limit where the characteristic shape relaxation time t,
is short compared to the time 7, separating two droplet collisions, it was found
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FIGURE 5.16. Sequence showing the
homothetic contraction of a bitumen-
in-water emulsion. (Reproduced
from [49], with permission.)
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both theoretically and experimentally that the average droplet size scales with
time 7 as ¢t'/3. A very different scenario is expected in the limit where 7, is much
larger than t,,. The coarsening is now limited by shape relaxation, leading to very
different structures and kinetics than in the previous case. This limit is frequently
encountered in systems such as emulsions of highly viscous substances (bitumen)
or phase separations in binary mixtures of polymers.

We now summarize the work of Philip et al. [49], who described the limit where
7, > 1,. They used model emulsions of highly viscous bitumen droplets that can be
made suddenly unstable toward coalescence under addition of a suitable chemical.
Once the emulsion is made unstable, the droplets form a macroscopic gel made of
an array of fused droplets. Then the gel continuously contracts with time in order
to reduce its surface area. To study the gelation and the contraction phenomena,
the emulsion was introduced in a rectangular cuvette and a destabilizing agent was
added in the continuous phase. Initially, the system remains fluid, but after some
time, the emulsion does not flow any longer. At this stage, microscopic observation
reveals that the droplets stick one to another and form a three-dimensional gel
network. Once this network is formed, the gel starts to contract by reducing its
surface area. In this process water is expelled from the space-filling network.
The contraction remains remarkably homothetic, meaning that it preserves the
geometry of the container (Fig. 5.16). Figure 5.17 shows the evolution of the
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FIGURE 5.17. Evolution of the volume fraction in the bitumen contracting gel as a function
of time for emulsions with different initial volume fractions. (Reproduced from [49], with
permission.)
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FIGURE 5.18. Cylindrical model for sintering. The gel is modeled as a cubic array made of
intersecting cylinders with length / and radius a. (Reproduced from [52], with permission.)

bitumen volume fraction in the contracting gel as a function of time for emulsions
with different initial volume fractions, at room temperature (25°C). When the
destabilizing agent is introduced in the emulsion, a delay 7, has to be expected
before the gel starts to shrink. #, corresponds to the time required for the droplets
to form a continuously interconnected network that fills the whole volume. Once
the contraction starts, two different regimes can be clearly distinguished. The rate
of contraction at the initial stage is quite rapid and becomes much slower toward
the final stages of contraction. The first regime is roughly linear, the slope being
an increasing function of the initial droplet volume fraction.

The contraction kinetics can be described using the so-called “cylindrical model
for sintering” [50-53]. The model considers a cubic array formed by intersecting
cylinders that are made up of strings of particles. The initial cylinder radius corre-
sponds to the average radius of the particles in the material. Although the choice
of cubic array is an idealized approximation compared to the complicated mi-
crostructures formed in real situations, studies have shown that the geometry of
the unit cell chosen (e.g., octahedral, tetrahedron, inverse tetrahedron) has very
little influence on the kinetics. To reduce their surface area, the cylinders tend to
become shorter and thicker. In these calculations, it is assumed that the geometry
of the cell is preserved. A brief description of the calculations follows.

If [ and a are the length and radius of the cylinders, respectively (Fig. 5.18), the
energy dissipated in viscous flow (Ef) varies as [50-53]:

E.‘_3n77a2 di\? (5.19)
=771 \ar '

The superscript dot indicates a derivative with respect to time. The energy change
due to the reduction of surface area (Ej) is given by:

. ds.
E, = VintW (5.20)

where S, is the surface area of a full cylinder. The energy balance requires the
following condition:

E;+E =0 (5.21)
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From Egs. (5.19), (5.20) and (5.21), the rate of densification is deduced:

o (13 x 2dx’
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Nio 0 0 (37[ o 8«/5)6/> x/2/3

where x = a/I. For a cubic cell, x is related to the cylinder volume fraction as:

¢ =3w@a/)? —8v2 (a/l)} (5.23)

¢ corresponds to the measured volume fraction of bitumen inside the gel. 7 is a
fictitious time at which x = 0. In Eq. (5.22), (int/nlo)(1/¢0)"/3 = K is a constant
for a given initial volume fraction ¢. Indeed ¢y sets the initial cylinder length
l,. When the ratio of cylinder radius to its length is equal to 1/2, the neighboring
cylinders touch and the cell contains only closed pores. The corresponding the-
oretical density (volume fraction) of the sample would be 94.2%. Therefore, the
cylindrical model is not valid any longer for ¢ values larger than 94.2%.

Figure 5.19 shows the evolution of the gel volume fraction ¢ as a function of
reduced time K (¢ — #y). The solid line represents the theoretical curve obtained
using Eq. (5.22). For ¢ values between 20% and 80%, the theoretical curve is
roughly linear with a slope of 1 (see dashed line). Equivalently, within the same
¢ range, the volume fraction should vary linearly with time with a slope equal to
K. The experimental data (Fig. 5.17) were recalculated in order to be plotted in
reduced coordinates. For each initial volume fraction, K is deduced from the initial
slope of the curve ¢ = f(¢) (for ¢ between roughly 20% and 60%). All the data
lie within a unique curve that is in reasonable agreement with the theoretical one.

Philip et al. explored the influence of the dispersed phase viscosity on the rate
of contraction by changing the temperature. According to viscous sintering theory,
the rate of densification K should vary as the inverse viscosity. Figure 5.20 shows
the evolution of K as a function of viscosity. It can be noted that lowering the
viscosity has the effect of increasing the rate of contraction K. As expected, the
observed contraction is controlled by the viscous flow of asphalt through the gel
network. The experimentally observed slopes are in reasonable agreement with
the expected value (—1).
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FIGURE 5.20. Evolution of K as a function of | 0.92
viscosity. (Adapted from [49].) 100 slope =9.
T
£ q
£ 102
X
10~

100 102 104 108
Viscosity (Pa.s)

To see whether this contraction phenomenon is a general one, various O/W
emulsions using highly viscous oils were prepared [54]. As in the case of bitumen,
similar contraction mechanisms were observed when the emulsion was allowed to
break by adding a suitable destabilizing agent. From all the experiments performed
with different types of oils and destabilizing agents, it can be stated that the gel
contracts in a homothetic way when drop viscosity exceeds around 100 Pa-s.
The sintering process may be of great technological importance because it allows
transforming an initially liquid emulsion, into a dense and highly viscous material
within a short period of time at room temperature [55].

5.6. Partial Coalescence in Emulsions Comprising
Partially Crystallized Droplets

We finally describe the behavior of oil-in-water emulsions in which the dispersed
phase is composed of partially crystallized oils, that is, mixtures of hydrophobic
compounds whose melting domain extends over one or several tens of degrees on
both sides of ambient temperature. The emulsions are generally fabricated at suffi-
ciently high temperature so that oil is totally melted. On cooling, the spherical shape
of the warm dispersed droplets, which is controlled by surface tension, evolves into
a rough and rippled surface owing to the formation of irregularly shaped/oriented
crystals. Gelation of the emulsions can be induced by the so-called partial coa-
lescence phenomenon [56-59]. Crystals located near the oil-water interface can
protrude into the continuous phase depending on their orientation, the crystalliza-
tion kinetics, the surface active species employed to stabilize the emulsion, and
so forth [57,60,61]. When such crystals are present within the thin film separating
two droplets, they may pierce the film and bridge the surfaces, causing the droplets
to coalesce. If the crystallized fraction within the globules is sufficient, the intrin-
sic rigidity inhibits relaxation to the spherical shape after each coalescence event.
The “pin” effect may occur between partially crystallized droplets or between
crystallized and liquid (undercooled) droplets. In this latter case, coalescence in-
duces fast crystallization of the undercooled droplets so that shape relaxation does
not take place (Fig. 5.21). As time passes, large clusters appear and grow by the
accretion of any other primary droplet or cluster until a rigid network made of
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FIGURE 5.21. Possible scenarios for partial coalescence. (a) Crystallization induced by
contact between solid particle and undercooled droplet. (b) Partial coalescence between
two semiliquid droplets.

partially coalesced globules is formed, in which the original fat droplets remain
recognizable. Partial coalescence may occur in quiescent storage conditions and
is accelerated on application of a shear [62].

This “pin” effect of solid particles is well documented in the studies of the
antifoam effect of oil-solid compounds used to destroy undesirable foam [63].
The fabrication of viscoelastic aerated food emulsions such as whipped creams or
ice creams is also based on the unrelaxed coalescence between semiliquid milk
fat globules. The colloidal structure of aerated food emulsions such as whipped
creams or ice creams is complex, with the dispersed phase comprising gas bubbles,
fat globules, and eventually ice crystals. Aerated materials are obtained through
a whipping process during which the gas phase (air, nitrogen) is progressively
incorporated in a primary oil-in-water emulsion under vigorous agitation [64]. An
important feature of these materials is their rtheological behavior: very often, they
exhibit considerable yield stress and viscoelastic properties [65,66]. The agitation
applied during the whipping process favors coalescence phenomena and many
studies have demonstrated that the characteristic mechanical properties of whipped
creams arise mainly from the formation of a network of partially coalesced globules
[67-70].

5.7. Conclusion

The experimental studies described in this chapter certainly led to a better under-
standing of the coalescence phenomena in concentrated emulsions. Despite the
complexity and variety of the destruction scenarios, different methods for measur-
ing the coalescence frequency, w, have been proposed. It should be within the reach
of future work to measure w for a large variety of systems in order to establish a
comparative stability scale. This is a necessary step to determine the microscopic
parameters that control the activation energy E, and the attempt frequency wy.
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It is probable that numerous interfacial parameters are involved (surface tension,
spontaneous curvature, Gibbs elasticity, surface forces) and differ from one system
to the other, according the nature of the surfactants and of the dispersed phase.
Only systematic measurements of @ will allow going beyond empirics. Besides the
numerous fundamental questions, it is also necessary to measure w for an evident
practical reason, which is predicting the emulsion lifetime. This remains a serious
challenge for anyone working in the field of emulsions because of the polydisperse
and complex evolution of the droplet size distribution. Finally, it is clear that the
mean-field approaches adopted to measure w are acceptable as long as the droplet
polydispersity remains quite low (P < 50%) and that more elaborate models are
required for very polydisperse systems to account for the spatial fluctuations in
the droplet distribution.
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6

Double Emulsions

6.1. Introduction

Double emulsions may be either of the water-in-oil-in-water type (W/O/W) (with
dispersed oil globules containing smaller aqueous droplets) or of the oil-in-water-
in-oil type (O/W/O) (with dispersed aqueous globules containing smaller oily
dispersed droplets). Increasing attention has been devoted to these systems with
the aim of taking advantage of their double (or multiple) compartment structure.
Indeed, double emulsions present many interesting possibilities for the controlled
release of chemical substances initially entrapped in the internal droplets. Various
industries, including foods and cosmetics, are showing clear interest in the techno-
logical development of such complex systems. The field of human pharmaceuticals
is the major area of application; W/O/W emulsions have been investigated mostly
as potential vehicles for various hydrophilic drugs (vaccines, vitamins, enzymes,
hormones) that would be then slowly released. Active substances may also mi-
grate from the outer to the inner phase of multiple emulsions, providing in that
case a kind of reservoir particularly suitable for detoxification (overdose treat-
ment) or, in a different domain, for the removal of toxic materials from waste
water. In any case, the impact of double emulsions designed as drug delivery
systems would be of significant importance in the controlled release field, pro-
vided that the stability and release mechanisms were more clearly understood and
monitored.

The problems associated with the stability of multiple emulsions have been ex-
tensively studied and one can find a rather large literature about the subject [1-3
and references therein]. Double emulsions are generally prepared with two emulsi-
fiers of opposite solubility (water-soluble and oil-soluble). Both emulsifiers mix at
the interfaces and the stability of the films with respect to coalescence is governed
by the composition of the binary mixture. Coalescence in multiple emulsions can
occur at several levels: (1) between small inner droplets, (2) between large glob-
ules, and (3) between the globule and the small droplets dispersed within it. The
globules are also permeable to many different chemical species that can migrate
from the internal phase to the external one or vice versa, without film rupturing.
Diffusion processes have been investigated as a possible mechanism for transport
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of active substances [4,5]: here, the concentration gradient exerted by the whole set
of various molecules (surfactant, electrolytes, and active species) is involved. The
resulting breakdown of multiple emulsions, as a result of one or a combination of
all of these mechanisms, leads, at various rates, to the release of the active ingredi-
ent(s) entrapped in the inner phase to the outer phase in an uncontrolled way. This is
why the use of multiple emulsions as commercial products is so restricted, though
much attention has been paid to their many potential practical applications [3,6,7].

In this chapter, we provide an overview of the most recent advances in the field of
double emulsions, emphasizing the differences between three types of emulsifiers:
short surfactants, polymers and solid colloidal particles.

6.2. W/O/W Surfactant-Stabilized Emulsions

A better understanding of the stability conditions and release properties in dou-
ble emulsions requires the use of model systems with a well-defined droplet size.
Goubault et al. [8] and Pays et al. [9] have proposed two distinct techniques to
produce size-controlled double emulsions. The same authors then investigated the
two mechanisms that are responsible for the release of a chemical substance in
the presence of short surfactants [10—12]. (1) One is due to the coalescence of the
thin liquid film separating the internal droplets and the globule surfaces. (2) The
other mechanism, termed “compositional ripening,” occurs without film ruptur-
ing; instead, it occurs by diffusion and/or permeation of the chemical substance
across the oil phase. By varying the proportions and/or the chemical nature of the
surface active species, Pays et al. show that it is possible to shift from one type
of mechanism to the other one. They study separately both mechanisms and they
establish some basic rules that govern the behavior of W/O/W double emulsions.
In this section, we summarize and discuss the main results obtained by Pays et al.
[10-12] and then complete the chapter with a consideration of several other major
contributions.

6.2.1. Emulsion Preparation

W/O/W quasi-monodisperse emulsions were fabricated following a two-step pro-
cedure [8—12]. Size-controlled W/O emulsions, stabilized by an oil-soluble sur-
factant, were first prepared. Salt (NaCl) was added to the dispersed phase to avoid
any rapid coarsening phenomenon [13] (see Chapter 5, Section 5.2.) and as a tracer
to probe the different release mechanisms. Double emulsions were fabricated by
dispersing the inverse one within an aqueous continuous phase containing a hy-
drophilic surfactant. Large oil globules were produced, each one containing smaller
inverse water droplets. Salt or glucose was added in the external water phase to
prevent any osmotic pressure mismatch between the internal and the external wa-
ter compartments. Figure 6.1 shows a microscopic image of a quasi-monodisperse
double emulsion immediately after its fabrication. Large oil globules uniform in
size (~ 10 um) are visible, each one containing smaller water droplets (~ 0.4 um).
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FIGURE 6.1. Microscopic image of a size-controlled W/O/W emulsion obtained following
the two-step procedure described in [9] and [10]. d; = 9 um, d; = 0.36 um, ¢; = 20%,
¢, =10%, C;, =0.1 CMC, C; =2 wt% with respect to oil phase = dodecane. (Reproduced
with permission from [10].)

In comparison with previous studies, the systems studied by Pays et al. possess
the advantage of being size-controlled and reproducible. This is an important
property because, as demonstrated by the authors, the rate of release of double
emulsions is strongly dependent on the colloidal size of the dispersed objects.
The following notations are used to characterize the composition and properties
of double emulsions:

C; = concentration of the lipophilic surfactant in the oil globules

C), = initial concentration of the hydrophilic surfactant in the external water phase
¢; = volume fraction of water droplets in the oil globules

¢, = volume fraction of oil globules in the external water phase

d; = diameter of the water droplets

d, = diameter of the oil globules

CMC = critical micellar concentration
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Two different techniques were used to study the kinetic evolution of the double
emulsions. The concentration of salt (NaCl) present in the aqueous external phase
was measured by means of specific electrodes (potentiometry). This technique was
combined with direct microscopic observations as well as repeated single-globule
creaming experiments using optical manipulation [14,15]. In the set-up, a unique
non-Brownian globule (more than 10 pm in diameter) was illuminated by one or
two focused laser beams. The radiation pressure exerted by the lasers allowed one
to capture and to displace a globule at any position in a transparent cell. When
the lasers were switched off, the globule moved upward because of buoyancy. The
globule diameter, d,, as well as its creaming velocity Vireaming in the stationary
regime, were measured under a microscope. From the Stokes equation, the average
density of the globule, p,, is deduced:

v 1 (ow — ,Og)gd;
creaming —
138 Ne

In Eq. (6.1), py, is the density of the external water phase, g is the acceleration
due to gravity (9.8 m/s?), and 7. is the viscosity of the continuous phase. Then, it
becomes possible to determine the internal droplet volume fraction ¢; inside the
globules according to the relation:

Pg = @i pwi + (1 — ¢i)p, (6.2)

where p, is the oil density and p,,; is the density of the internal water phase.

6.1)

6.2.2. General Phenomenology

Figure 6.2 represents the behavior of quasi-monodisperse double emulsions in (Cy,
#?) coordinates, where ¢! is the initial volume fraction of droplets in the globules.
Sorbitan monooleate (SMO) was used for the stabilization of the primary W/O
emulsion and sodium dodecyl sulfate (SDS, CMC = 8 10~ mol/l) was used for
the stabilization of the oil globules in the external aqueous phase. Three differ-
ent compositions zones, referred to as A, B, and C can be defined; they differ by
their qualitative behavior observed via microscopy. Moderate internal droplet vol-
ume fractions are considered first (¢; < 20%). If C;, = CMC/10, the system does
not exhibit any structural evolution after a few days of storage (zone A). If Cj, is

C, 4 SMO/SDS/dodecane FIGURE 6.2. Behavior of a quasi-

10 CMC - d=0.36um dg=3.6um monodisperse double emulsion as a
- C=2% (w/w) function of the two composition para-

] $4<20% (V/v) meters C, and ¢°. Observations

5 CMC A were performed via microscopy for
] C 24 h after preparation. (A) No coale-

1 scence. (B) Droplet—globule coale-

i A scence. (C) Droplet—droplet and

T T T droplet-globule coalescence. (Ada-
50% 100% o°  pted from [11].)

ov
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FIGURE 6.3. Transformation of an emulsion from double (W/O/W) to simple (O/W). d, =
3.6 um, d; = 0.36 um, ¢>,9 =5%, ¢, = 10%, C;, = 10 CMC, C; = 2 wt% with respect to
oil phase = dodecane. (a) t = 0; (b) t = 400 min. (Reproduced with permission from [11].)

equal to or larger than approximately 1 CMC, the double W/O/W emulsion rapidly
transforms into a simple O/W emulsion (see Fig. 6.3). The characteristic time scale
for the transformation becomes shorter when C), increases, in perfect agreement
with the pioneering experiments of Ficheux et al. [16]. For globules with diameter
d, = 3.6 pm, q’)? = 5% and C;, = 10 CMC, it takes around 5 h for the trans-
formation to occur. Repeated microscopy observations revealed that the globules
become progressively empty and that there is apparently no coarsening of the in-
ternal droplets (zone B). To elucidate the origin of this evolution, polydisperse
double emulsions were produced with large internal droplets that could be per-
fectly identified under the microscope. Under the same conditions, the internal
droplets may be in contact with the globule surface some of the time without ex-
hibiting any structural change, and then suddenly disappear, as shown in Fig. 6.4.
From all these observations, it can be concluded that the mechanism responsible
for the transformation from a double to a simple emulsion is the coalescence of
the internal droplets on the globule surface.

FIGURE 6.4. The internal droplet indicated by the arrow coalesces on the globule surface.
The two images were taken at times 1 s apart. C;, = 10 CMC, C; = 2 wt%. (Reproduced
with permission from [11].)
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(b) 10 um )

FIGURE 6.5. Destruction of a double emulsion with a high initial droplet volume fraction.
¢? =50%, C;, =3 CMC, C; = 2 wt%. (a) t = 60 min; (b) ¢ = 250 min; (¢) ¢ = 850 min.
(Reproduced with permission from [11].)

A slightly distinct scenario of destruction occurs when the initial droplet vol-
ume fraction q)? exceeds some critical value that depends on Cj. The transition
from a double to a simple emulsion is still observed, but in this case there is some
coarsening of the internal droplets during the process of destruction (zone C), as
visible in the images in Fig. 6.5, taken at regular time intervals. Some large nuclei
resulting from droplet—droplet coalescence are clearly distinguished microscop-
ically. Once they reach the surface, they coalesce rapidly and disappear. In the
last stages of the transformation, when the droplet concentration becomes small
enough, inter droplet coalescence is no longer observed and the scenario becomes
identical to the one observed for the systems with low initial droplet concentration
(Fig. 6.5¢).

In the limit of an extremely high concentration of droplets (¢° > 90%), the
destruction involves droplet—droplet and droplet—globule coalescence throughout
the process. Figure 6.6 is a sequence showing the destruction of a single globule
as a function of time. To facilitate the observation, a very large globule with initial
diameter of approximately 30 um was considered. The optical contrast between
the globule initially containing 95% (v/v) water and the aqueous external phase
is quite low, which explains the difficulty in discerning the globule. The globule
diameter decreases rapidly as a consequence of droplet—globule coalescence. On
the other hand, the large nuclei observed inside the globule result from droplet—
droplet coalescence. The total destruction of the globule at C;, = 3 CMC occurs
over a time scale of the order of 10 min, a much shorter lifetime than for an initially
diluted globule.

6.2.3. Role of the Hydrophilic Surfactant
in Inducing Coalescence

The phenomenology described in the preceding section is general since it has been
reproduced using different ionic surfactants, such as alkyl sulfonates or alkyl qua-
ternary ammonia [11,12,16]. Villa et al. [17] have also investigated coalescence
phenomena in W/O/W globules. They developed a capillary microscopy technique
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15 pm

H

FIGURE 6.6. Destruction of a double globule with very high initial droplet volume fraction.
¢?=95%, C,=3CMC,C,=2wt%. (@) t=0;(b)t=206s;(c)t =2min; (d)t =7
min; (e) + = 10 min. (Reproduced with permission from [11].)

by which a single double-emulsion globule can be prepared directly within a cir-
cular capillary and the phenomena can be quantified using image analysis. The
use of micropipets allows injection of oil and water droplets for double-emulsion
formation within the microcapillary. Globules of similar size and with a desirable
number of inner droplets can be constructed in this manner. This procedure en-
ables both direct visualization of individual double emulsion globules for their
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20 um

{a)t=90min {b)yt=1 min (¢)t=2min

FIGURE 6.7. Internal coalescence followed by external coalescence in a W/O/W double-
emulsion globule. Internal droplets = PSMO solution at 50 CMC; oil phase = hexade-
cane with 2 wt% SMO; external water phase = pure water. (Reproduced with permission
from [17].)

entire life span, and micromanipulation of internal water droplets. By means of
this technique, globules were prepared using either SDS (ionic) or polyoxyethy-
lene (20) sorbitan monooleate PSMO (nonionic) as the water-soluble surfactants
and SMO as the oil-soluble surfactant. The results confirmed that SMO has a sta-
bilizing effect, while both ionic and nonionic hydrophilic surfactants have a desta-
bilizing effect. By varying the surfactant concentrations in both the internal and
external aqueous phases, droplet—droplet and droplet globule coalescence (see
Fig. 6.7) were found to occur under a limited range of conditions. In general, these
conditions require that a high overall concentration of hydrophilic surfactant (either
ionic or nonionic) must be destined for the internal and external aqueous phases.
These phenomena were shown to also depend on the concentration of the SMO in
the oil phase; the stabilizing ability increases with SMO amount. Gonzalez-Ochoa
et al. [18] performed direct observations of single W/O/W globules of colloidal
size, stabilized with SMO and SDS. They identical visualized droplet—droplet
and droplet—globule coalescence at high SDS concentrations. In addition, they
reported two-stage coalescence phenomena of large water droplets on the globule
surface. The process was captured step by step via fast digital video microscopy. In
the first stage, a transient structure is formed: the oil enveloping the water droplet
peels off, leaving the droplet immersed in the continuous water phase supported by
a film of oil and surfactants. The retraction of the oil occurs in a time span of 1 ms.
In the second stage, the film covering the water droplet wears and the drop breaks,
releasing its contents to the continuous water phase. The second stage occurs in a
time span of a few tens of milliseconds (Fig. 6.8). It is noteworthy that two-stage
coalescence was observed at rather large SDS concentrations (30 CMC) and for
large internal droplets (~10 pum).

The previous experimental observations reported in the preceding text are, at
least to a certain extent, in agreement with the well-known Bancroft rule. Indeed, a
double W/O/W emulsion turns into a simple direct one when a sufficient quantity
of the water-soluble surfactant is added. Similarly, by shaking a 1:1 mixture of
water and oil, each phase containing one of the two types of surfactants, a direct
emulsion is obtained if the aqueous phase contains a large amount of water-soluble
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FIGURE 6.8. Two-stage coalescence in double emulsions. Sequence of side view pictures,
taken at a frequency of 5000 frames/s, of a water droplet coalescing on the globule surface.
C;, = 30 CMC of SDS; C; = 2 wt% of SMO in dodecane. (Reproduced with permission
from [18].)

surfactant. By contrast, when less of this surfactant is present, it is possible to ob-
tain a double emulsion. From the above-described set of experiments, we end up
with the same type of conclusion: the double emulsion persists as long as the
water-soluble surfactant concentration is not too high. More generally, it is known
that the micellar phase always tends to be the continuous phase of an emulsion. A
mechanistic interpretation for this correlation was proposed, according to which
the surfactant packing type (spontaneous curvature) affects both the phase be-
havior of microemulsions and the coalescence energy barrier of an emulsion (see
Chapter 5, Section 5.3.1.1). Kabalnov and Wennerstrom[19] argue that the effect
of the spontaneous curvature on emulsion stability comes from the kinetics of
the hole nucleation in emulsion films. Consider an oil film separating an internal
water droplet from the external water phase (Fig. 6.9). If C}, is low, the monolayer
covering the droplet and globule surfaces is essentially composed of lipophilic
molecules. The spontaneous curvature of oil-soluble surfactants is negative (W/O
shape). Propagation of a hole is damped, because the monolayer at the edge of the

4: v Hydrophilic surfactant
V/ Lipophilic surfactant
E, LINY,
>

pAf

Y
‘A

W/O/W film

FIGURE 6.9. Scheme of the hole nucleation process in a W/O/W film. (Adapted from [11].)
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nucleation hole is inhibited because it is curved against the direction favored by the
spontaneous curvature. As a result, for the film rupture to occur, the system must
pass through an energy barrier, after which growth becomes spontaneous. This
state can be reached only via thermal fluctuation and has a low probability because
of the unfavorable spontaneous curvature. However, increasing the concentration
of the hydrophilic surfactant in the external water phase concentrates this molecule
at the interfaces, thus rendering the average spontaneous curvature less negative or
even positive. Hole propagation in the W/O/W film now occurs with a very moder-
ate energy barrier because the curvature of the edge fits the spontaneous curvature.
This could explain why coalescence of the internal droplets on the globule sur-
face occurs above a critical concentration Cj, in the external water phase. Because
coalescence also occurs between the internal droplets when they are sufficiently
concentrated, it can be deduced that the hydrophilic surfactant initially introduced
in the external water phase is being transferred toward the internal droplets as a
result of the entropy of mixing.

6.2.4. Kinetics of Release

6.2.4.1. Limit of Low SDS Concentration and Low Internal
Droplet Volume Fraction

Pays et al. [10-12] investigated the influence of the hydrophilic surfactant con-
centration Cj, on the kinetics of release. Because in their experiments the internal
water volume was about 100 times smaller than the external volume, C, fixed the
chemical potential of the hydrophilic surfactant molecules. The thin liquid film
formed between the internal droplets and the globule surface was composed of
monolayers covered by SMO and SDS molecules, separated by oil. Because SDS
molecules migrate from the external to the internal water phase within a very short
period of time (1 min [12]), the film could be regarded as close to thermodynamic
equilibrium with respect to surfactant adsorption a few minutes after preparation.
Following the well-known Bancroft rule, such inverted films possess a long-term
stability when essentially covered by a hydrophobic surfactant (such as SMO) but
become very unstable when a strong proportion of hydrophilic surfactant (such
as SDS) is adsorbed. As discussed above, the transition from long-range to short-
range stability may be achieved by varying the concentration of the hydrophilic
surfactant in the external water phase.

Several emulsions were prepared with SMO as the emulsifier of the primary
emulsion, at constant concentration C; in the oil phase, and SDS at various con-
centrations Cj in the external aqueous phase. Figure 6.10 shows the quantity
of salt released (expressed in relative percentage) as a function of time; for all
the plots, the globule diameter, the initial droplet volume fraction, and the glob-
ule volume fraction were the same. For C;, < CMC, the release is quite slow,
occurring over a characteristic time scale of several days. The rate decreases
when Cj, increases, being minimal around 1 CMC. When the process is achieved
(nearly 100% has been released), it appears via microscopy that the water droplet
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concentration ¢; in the globules has apparently not varied. This is confirmed by the
creaming technique described in Section 6.2.1, since a constant rate of creaming of
the globules was measured after 3 days of storage. The ¢; value deduced from Egs.
(6.1) and (6.2) corresponds to the initial value. It can therefore be concluded than
in this regime, the salt release occurs without film rupture; instead it is produced
by an entropically driven diffusion and/or permeation of the salt across the oil
globule. For C;, > CMC, the release is quite fast and the rate increases with the
hydrophilic surfactant concentration. Repeated microscopic observations revealed
a gradual decrease of the inner droplet concentration, which is almost zero when
100% of release is attained. When C;, < 5 CMC, no evolution of the water-in-oil
droplets was observed. This definitely confirms that for | CMC < C;, < 5 CMC,
salt release is controlled by the coalescence of the internal droplets on the globule
surface.

The regime governed by coalescence was examined in more detail. The process
of film rupture is initiated by the spontaneous formation of a small hole. The
nucleation frequency, A, of a hole that reaches a critical size, above which it
becomes unstable and grows, determines the lifetime of the films with respect to
coalescence. A mean field description [19] predicts that A varies with temperature
T according to an Arrhenius law:

A = Agexp(—E,/kgT) (6.3)

where kp is the Boltzmann constant, E, is the activation energy for coalescence,
and A is the attempt frequency of the hole nucleation process. Pays et al. [10-12]
have proposed an unambiguous method for the measurement of the microscopic
parameters Ao and E, based on the use of monodisperse W/O/W double emul-
sions. The hydrophilic surfactant concentration, the globule diameter, and the
globule volume fraction were fixed, while the initial internal droplet volume frac-
tion was varied. Within the time scales that were explored (less than 1000 min),
the contribution of diffusion/permeation across the oil globule was negligible. The
data are represented in Fig. 6.11. Everything else being constant, the characteristic
time of release decreases as the initial internal droplet volume fraction increases.
Interestingly, microscopy revealed that a fraction of the internal droplets was ad-
sorbed on the globule surface. This is a natural consequence of the van der Waals
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FIGURE 6.11. Influence of the initial internal droplet volume fraction on the kinetics of
release. d, =3.6 um, d; =0.36 um, ¢, = 10%, C, =3 CMC, C; =2 wt%. (Adapted from
(101,

attraction that exists between the internal droplets and the external water phase
[20]. In the following, n; is defined as the total internal droplet concentration within
the globules, and n,, is defined as the concentration of adsorbed droplets (per unit
volume of the globules). It is reasonable to assume that the number of coales-
cence events per unit time is simply proportional to the concentration of adsorbed
droplets:

dn;/dt = —An, (6.4)

where A is the characteristic frequency of coalescence between an adsorbed droplet
and the globule surface. At any time ¢, n; can be calculated from the ordinate of the
curves (Fig. 6.11) and the number of coalescence events dn;/dt may be deduced
from the derivative of the curves. The experimental points were transformed and
plotted again in (n;, dn;/dt) coordinates in Fig. 6.12. All the data lie on a single
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% 0.04 | Ggo | FIGURE 6.12. Rate of coalescence
12.:_ 0.02 L @ i as a function of the number density
° of internal droplets in the globules.
' M 1 d,=36um d =036um, ¢, =

0 e 10%, C, = 3 CMC, C; = 2 wt%.

3 The dashed line is a visual guide.
n; (um) (Adapted from [10].)
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curve, meaning that the rate of coalescence dn;/dt depends only on n;[21]. Follow-
ing Eq. (6.4), this function reflects the adsorption isotherm of the water droplets
on the globule surface n, = f(n;).

The adsorption isotherm was modeled in order to deduce a numerical value for
A. Following the model of Frumkin and Fowler reported in [21], n, is given by
the following set of equations:

® K( ) Ug + 4I/ll® (6 5)
— = i—ngexp| ———— .
-0 i T M) EXP ksT

o="a (6.6)
no

where n is the total concentration (per unit volume) of available sites for adsorption
easily deduced from geometrical considerations, u, is the adsorption energy, u; is
the lateral energy of interaction between the droplets, and finally K is a constant
calculated from the model [21].

Assuming that the internal droplets experience a hard-sphere-like repulsion
when surfactant layers come in contact, an estimation of the van der Waals
interactions can be obtained from the average length of the surfactant tails
(I = 3 nm) [20]. The coalescence frequency is therefore the unique free pa-
rameter in the model and is determined from the best fit to the experimental
curves. In Fig. 6.13, the kinetic evolution of n; at constant C, d;, and ¢,, is
plotted. Using one and the same value of A, the theoretical points can be fit-
ted correctly to the experimental data, whatever the globule diameter. This value
is A =6 1073 min~! for C, = 3 CMC, d; = 0.36 pum. The obtained value in-
dicates that a droplet of diameter 0.36 um spends on average 3 h on the glob-
ule surface before a coalescence event occurs. Measurements of the same type
were performed in the same conditions, but with different alkanes composing the
oil phase (octane, dodecane, hexadecane). As can be seen in Fig. 6.14, the co-
alescence frequency raises from almost zero to 2.5 1072 min~' as the oil chain
length varies from C8 to C16 (see Chapter 5, Section 5.4.2 for a more detailed
explanation).

14
12
10
FIGURE 6.13. Number density of ‘:% 6
internal droplets for two globule € 4
diameters. d; = 0.36 pm, ¢, =
10%, C, = 3 CMC, C; = 2 2
wt%. The continuous lines are 0 1 1 1 1 |

o

theoretical predictions. (Adapted 500 1000 1500 2000 2500 3000
from [10].) Time (minutes)
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6.2.4.2. Limit of High SDS Concentration or High Internal
Droplet Volume Fraction

In Fig. 6.15b,c, the effect of varying the hydrophilic surfactant concentration from
3 CMC to 10 CMC is illustrated. It is clear from the graph that increasing the
hydrophilic surfactant concentration has the effect of accelerating the salt release.

Pays et al. [11] tried to fit the experimental curves with the adsorption—
coalescence model, using A as the unique free parameter. As can be observed
in Fig. 6.15a, the agreement between theory and experiments is fairly good at
C;, = 3 CMC but large deviations appear at higher concentrations. In Fig. 6.15c,
two different A values have been tried in an attempt to fit the experimental data, but
neither of them is satisfactory. From this, it can be stated that the model valid at low
hydrophilic surfactant concentration does not correctly describe the experimental
results at high concentrations. In other words, the rate of release cannot be de-
scribed any longer in terms of a unique coalescence frequency when Cj, is higher
than about 5 CMC. At such a high concentration, internal droplet—droplet coa-
lescence accelerates the rate of release. Indeed, coalescence of internal droplets
produces large nuclei which are preferentially adsorbed on the globule surface ow-
ing to their larger van der Waals attraction. Moreover, when a nucleus coalesces at
the globule surface, a larger amount of matter is released at one time. The inherent
polydispersity resulting from droplet—droplet coalescence can therefore explain the
complex behavior of double emulsions with high hydrophilic surfactant concen-
trations and the fact that the process cannot be described via a single coalescence
frequency. The same type of conclusion can be drawn when the initial-internal
droplet concentration is large, even at low surfactant concentration.

The general behavior for the release of double emulsions stabilized by short sur-
factants has been described in the preceding text. By appropriately choosing the
surfactant concentrations and their chemical nature, it is possible to dissociate the
two mechanisms that are responsible for the release of chemical substances. From
a practical point of view, it can be concluded that long-term encapsulation of small
neutral or charged molecules is not really possible using short surfactants as stabi-
lizing agents. When the hydrophilic surfactant concentration is lower than a critical
value Cj,*, the release occurs preferentially by diffusion and/or permeation across
the oil phase, while above Cj;* it occurs preferentially by coalescence. In both
cases, the characteristic period of release does not exceed several days, which is



FIGURE 6.15. Number density of
internal droplets in the globules as
a function of time. d, = 3.6 um,
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not sufficient for most practical applications. Cj, * is of the order of 1 CMC for ionic
surfactants and of the order of 100 CMC for nonionic surfactants [10-12, 16—-18].

6.2.5. Water Transport Under Osmotic Pressure Mismatch

Under osmotic pressure gradients between the two aqueous phases of W/O/W
emulsions, water may migrate either from the internal to the external phase or vice
versa, depending on the direction of the osmotic pressure gradient. This process is
entropically driven and is another manifestation of “compositional ripening.” Such
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water transport may be critical in the various applications of multiple emulsions.
For instance, swelling of the internal droplets may increase the effective globule
fraction and produce significant changes in the rheological properties of double
emulsions. In some cases, swelling is used as a way to press the internal droplets
one against each other at a point that droplet—droplet and droplet—globule coales-
cence occurs, thus facilitating the release of a water-soluble encapsulated species.
Water transport rates are affected by the magnitude of the osmotic pressure gra-
dients between the water phases, the nature and concentration of the surfactants
used for the preparation of the emulsions, the nature and viscosity of the oil phase,
and so forth [22-29]. In their work on the water permeability of the oil phase in
W/O/W emulsions under osmotic pressure gradients, Kita et al. [30] proposed two
possible mechanisms for the permeation of water and water-soluble materials: wa-
ter molecules (1) pass through the thin liquid film formed by the internal droplets
in contact with the globule surface or (2) diffuse across the oil phase by being
incorporated in “reverse micelles,” while Colinart et al. [31] had earlier suggested
reverse-micellar water transport as well as via hydrated surfactants as the two pos-
sible means of water migration. Garti et al. [27] and Jager-Lezer et al. [29] have
established that oil-soluble surfactant is a major factor for water migration in mul-
tiple emulsions and that water transport rates increase with increasing oil-soluble
surfactant concentration.

Wen and Papadopoulos [32] reported a visualization study of the water trans-
port in W/O/W single globules under osmotic pressure mismatch. By using mi-
cropipettes, they could prepare a small oil compartment confined between two
large water drops (W2) in a microcapillary tube. A unique aqueous drop (W1)
was inserted into the oil compartment at a different position each time an ex-
periment was conducted (Fig. 6.16). Two limiting conditions were examined: (1)
the internal water droplet is in contact with the oil boundary and (2) there ex-
ists a visible minimum distance of separation between W1 and W2. Using video
microscopy, the radius R = d,/2 of W1 was measured at regular time intervals,
making it possible to calculate the rate of radius change —dR/dt. Rates were found
torise linearly with increasing oil-soluble surfactant concentration in the oil phase,
though the effects were more pronounced when W1 and W2 were in visual con-
tact (Fig. 6.17). In the latter case, it was suggested that the variation of radius
was controlled mainly by water diffusion or permeation across the thin liquid
film separating W1 and W2. In the case of visually non contacting W1 and W2,
spontaneous emulsification occurred and was revealed by the formation of small
satellites around the large mother droplet (see Fig. 6.17b). In this limit, dR/dt was
most probably controlled by spontaneous emulsification and water solubilization
in reverse micelles.

6.3. W/O/W Polymer-Stabilized Emulsions

The lifetime of double emulsions is considerably shortened by the rapid diffu-
sion of the water-soluble small-molecule surfactants toward the droplet interface.
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(b)

FIGURE 6.16. W1/0 and O/W2 interfaces in (a) visual contact and (b) no visual contact.
(Reproduced with permission from [32].)

Among other mechanisms, the formation of inverse micelles allows the diffusion of
molecules through the oil phase. Because of the inefficiency of short surfactants to
ensure long-term stability, much effort is being spent on finding out formulations
incorporating polymeric stabilizers [33,34] or associating short surfactants and
polymers or proteins [35]. Double emulsions with enhanced stability have been
obtained, but more work needs to be done to perfectly control and understand the
release properties of these new materials, as well as to ensure their reliability as
commercial products. In principle, large hydrophilic polymers cannot cross the oil
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phase and adsorb on the droplet surfaces. The elasticity of the interfaces and the
steric repulsions between droplets and the inner surfaces of globules are the most
probable reasons to explain the stability improvement.

Michaut et al. [36] have investigated the dynamic rheological properties of con-
centrated multiple W/O/W emulsions to characterize their amphiphile composition
at interfaces. A small surfactant molecule (SMO) and an amphiphilic polymer
(hydrophobically modified poly(sodium acrylate)) were used to stabilize the in-
verse emulsion and the oil globules, respectively. Rheological and interfacial ten-
sion measurements show that the interfaces remain asymmetric, that is, the poly-
meric surfactant adsorbed at the globule interface does not migrate to the droplet
interfaces through the oil phase. The stability was tested through release kinetics
of a marker (NaCl) initially encapsulated in the aqueous droplets, and by rheology
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[37]. Slow release rates and remarkable long shelf-life (months) were obtained
compared to typical multiple emulsions stabilized by two short surfactants (SMO
and polyoxyethylene (20) sorbitan monolaurate). Finally, the long lifetime of the
emulsions allowed study via diffusing wave spectroscopy (DWS) of the interac-
tions between the droplets and the globule surface [37].

Pays et al. [38] explored the behavior of double emulsions stabilized by two
polymeric surfactants. They showed that the release of the encapsulated species is
controlled by compositional ripening solely and a simple model based on Fick’s
theory was proposed. In Fig. 6.18 the relative percentage of salt (NaCl) released
during the first 5 days following the preparation of double emulsions stabilized by
acouple of amphiphilic polymers is plotted (lipophilic polymer = polyethylene-30
dipolyhydroxystearate, Arlacel P135, My &~ 5000 g/mol; hydrophilic polymer =
triblock copolymer of ethylene oxide (EO) and propylene oxide (PO) with average
formula 75EO/30PO/75EO, Synperonic PE/F68, My ~ 8400 g/mol). When the
release process had been completed (nearly 100% released), it was microscopy
showed that the water droplet concentration ¢; in the globules had apparently not
varied. It can therefore be concluded that in this regime, the release occurs without
film rupturing.

6.3.1. Phenomenological Model for Compositional Ripening

In the absence of coalescence, the global molecular flow J of a species across the
oil globules is entropic in origin and is described by Fick’s law:
dN;
J=- = PS(C; — C,) 6.7)
dt
where S is the total surface area involved in the transfer process, N; is the number
of encapsulated moles in the internal droplets, C; and C, are the concentrations
in the internal and external water phases respectively. P, termed the permeability
coefficient, characterizes the rate of release across the oil membrane. P can be seen
as a phenomenological constant that reflects the influence of all the microscopic
parameters involved in the transfer. Of course, P is expected to depend on the
chemical nature of the encapsulated substance, the chemical nature of the oil, and
the monolayer composition. By integrating the previous differential equation, we
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obtain:

N[0 4+«
T+a [a + exp (—PS v t)} (6.8)

where N,'O is the initial number of encapsulated moles and « = V;/V,, V; and V,
being the internal and external water volumes, respectively, which are assumed to
remain constant in time.

Combining Eq. (6.8) and the conservation condition, the following expression
for the relative percentage of release is derived:

i

C.(1) 1+«
Yoreleased(t) = 100 C =100|1 —exp| —PS v t (6.9)
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Vi +Ve (1 _¢g)+¢i¢g
Here C? is the initial concentration of the encapsulated species in the internal
droplets. The model predicts an exponential leakage as a function of time. If §
is assumed to be equal to the total globule surface area, P can be numerically
deduced from the initial slope pg of the experimental curves:

_mds 4(1-0) 6.11)

100 6 (1 — ) + dich,

(6.10)

6.3.2. Microscopic Approaches of the Permeability:
State of the Art

Compositional ripening in double emulsions is reminiscent of the so-called
“passive” leakage measured across phospholipid bilayers and is partially respon-
sible for chemical exchange across biological membranes. At a microscopic level,
several models to explain the permeation phenomenon have been developed [39],
all of them in agreement with Fick’s law. Some models propose that permeation
across the membranes results from a solubilization process followed by diffu-
sion across the hydrophobic part of the phospholipid membrane. For hydrophilic
substances, the rate-determining parameter is the so-called Born energy, which
represents the energy cost for the transfer of a hydrophilic species from a medium
of high dielectric constant to one of low dielectric. Other models describe the
permeation as a passage through reversible and thermally activated holes that are
permanently formed in the bilayer. The transient holes may be large enough to al-
low the passage of small hydrophilic substances. The rate of transfer is controlled
by the energy cost for hole formation, which includes surface tension and curvature
effects (see Section 6.2.3). Although they involve different microscopic mecha-
nisms, these limiting models lead to quite similar expressions for the permeation
coefficient. In all cases, P is predicted to follow an effective Arrhenius law:

P = Pyexp(—¢&,/kpT) (6.12)
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where ¢, is the activation energy and Py a pre-factor that is not temperature-
dependent or is only weakly so.

These models have been established for simple, well-defined phospholipid mem-
branes. It is clear that the composition of the thin liquid film separating the inter-
nal and external water compartments in double emulsions is substantially more
complex, with two mixed surfactant monolayers separated by an oil membrane,
possibly containing micelles. The experiments of Wen and Papadopoulos [32]
described in Section 6.2.5 suggest that the transport of water or of any hydrophilic
substance does not occur at the same rate depending on the position of the internal
droplets: the rate of exchange is faster for a droplet adsorbed on the globule surface
than for a nonadsorbed droplet. In double emulsions, a complete description of
the permeability should take into account the contribution of different modes of
transport (thin film permeation, inverse micellar transport), as well as the transfer
between the internal droplets within the same oil globule. For the sake of simplic-
ity, the permeation process is most often described using a mean-field description
with a unique effective permeation parameter [25,38] as in the set of equations
from (6.7) to (6.11).

6.3.3. Influence of Temperature on Compositional Ripening

Pays et al. have measured the rate of leakage of two distinct emulsions at different
temperatures. One was stabilized by a couple of short surfactants (SMO/SDS)
and the other one by a couple of amphiphilic polymers (Arlacel P135/Synperonic
PE/F68) [38]. In both cases, the concentrations were chosen such that the leak-
age occurred by compositional ripening only. This was confirmed by microscopic
observations that revealed that both the internal droplet size and the droplet con-
centration inside the globules did not vary in time, even when 100% of leakage
was attained. The exact composition of the emulsions and the colloidal diameters
are given in the captions of Figs. 6.18 and 6.19, which represent the percentage
released as a function of time at different temperatures. The profiles can be fitted
reasonably by a mono-exponential function. By combining the initial slope of the
experimental curves po and Eq. (6.11), the permeation coefficient P is deduced
at a given temperature. In Fig. 6.20 the evolution of log (P) as a function of the
inverse thermal energy is plotted. Within experimental uncertainty, the variation
is linear for both types of stabilizing agents, in agreement with the Arrhenius law.
From the semilog plot, the following set of kinetic parameters is obtained:

Stabilizing system SMO/SDS Arlacel P135/Synperonic PE/F68
€a 20 kgTr 20 kgTr
Py 2.8 103 m/s 1.8 105 m/s

Of course, the values cannot by themselves provide any insight on the mechanism
of transport since P is amean field parameter that only describes the global transfer.
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FIGURE 6.20. Arrhenius plots deduced from Figs. 6.18 and 6.19. (Adapted from [38].)

However, it appears that the pre-exponential factor Py of the polymer-stabilized
double emulsion is two decades smaller, resulting in a slower rate of leakage (see
Figs. 6.18 and 6.19). Therefore, polymers are more suitable surface-active species
to ensure long-term encapsulation in double emulsions than are short surfactant
systems.

6.4. Solid-Stabilized Double Emulsions

Some attempts have been made to improve the shelf-life of multiple emulsions
by incorporating small colloidal particles. Binks et al. [40] have successfully pre-
pared multiple emulsions using solely particles as emulsifiers. W/O/W emulsions
with either toluene or triglyceride oil were prepared in a two-stage process. The
first step involved the formation of a W/O emulsion by homogenizing water into
a dispersion of hydrophobic silica particles in oil with high shear. In the second
step, the W/O emulsion just made was re-emulsified into an aqueous dispersion of
hydrophilic silica particles using low shear. The effects of particle concentration,
oil type, and oil/water ratio have been investigated. Emulsions stable toward both
coalescence and sedimentation can be prepared at high enough concentrations of
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FIGURE 6.21. Microscopic images of double emulsions stabilized by two types of silica par-
ticles of different hydrophobicity. (Top) W/O/W with triglyceride oil (scale bar = 50 pm).
(Bottom) O/W/O with toluene (scale bar = 20 um). (Reproduced with permission from
[40] and [41].)

the two particle types. An example of such an emulsion is shown in Fig. 6.21
in which oil globules are approximately 40 um in diameter and water droplets
are 2 pm. Both droplets and globules are stable to coalescence for more than 1
year in all emulsions. In solid-stabilized emulsions, the solid particles are irre-
versibly anchored at the oil-water interface and develop strong lateral interactions
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[41], forming a kind of rigid membrane that mechanically protects the droplets
against coalescence. Binks et al. have also studied the kinetics of release of elec-
trolyte from inner drops to the outer aqueous phase under isotonic conditions in
W/O/W emulsions of toluene using conductivity [40]. A model in which the dif-
fusion of salt through the oil membrane including its partitioning between water
and oil has been proposed [40]. The calculated rate constant for release, how-
ever, is much larger than the experimental one, suggesting that either an energy
barrier to the interfacial transport of salt is present or that counter transport of
glucose (required to maintain isotonicity) from outer to inner aqueous phases is
significant.

In a similar manner, O/W/O emulsions were prepared by first emulsifying oil
into an aqueous dispersion of hydrophilic silica particles, and then gently re-
emulsifying the O/W emulsion so formed into an oil dispersion of hydrophobic
silica particles. Figure 6.21 shows a typical microscopic image of a double emul-
sion with toluene as oil.

6.5. Conclusion

In this chapter, we have examined separately the two mechanisms that are respon-
sible for the leakage of encapsulated substances in double emulsions: coalescence
and compositional ripening. This study was possible after finding experimental
conditions in which the two mechanisms occur over timescales that are suffi-
ciently distinct to be decoupled. So far, the mechanism of compositional ripening
is still controversial and requires further investigations. From a practical aspect,
technological applications were first envisaged in the presence of short surfac-
tants. The intrinsic instability (fast coalescence and compositional ripening) of
such materials discouraged technologists and the promising formulation of double
emulsions was almost abandoned. Studies using amphiphilic polymers, proteins,
natural polyelectrolytes, and solid colloidal particles [36—38,40,42] reveal that co-
alescence can be inhibited and that compositional ripening may be extremely slow.
In addition, several methods are now available for the preparation of size-controlled
(monodisperse) double emulsions. Among the most efficient technologies are the
use of specific porous membranes [43] or highly viscous media [44]. All these
advances are quite encouraging for the prospects of fabricating materials with
reproducible properties (size-controlled emulsions) and performing long-term en-
capsulation of active species.
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New Challenges for Emulsions:
Biosensors, Nano-reactors,
and Templates

7.1. Introduction

Emulsions have a widespread range of applications; the most important ones so far
include cosmetics, food, detergents, adhesives, coatings, paints, surface treatments,
road surfacing, and pharmaceuticals. Scientific information about emulsions can
certainly direct their use in potentially new fields that are linked to new markets or
can simply provide new tools for basic research. Nano- or microtechnologies are
rapidly expanding today and in many cases they markedly overlap with colloidal
science. Indeed, colloids have typical length scales that are intermediate between
molecules and macroscopic objects; they can thus act either as minute substrates
or as reservoirs. They can also be manipulated by applying external forces to se-
lectively sort desirable products, or to create local stress-controlled conditions.
Liquid droplets can compartmentalize minute amounts of defined reactants, either
to screen a large compound library or parallelize a directed process imposed by
confinement. We present in this chapter some particularly promising examples of
new applications of emulsions in nano- or microtechnologies, related to biotech-
nologies, biophysics, and processing of high-tech materials for micro-optics.

This chapter contains three sections. The first introduces the possibility of em-
ploying emulsions as intermedia for making new biosensors. Two examples are
presented: homogeneous bioassays and single immunocomplex micromechanical
measurements. The second section introduces the possibility of using emulsions
as nano-reactors for screening large libraries, such as, for instance, in the case of
in vitro directed enzyme evolution. The third section introduces the possibility of
using emulsion droplets as microtemplates to prepare controlled-shape colloidal
clusters.

7.2. Emulsions as Biosensors
A biosensor is used to determine various parameters associated with biological

species such as single biomolecules, molecular complexes, viruses, cells, and
tissues. Understanding mechanisms, from the molecular to the cellular level, is
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certainly one of the most important issues in molecular biology. It requires in-
formation simultaneously dealing with concentrations, structures, conformations,
stresses, and dynamics, both at different length and time scales. The possibility
of measuring such parameters requires the development of sensitive, selective,
real-time, and multiscale biosensors. A crucial aspect of biomolecules concerns
their ability to build reversible complexes through specific molecular recognition
mechanisms. Indeed, a major property of biomolecules is their ability to bind a
variety of ligands to fulfill a specific function such as mediating cell adhesion, trig-
gering receptor-mediated cell activation, or regulating intracellular networks and
immuno-responses. This section describes the recent contribution of emulsion-
based magnetic colloids to assay specific recognition phenomena and to probe the
mechanical properties of the resulting complexes.

7.2.1. Emulsions for Homogeneous Assays

One important biotechnological application deriving from these recognition phe-
nomena are immunoassays, which are essentially based on the formation of spe-
cific complexes and involve the detection and quantification of a large number of
proteins present in serum or plasma, from hormones to viral infectious agents.
The strategy employed for the detection of antigens is based on the formation
of an immunocomplex, obtained from the specific molecular recognition of the
antigen by two distinct antibodies. The first antibody is aimed at selectively and
specifically identifying the antigen while the second one is used to quantify its con-
centration. The most convenient way of performing each of these steps consists of
using colloids on which antibodies are grafted. Indeed, the colloidal particles do
not substantially modify the antibody affinity for the antigens, while at the same
time the colloidal particles add one or several essential properties for purification,
sorting, and detection of antigens. For example, magnetic colloids have revolu-
tionized methods for sorting and washing biomolecules to be detected. When the
assay requires one step only, which means that no washing is necessary, the assay
is termed homogeneous, in contrast to heterogeneous. Researchers working with
emulsions are bringing new perspectives into this field that are discussed in the
text that follows.

Magnetic colloidal particles are broadly employed in various biotechnological
applications. They are used as carriers for sorting and probing proteins, nucleic
acids, and cells. These materials can indeed be designed such that their surfaces
can specifically recognize targets within many component biological mixtures. By
grafting antibodies onto magnetic colloids that can specifically recognize antigens
or cell receptors, it is possible to separate these targets from a mixture and quan-
tify them. In terms of process, the synthesis of magnetic or fluorescent colloidal
particles requires additional steps to incorporate these new features. Very different
approaches exist today to prepare these commercially available materials. Indeed,
many types of particles can be purchased with significantly different characteristics
in terms of size, monodispersity, magnetic content and susceptibility, and surface
chemistry. Among others, one route consists of magnetizing porous monodisperse
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latex particles from freely diffusing small magnetic nanoparticles into the particle
pores. These materials are widely used for cell, nucleic acid, and protein sorting.
In terms of processing, emulsions may be valuable intermediates because many
different compounds can a priori be either solubilized or dispersed. This can lead
to novel colloids having various new features [1]. However, it implies that both
emulsification and surface chemistry are sufficiently elaborated so that these ini-
tially liquid droplets can be ultimately transformed into particles with controlled
properties.

Emulsifying an oil-based ferrofluid, whose oil can be further evaporated, allows
preparation of particles with an extremely high magnetic oxide content, with a
size typically within the submicron range [1,2]. Figure 7.1 shows a transmission
electron microscope (TEM) image of a single magnetic droplet. It is obtained from
a shear-controlled emulsification (see Chapter 1, Section 1.7.6.4) of an octane-
based ferrofluid, followed by slow evaporation under a nitrogen atmosphere. This
evaporation step aims to eliminate most of the remaining oil (octane) originating
from the oil-based ferrofluid, which ensures a maximum content of iron oxide
nanoparticles within the droplet core. The TEM image reveals the texture of these
particles: a core made out of closely packed small nanoparticles of iron oxide
surrounded by a polymer shell. These monodisperse magnetic cores can indeed be
encapsulated in a polymer shell that allows them to be grafted with various probes
of interest for biotech applications such as immunodiagnosis and RNA or DNA
sorting. Owing to this high magnetic content associated with a droplet diameter
that remains in the submicron range, these colloids are both highly responsive to an
external field and yet very Brownian. The two characteristics ensure a very rapid
chaining of particles in the presence of an applied homogeneous field, within
independent one-dimensional lines; this phenomenon was previously discussed
in Chapter 2 in the context of direct measurement of colloidal forces [3]. So
far, magnetic field gradient-induced forces were the only ones to be exploited
in bioanalysis. Indeed, a field gradient exerts, on a polarized particle having a
magnetic induced moment m, a driving force proportional to VB .. This force
can be externally actuated to sort the magnetic particles after they have captured
the expected targets within a complex mixture. The technique is indeed currently
employed for separating biomolecules or cells and quantifying them [4,5].

Baudry et al. [6] have reported that colloidal dipole—dipole interactions can
have a direct impact on the rate of molecular recognition. In this case, the mag-
netic interaction that is considered is the colloid—colloid attraction that arises from
the polarization of each particle. The authors reported the possibility of tuning
the recognition rate between grafted ligands and receptors with magnetic dipolar
forces. This may be of interest since when ligands and receptors are both attached
on surfaces, their recognition kinetics may be substantially reduced. In nature,
this effect has influenced the evolution of adhesive ligand—receptor couples de-
pending on the conditions at which they are supposed to operate. For instance,
the capture and adhesion of circulating cells such as leucocytes at the surface of
blood vessels during the inflammatory process must be very rapid because the
blood stream reduces the contact duration between ligands and receptors [7]. This
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FIGURE 7.1. (a) Transmission electron microscopy image of a collection of 200-nm mag-
netic emulsion droplets obtained from emulsifying an octane-based ferrofluid. (b) One
droplet is shown after polymerization. A polymer shell is visible that encapsulates the iron
oxide nanoparticles. (With permission of Ademtech).

is achieved thanks to integrins that link to selection through an extremely rapid
process though both ligands and receptors remain anchored on surfaces. In vitro,
the same effects are therefore expected for colloids grafted with biomolecules
that are used as probes for cell sorting and diagnosis. Baudry et al. [6] proposed
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using Brownian magnetic colloids that self-assemble into linear chains to improve
considerably the rate of recognition between grafted receptors and their ligands, es-
sentially via the one-dimensional restriction that augments the colliding frequency
and in turn increases the recognition rate.

Diagnosis techniques are generally based on building a specific immunocomplex
structure in which the antigen to be detected is recognized by two antibodies [4,8,9].
Early immunochemistry was based on precipitation of large complexes composed
of antibodies and antigens. Following the same track, the use of Brownian particles,
which quickly find their target, had significantly improved the detection sensitivity,
because of the increase in scattered light when aggregation between grafted colloids
takes place. As the most simple but very generic example, let us consider an antigen
(Ag) having two epitopes for two antibodies A and B. To reveal the presence of such
an antigen, particles grafted with A and B antibodies and the sample are mixed.
The formation of small clusters is then expected, the rate of which depends on
many factors. Change in light-scattering due to the presence of these small clusters
will reveal the existence of sandwich-like structures: A—Ag-B (latex agglutination
immunoassay). These homogeneous assays, as opposed to heterogeneous assays
in which washing steps are necessary before detection, are today by far the most
simple and straightforward: they were introduced in 1956 [8,10] and today several
hundreds of different tests based on this principle can be found on the market,
mainly for detection of infectious diseases and protein quantification [11].

The rate for building the complex sets the time scale of an assay. Meanwhile, in
many diagnostic assays the antigen concentration is in the picomolarrange. At these
concentrations, the encounter frequency between species becomes a critical issue
to consider, as low encounter frequencies increase the time required to complete
the assay. More rapid homogeneous assays would be of great benefit both for
increasing throughput and in medical emergencies where nearly instantaneous
tests are required. It is worth noting here that microfluidic devices can certainly
be one potential answer to this problem; indeed the controlled flow of minute
volumes provides an efficient means to augment encounter events between antigen
and their immobilized probes [12]. However, it brings new constraints for reliably
manipulating and sampling such small volumes.

Because the emulsion-based particles are superparamagnetic with a high sus-
ceptibility, the resulting magnetic colloidal forces induce a fast chaining process
[13]: the time scale for bringing two colloidal particles into contact in the presence
of a magnetic field H, and at an initial volume fraction ¢, is given by

61
T=—
¢ pox*H?

where 7 is the viscosity of the surrounding fluid, p, is the vacuum magnetic
permeability, ¢ is the particle volume fraction, and y is the magnetic susceptibility
of the particles [3,14]. For B = yyH = 20 mT, x = 0.1, ¢ = 0.03%, and n =
0.001 Pa-s, the time t to nucleate chains is less than 1 s. These chains persist as long
as the field is maintained, which allows for a rapid formation of ligand-receptor—
ligand links between pairs of particles within the chain. To quantify the influence of

(7.1)
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FIGURE 7.2. 1, Magnetic particles grafted with polyclonal antibodies (or two different
monoclonal antibodies) are mixed with the sample which contains the antigens. Antigens
are first captured by grafted beads. 2, Application of a magnetic field induces a magnetic
dipole in each bead, allowing an almost instantaneous formation of chains. Essentially all
particles that have captured an antigen will form links with their neighbors. After typically a
few minutes only, the magnetic field is switched off, and as a result of Brownian motion only
doublets that are linked remain: 3, Doublets are detected via a turbidimetric measurement.

this one-dimensional restriction on the recognition rate, the authors have measured
the optical density change due to the amount of colloidal doublets that remain after
the field is switched off, as illustrated in Fig. 7.2. In this experiment, ovalbumin
is used as a model ligand and colloidal magnetic particles of 200 nm in diameter
obtained from controlled emulsification are grafted with polyclonal IgG rabbit
anti-ovalbumin antibodies as a model for receptors. In this experiment there are
approximately 30 antibodies per particle and the colloid volume fraction ¢ is
0.03%, which corresponds to a particle concentration C,, of 120 pmol/l. A final
concentration C,y, of ovalbumin is adjusted and each sample is first incubated
for 1 min at 25°C and then a homogeneous field of 20 mT is applied for 5 min.
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FIGURE 7.3. Optical density differ-
ence measured with an UV/VIS spec-
trophotometer, before and after the
application of the magnetic field
B, versus ovalbumin concentration.
Opencircle: B = 20mT, square: B =
0 mT. The sample is first incubated
for 1 min at 25°C and then a mag-
netic field is applied for 5 min.
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The same experiment is also performed with a zero field. Optical density, defined
as OD = —log I/1y, where I and I are respectively the transmitted and incident
intensity, is measured before and after the field is applied. The difference is plotted
in Fig. 7.3 as a function of C,y,. In the absence of field, the signal is low, reflecting
the very limited number of persisting doublets and therefore the inefficiency of
free Brownian collisions on that time scale. By contrast, in the presence of a 20
mT field a turbidity difference is measured down to picomolar concentrations.
The control of the force applied to each particle dramatically increases the rate
of doublet formation. As a matter of fact, these results provide the basis of a
more rapid and sensitive homogeneous assay than the classical latex agglutination
immunoassay previously mentioned. Indeed, these findings are directly applicable
to immunodiagnosis: since the optical density measurement is directly related to
the Ag concentration, a fast titration down to picomolar antigen concentration can
be routinely performed.

7.2.2. Emulsions for Single Immunocomplex Micromechanics

Forces and stresses that molecules exert on each other have become directly mea-
surable via various single molecule techniques. These techniques include optical
and magnetic tweezers, the atomic force microscopy, and the biomembrane force
probe [15,16]. The mechanical properties of biomolecules and molecular bonds
have been investigated, resulting in a better comprehension of the functional as-
pects of these molecules and in the measurement of binding-potential landscapes
[17,18]. It has become clear that piconewton forces control many key processes
in biology, involving receptor-ligand pairs, protein and nucleic acid structures,
or identical self-assembled proteins. For instance, single-molecule measurements
have provided significant understanding of biopolymer mechanics longer than
their persistence length [19-21]. The entropic origin of the elasticity of long DNA
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molecules has been demonstrated in the low force regime as well as the enthalpic
contribution governing structural transitions at very large extension forces.

By contrast, for small complexes with typical size of a few nanometers, or for
biopolymers smaller than their persistence length, there are only few data reporting
on their mechanical properties. Indeed, most of the single-molecule techniques do
not apply, except the atomic force microscope (AFM), which to some extent has
provided the first data at that scale [22-25]. Nevertheless, such measurements
are expected to offer a better comprehension of the functional aspects of these
complexes, as well as a better understanding of their binding modes under loading
forces. Following this goal, Koenig et al. [26] have introduced a method to deduce
the force-extension law of nanoscale biocomplexes, with a force resolution of
0.1 pN and a distance resolution of 1-2 nm. The method introduced by Koenig
and co-workers uses emulsion-based magnetic colloids and exploits the principle
of the magnetic chaining technique (MCT) [3], described in Chapter 2. More
precisely, this method makes use of long-range forces between colloids, both
attractive and repulsive, which are exploited as a force probing tool. As detailed
in Chapter 2, Section 2.2.1.3, these emulsion-based magnetic colloids are indeed
good candidates for this purpose because they spontaneously self-organize into
linear chains when a magnetic field is applied. Within a chain, the monodisperse
particles are regularly spaced. This separation results from the equilibrium between
the attractive magnetic forces and the repulsive ones. The determination of the
colloidal separation is obtained by measuring the Bragg diffraction pattern of that
chain. From this distance and the magnetic field strength, the repulsive force—
distance profile can be constructed.

To measure the force—extension law of a small biomolecule, these authors em-
ployed a two-step strategy. First, the background repulsive force—distance profile,
in the absence of biomolecules, Fj,(h), is measured, & being the interparticle spac-
ing. Then, once the biocomplexes have been properly attached within each interval
between colloids, the same measurement is repeated, allowing determination of
the force—distance profile of this irreversible assembly F;.(h). The force F;.(h)
includes two contributions, one being the repulsive background and the other orig-
inating from the presence of the linker. In the limit of low grafting densities, these
two forces must be additive. Then, by subtracting Fj,(h) from F;,(h), they com-
puted the force—extension profile of the linkers F;(k). Finally, from the average
number of links per particle they can deduce the force—extension law of a single
complex, assuming biomolecules behave like springs in parallel.

To validate this technique, Koenig et al. [26] considered size-controlled
molecules: double-stranded DNA (dsDNA from 76 to 315 base pairs) [27]. A
sample of average diameter 176 nm is used. This sample is covalently grafted with
streptavidin; 185 available biotin binding sites per grafted bead are measured by
inverse titration using fluorescent biotin [28]. As one of the most important require-
ments, this colloidal dispersion is stable and does not aggregate during a storage
period of several months or under a magnetic field. Indeed, in the absence of specific
linkers the molecules redisperse immediately once the field is switched off. This
property is ensured by the presence of the repulsive colloidal forces, which in turn
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FIGURE 7.4. Optical microscopy image of permanently linked magnetic particles. Each
streptavidin coated particle is linked to its neighbors by on average 3 dibiotin dsDNA of
151 base pairs. After the field has been switched off, the chains persist and spontaneously
bend under thermal fluctuations. (From [27], with permission.)

guarantees the absence of any unspecific aggregation. Grafted colloidal particles
and dsDNA are mixed in a pH 7.2 phosphate buffer at a final particle concentration
C, = 1.3 10" particles/ml and Cpna = 2.7 10'! to 7.3 10" molecules/ml. The
sample is then incubated at room temperature for 10 min to allow coupling of
DNA onto the particles. A magnetic field of 80 mT is finally applied for 240 s.
As a first demonstration of the controlled formation of permanent bounds between
particles, two distinct experiments, one with dibiotin dsDNA, and one with mono-
biotin ds DNA, are performed. In each case, the field is turned off after 240 s, and
the chains are directly observed under the microscope (Fig. 7.4). As expected, only
the dibiotin dsDNA which has biotin at each end is able to bridge particles.

The force—distance profile is systematically measured by applying five times
the same protocol: the field is decreased from 80 to 10 mT, and then increased
again from 10 to 80 mT. The 10 different profiles arising from these 10 repeated
ramps all superimpose on a single set, which confirms that only a reversible com-
pression/extension of the engaged links is probed and that no additional links
are formed during these ramps. In this procedure, averages over all these force—
distance profiles are systematically computed. In the very low regime of forces,
when magnetic interactions become comparable to k3 T', the chains persist because
particles are linked together, but their local orientation relative to the direction of
observation becomes less pronounced. This leads to a reduction of the average
measured particle separation, an experimental artefact that sets the lower limit of
the force detection in this technique.
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The background Fj, (/) and the irreversible chain profile F;,.(h), as well as the
subtraction of one from the other, which represents the “linker contribution” F;(h),
are shown in Fig. 7.5, in the case of a 151-base-pair dsDNA linker. Koenig et al.
[27] also find perfect agreement of their data with a theoretical prediction initially
derived for actin filaments, which concerns semiflexible biopolymers in the regime
in which their contour length L. is less than or equal to their persistence length L,
[26,29]. As a consequence of the presence of both magnetic attractive and colloidal
repulsive forces, Fj,(h) crosses Fy,(h) at a particular separation A for which these
two forces are equal. In other words, at that particular separation these two forces
are equal because the complex is not exerting any force; thus this separation gives
the natural length of the linker at which it remains at rest. This crossover also
demonstrates that this technique can explore both the regimes of extension and
compression. Magnetic attractive forces are used to probe the compression regime
while the repulsive colloidal ones are used to explore the extension regime. For
each case, this technique leads to a value for L, very close to 50 nm, the expected
value which also corresponds to measurements on longer DNA molecules [19-21].
More importantly, a good agreement for Ly which is predicted to be 86% of the
contour length, that is, 44 nm for 151 base pairs, is also found [29]. From these
results one can assume that any complex from typically a few nanometers to about
100 nm can be characterized both in terms of its length and rigidity. To capture the
limits of this approach, Koenig and co-workers performed the same measurements
with various DNA contour lengths, from 76 to 315 base pairs. The results are shown
in Fig. 7.6. The same behavior is recognized. But the crossover may disappear for
too short or too long chains because its position may not be accessible owing to the
limited range and intensity of both the background force and the applied magnetic
one. However, in most cases extrapolating F;, would give a rather good estimate
of ]’l().

These two examples show how emulsion-based magnetic colloids can be-
come the essential elements for two apparently very different issues. In fact, this
section introduces the basics of using superparamagnetic emulsion-based colloids,
and their spontaneous self-assembling ability under a field, as new biosensors. The
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FIGURE 7.6. Comparison between average force—distance profiles in the absence and in
the presence of 1.9 DNA molecules on average between adjacent particles, in 1072 mol/l
phosphate buffer, pH 7.2. Solid line, Fjz; black symbols, Fj, for various dsDNA linker
contour lengths from 76 to 315 base pairs. (Adapted from [27]).

possibility to vary magnetic interactions, and therefore the distance between par-
ticles within chain-like structures, addresses new possibilities to resolve and assay
recognition at a molecular level. However, the particles must fulfill some very spe-
cific requirements in order to be used in this strategy: particles must be spherical,
monodisperse, strongly magnetic, and Brownian. The last characteristic imposes
a maximum diameter of about 500 nm. In addition, their surface must provide
very strong colloidal stability in any type of buffer, serum, or plasma. Finally,
the particles must also possess functional groups in order to be further grafted
with biomolecules of interest. These unique characteristics are obtained from an
emulsion-based process that possesses the required versatility for bringing together
all of these properties [30,31].

7.3. Emulsions as Nano-reactors

The possibility of entrapping a single gene per water-in-oil droplet within an inverse
emulsion, as well as concentrating within the same drop the products of various
biochemical processes encoded by a single gene, is an attractive tool in molecular
biology. This may be applied to gene libraries and therefore to biological questions.
Similarly, single colloids can be entrapped within each minute reservoir made out of
inverse emulsion droplets; therefore products from one drop can be concentrated on
the surface of the entrapped colloid. After breaking of the emulsion, each droplet
that bears multiple copies of the same transcript can be further sorted. In other
words, this allows creating many clones encoded by the same single gene. The use
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of emulsions or double emulsions as micro-reservoirs provides a straightforward
way of miniaturizing very large libraries. Indeed, an emulsion (inverse or double)
can be viewed as a collection of minute aqueous reservoirs able to entrap separated
single molecules originating from a large library. This section particularly focuses
on the use of emulsion drops as single gene reservoirs and reactors as a tool to
direct in vitro enzyme evolution.

7.3.1. Screening of Large Libraries and Directed
Enzyme Evolution

Evolution, as postulated by Darwin in 1880, is a powerful process that is based
on natural selection. Genes, which make up the blueprints for living things, are
passed from one generation to the next. However, the genes can pick up mistakes,
mutations, resulting in variations in the molecules they encode. Genes carrying
mutations that encode “better” molecules, which increase the chances that the
organism will survive and reproduce, are more likely to be transmitted to the next
generation. Over many generations, this continual process of optimization as a
result of repeated rounds of mutation and selection has resulted in the vast range
of organisms we see today.

Life is sustained by a complex web of chemical reactions. Catalysts, molecules
that accelerate the rate of a chemical reaction but that are unchanged by the overall
reaction, are essential for life as most reactions would otherwise occur far too
slowly. Indeed, it can be argued that the evolution of life is essentially the story of
the evolution of catalysis. In nature, most catalysts are proteins and these catalytic
proteins, or enzymes, are one of the most remarkable classes of molecules to
have been generated during evolution. Enzymes catalyze an enormous range of
different reactions and their performances typically far exceed those of man-made
catalysts. They can accelerate reactions by anything up to 10'”-fold relative to the
uncatalyzed reaction, enabling reactions that would otherwise have half-lives of
tens of millions of years to be performed in milliseconds.

All evolutionary systems require a link between genotype (a nucleic acid that
can be replicated) and phenotype (a functional trait such as binding or catalytic
activity), whether in nature or in the laboratory. We recall that the genotype refers
to the DNA sequence while the phenotype refers to its function in relation to en-
vironment; the same concept can be used at the level of a single gene encoding
for a single protein, but in this case the phenotype is restricted to a binding or a
particular catalytic activity. Evolution becomes possible if a physical link between
genotype and phenotype exists in order for a particular phenotype to further trans-
mit its genotype to the next generation. Completely in vitro selection systems are
a highly advantageous means of investigating directed evolution, as they allow se-
lection of larger repertoires and much greater control than in vivo systems. Direct
selection for all enzymatic properties can be achieved by compartmentalization in
cells (as in nature). Unfortunately, in vivo selections are virtually always restricted
to functions that affect the viability of the organism and are often complicated by
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the complex intracellular environment and the need to transform the gene library.
More commonly, 103-10° clone libraries are screened (rather than selected) in
a plate assay using a fluorogenic or chromogenic substrate. However, crossing
long evolutionary distances, and evolving completely novel proteins and activi-
ties, requires much larger libraries, for which selection rather than screening is
preferable.

When subjected to selection pressure, genes evolve through a series of muta-
tions that modify the function of the enzymes they encode. New enzymes can
be produced in the laboratory via a process of “directed evolution” [32—47]. Fol-
lowing this strategy, selection pressure can be focused on a single enzyme rather
than on a whole organism. In this context, Tawfik and Griffiths have developed a
completely in vitro system for the selection of enzymes, based on linking geno-
type and phenotype, not by compartmentalization of genes in cells as in nature,
but by in vitro compartmentalisation (IVC) in aqueous microdroplets in water-in-
oil emulsions [39]. IVC can be used to select nucleic acids and proteins and can
select for binding [41,42,46] as well as catalysis [39,43-46]. Each microdroplet
is ~2 pm in diameter and only ~5 femtolitre volume (about the same size as a
bacterial cell), which means that a 50-pl aqueous reaction mixture is dispersed
into ~10'? microdroplets. This is equivalent to more than 10® 1536-well plates! In
a typical IVC experiment, the mutated genes are compartmentalized into aqueous
microdroplets dispersed in mineral oil, with the concentration of DNA set such
that the majority of droplets contain no more than one gene per droplet. According
to the Poisson distribution,

m

Px)=e™" <—x) (7.2)
x!

where m = 0.1 is the mean number of genes per droplet, and P(x) is the prob-
ability of finding x genes per droplet. According to Eq. (7.2), 90.5% of droplets
contain no gene, 9.05% contain one gene, 0.45% contain two genes, and 0.016%
contain more than two genes. In addition, each droplet contains an in vitro tran-
scription/translation system. Tawfick and Griffiths [39] and Bernath et al. [47]
have pioneered various approaches to sort the active enzymes coupled to their
genotypes. In all cases, the fluorescence activated cell sorter (FACS) technique is
employed. One version consists of breaking the inverse emulsion; however, this
requires some manipulation to keep the link between genotypes and phenotypes
after the emulsion is broken. One example of this approach is detailed in Fig. 7.7.
Another version that avoids any restrictions imposed by the requirement of physi-
cally linking the phenotype to the genotype consists of making a water continuous
double emulsion of the initial inverse emulsion containing the gene library. This
version of IVC indeed requires fluorogenic substrates to allow the selection of
enzymes. This approach can directly flow sort fluorescent double microdroplets
containing genes that encode active enzymes (at up to 10° droplets/s) once con-
version of the original water-in-oil emulsion into a water-in-oil-in-water double
emulsion [47] is not spoiled by leakage from inner aqueous droplets toward the
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FIGURE 7.7. Schematic representation of gene selection by compartmentalization. Step 1:
An in vitro transcription/translation reaction mixture containing a library of genes linked
to a substrate for the reaction being selected is dispersed to form a water-in-oil emulsion
with typically one gene per aqueous compartment. Step 2: The genes are transcripted and
translated within their compartments. Step 3: Proteins (or RNAs) with enzymatic activities
convert the substrate into a product that remains linked to the gene. Compartmentalization
prevents the modification of genes in other compartments. Step 4: The emulsion is broken;
all reactions are stopped and the aqueous compartments are combined. Genes linked to the
product are selectively enriched, then amplified, and either characterized (step 5) or linked
to the substrate and compartmentalized for further rounds of selection (step 6). (Adapted
from [39].)

external phase. Many rounds of evolution are possible because the selected genes
can then either be reselected directly, or first remutated randomly using nucleo-
side analogues [48] or recombined by DNA shuffling [49] before reselection. This
allows selections to be performed using a variety of different mutational loads
and under an asexual (random mutation alone) or sexual (with recombination)
system.

So far the major application of IVC has been to select enzymes. Griffiths has
used IVC to select DNA methyltransferases and has successfully generated variants
that can efficiently modify novel DNA target sequences [38]. This study provides
a rare example of a laboratory-produced enzyme with a catalytic efficiency that
surpasses that of the wild-type enzyme with the principle substrate. IVC has also
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been used for the directed evolution of 7ag DNA polymerase variants with greater
thermostability and expanded substrate range [50,51].

Using microdroplets as micro-reservoirs for various biochemical or biomolec-
ular reactions has many advantages. It allows dramatically reducing the sample
volumes and enormously increasing the throughput rate. Therefore the size of
libraries that can be screened can easily be increased by orders of magnitude.
However, the use of bulk emulsions (simple or even double) restricts the range of
IVC applications to screening assays that do not require any droplet feeding after
emulsification has set the composition of each droplet. Combining microdroplets
and microfluidic technologies opens a new and even more exciting possibility:
this would allow processing each droplet reservoir with exquisite control over
each drop separately. Each molecule or cell can then be processed independently,
and the products of the processing will remain physically confined and associated
exclusively with the starting material. This is the only method that enables indi-
vidual molecules or cells not only to be detected, but also to be processed within
completely controlled confinement and controlled feed of any other species at
an adjusted chemical potential (drop recombination). If in the future microfluidic
technologies turn to be a reliable option to produce, manipulate, merge, mix, split,
read, and sort water-in-oil droplets at a throughput rate exceeding 1 kHz, it might
become a breakthrough for all applications that require complex screening of large
libraries, from genes to chemicals.

7.4. Emulsions as Microtemplates

This section deals with the use of emulsion droplets as microtemplates to direct
the self-assembly of a small number of colloidal particles into well controlled
aggregates. To some extent, the underlying idea is again to confine species in
order to select and direct one particular assembly. In a second step, these colloidal
aggregates might be arranged into a larger scale material that is predicted to possess
unusual optical properties. Indeed, these nonspherical aggregates could serve as
building blocks for more complex assemblies, such as colloidal crystals, which
could find applications as photonic materials.

7.4.1. Colloidal Clusters and Micro-optics

Colloidal crystals can be viewed as the mesoscopic counterpart of atomic or molec-
ular crystals. They have been used to explore diverse phenomena such as crystal
growth [52-54] and glass transition [55,56], and have many interesting appli-
cations for sensors [57], in catalysis [58,59], advanced coatings [60], and for
optical/electro-optical devices for information processing and storage [61,62]. In
particular, their unusual optical properties, namely the diffraction of visible light
and the existence of a photonic stop band, make them ideal candidates for the
development of photonic materials [61,63—-66]. They may lead to the fabrication
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of more efficient light sources, miniature waveguides, detectors, modulators, and
circuits.

Any study of colloidal crystals requires the preparation of monodisperse col-
loidal particles that are uniform in size, shape, composition, and surface properties.
Monodisperse spherical colloids of various sizes, composition, and surface proper-
ties have been prepared via numerous synthetic strategies [67]. However, the direct
preparation of crystal phases from spherical particles usually leads to a rather lim-
ited set of close-packed structures (hexagonal close packed, face-centered cubic,
or body-centered cubic structures). Relatively few studies exist on the preparation
of monodisperse nonspherical colloids. In general, direct synthetic methods are
restricted to particles with simple shapes such as rods, spheroids, or plates [68].
An alternative route for the preparation of uniform particles with a more complex
structure might consist of the formation of discrete uniform aggregates of self-
organized spherical particles. The use of colloidal clusters with a given number
of particles, with controlled shape and dimension, could lead to colloidal crystals
with unusual symmetries [69].

The preparation of colloidal clusters with well-defined structures is difficult
because the interactions between the colloids are generally isotropic. Therefore,
when suspended in a liquid medium, spherical colloids tend to form discrete ag-
gregates but with a very broad size distribution and no well-defined shape. An
approach that has proven to be efficient consists of physically confining the par-
ticles using a template [70-80]. This allows the clusters to be isolated from each
other by the walls of the templates so that uncontrolled aggregation between the
clusters is prevented. The structure of the cluster is essentially controlled by the
respective shapes and dimensions of the template and of the particles [74]. Differ-
ent sorts of templates can be used to direct the self-assembly of spherical colloids
into well-defined clusters. Some success has been achieved by patterning surfaces
with chemical functions [70,71], or with geometric structures [72-74]. Aggregates
with well defined shapes such as polygonal or polyhedral clusters, rings, and chains
were obtained. Other authors relate the use of emulsion droplets as templates by
adsorbing particles on their surface [75,76], or by confining them into their core
[77,78]. However, the majority of this work led to aggregates with a large number
of particles.

Manoharan et al. have reported the first method for fabricating small clusters
of particles using direct emulsions [79,80]. Microspheres (diameter 844-900—
1170 nm) made from polystyrene, silica or PMMA were dispersed in the oil
of an oil-in-water emulsion with each oil droplet containing a small number N
of spheres. The oil was then selectively evaporated. Removing the liquid from a
droplet containing particles bound on its surface generated compressive forces that
drew the particles together into compact clusters. Surprisingly, forall N < 11, the
final particle packings were unique: the observed packings closely corresponded
to those previously identified as minimizing the second moment of the mass distri-
bution, M =) ,(r; — ro)?, where ry is the center of mass of the cluster. Separation
of the aggregates by density gradient centrifugation resulted in aqueous suspen-
sions containing relatively high amounts of identical stable clusters (10% to 10'°
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clusters). The same results were recently obtained via use of inverse emulsions
and silica-in-water particles [81]. However, in both cases lack of control of the
emulsification conditions led to polydisperse emulsions and severely limited the
yield of each type of cluster. Indeed, encapsulation of particles in polydisperse
emulsions led to a wide variation in the number of spheres in different droplets.
Consequently, to obtain a relatively high proportion of small aggregates (N < 11),
they used a small volume fraction of colloids in the oil phase.

On the basis of Manoharan’s work, Zerrouki et al. [82] have recently demon-
strated that controlling emulsification allows one to make much larger quantities of
small clusters, as well as to adjust the mean number of colloids per droplet. More
importantly, the statistical distribution of the number of spheres per droplet is sig-
nificantly narrowed by tightly controlling the droplet diameter and by narrowing
its distribution. This leads to an increase of the proportion of small aggregates over
a large range of conditions. The preparation of clusters containing fewer than five
particles, that is, doublet, triangular, and tetrahedral clusters is particularly suitable
because, as mentioned earlier, these kinds of aggregates may lead to interesting
colloidal crystals, particularly with a diamond-like structure [69]. As shown by
Zerrouki and co-workers [82], and summarized below, the amount of colloids in
the dispersed phase, the viscosity of the continuous phase, and the shear rate during
emulsification are all important for obtaining a high yield of clusters of a given
size.

In Zerrouki’s experiments, the preparation of aqueous phases of identical clus-
ters is performed in six steps. First, colloidal particles of silica, 1.2 um in diameter,
are synthesized. Next, the surface of the particles is made hydrophobic by chemical
grafting. Then, an oil-in-water premix emulsion is made by adding an octane sus-
pension of the colloids in an aqueous solution. Controlled shear of the premix in a
Couette-type apparatus is subsequently performed to obtain a quasi-monodisperse

(b

FIGURE 7.8. (a) Photomicrograph of a premix silica-in-octane-in-water emulsion. The
octane contains 17% vol of silica particles. Compositions are given in the text. (b) Same
sample after being sheared at 3750 s~! in a Couette geometry device. The scale bar corre-
sponds to 10 pm.
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FIGURE 7.9. Histogram from disc centrifugation (see text) of the cluster size distribution
obtained from shearing the sample with conditions identical to those in Fig. 7.8. Each
discrete peak corresponds to one cluster size from singlets to quadruplets. The larger masses
are not resolved. Each type of cluster is indexed by its respective TEM image obtained from
the same sample after separation on a gravity column. (Reproduced from [82].)

emulsion. Elimination of the octane from the emulsion droplets leads to an aqueous
suspension of the colloidal clusters. Finally, the clusters are separated by sedimen-
tation in a liquid density gradient column. The premix emulsion is actually made by
slowly adding the organic colloidal solution (silica particles dispersed in octane),
in an aqueous phase containing a hydrophilic surfactant (Synperonic PE/F68) and
a thickening agent (PVP-K90). About 30% of PVP in the continuous phase is
added to increase the viscosity ratio between the continuous phase and the dis-
persed phase and thereby improve droplet breakup of the crude emulsion during
the subsequent shearing step. The mass fraction of the dispersed phase in the con-
tinuous one is fixed at 30%. Figure 7.8a shows an optical micrograph of a premix
emulsion (¢i,, = 17%). The premix is highly polydisperse (sizes range from 2
to more than 20 um) and the droplets generally contain a large number of silica
particles. Figure 7.8b shows an optical micrograph of the emulsion after shearing
at 3124 s~!. Compared to the premix, the droplets are more monodisperse with a
much smaller size and generally contain only a small number of particles. Thus,
as previously observed for simple oil-in-water emulsions [8§3—87], the controlled
shear allows a regular fragmentation of the premix droplets. The sheared emulsion
is then diluted in a 1% w/w solution of Synperonic PE/F68 in water, with a mass
fraction of 10%. When octane is removed by slow evaporation, aggregation of
the particles in the emulsion droplets occurs and thus a stable aqueous suspension
of colloidal clusters is formed. The proportion of each type of cluster as a func-
tion of their particle number N in the colloidal suspension is determined by disc
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centrifugation. Figure 7.9 shows an example of the cluster size distribution in a
suspension, each peak corresponding to a cluster with a given number of particles
(%(PVP) = 30%, ¢ine = 17%, shear rate 3124 s~!). From right to left, the four
well-defined peaks correspond respectively to single particles, doublets, triplets,
and quadruplets. The maximum achieved yield with respect to the initial amount
of silica in the crude suspension is about 13% for doublets, 15% for triplets, and
14% for quadruplets.

At this stage, Zerrouki et al. [82] obtained about 100 mg for each type of clus-
ter (about 10'" in number); however, since this process can easily be scaled up
to several grams of silica, it could be used to prepare several grams of identical
clusters. Emulsions as templates are therefore likely to become a propitious strat-
egy to make sufficient amounts of these controlled clusters to further use them as
building blocks for performing a larger scale material. It is also likely that com-
partmentalization into oil or water droplets may offer quite soon the right solution
to create the necessary reactive patches onto particles within clusters to promote
self-assembly with the correct symmetry.
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General Conclusion

Technical progress is driven by the in-depth knowledge and control of material
properties at the very smallest scale. While nanosciences are set to change our
future, our daily life has already been transformed by the use of micrometric ob-
jects such as the droplets present in emulsions. The wide range of processes and
products that involve emulsions requires command over the phenomena governing
their behavior. The scientific background of emulsions has reached some matu-
rity which allows today to envision more audacious applications. In particular,
nano or micro-technologies are more and more benefiting from this background
though the relatively new input of emulsions and this adventure is just at its early
stage. Indeed, because of the very large versatility offered by fragmentation tech-
niques, emulsions as intermediary materials are providing unique advantages for
designing multi-function colloidal particles. For instance as described in this book,
this has given access to Brownian and highly super-paramagnetic colloids, which
because of their self and reversible assembling ability, can enter into new strate-
gies in diagnostic, and biophysics. Liquid droplets can compartmentalize minute
amounts of defined reactants and can modify their concentration from slight dif-
fusion through the continuous phase. As femtoliter reservoirs, emulsions allow
screening a large compound library and as semi-permeable reservoirs they allow
parallelizing a directed process imposed by confinement. As substrates, reservoirs,
reactors, templates, or simply intermediaries, emulsions seem to have successfully
met the nano and micro-technologies adventure.

On a scientific point of view, numerous questions relative to emulsions remain
unanswered. For instance, the origin of coalescence is not fully understood. This
phenomenon has a strong impact on the emulsion lifetime, as discussed in this book
and is certainly at the origin of the well known empirical Bancroft rule. It is increas-
ingly clear that there is not just one, but several coalescence mechanisms, each of
them involving different sets of microscopic parameters (surface forces, interfacial
tension, surface elasticity, surfactant spontaneous curvature, defects, etc.). Under-
standing the role of the microscopic parameters controlling film rupturing should
significantly consolidate the fundamental knowledge of emulsions and should fur-
ther allow one to monitor their kinetic evolution. In the same vein, the mechanism
of destabilization under high shear, though being a very important phenomenon,
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still raises challenging questions. Protein or solid-stabilized emulsions are known
to be very sensitive to shear and would be very interesting candidates for eluci-
dating these questions. Clarifying this matter would certainly make more precise
the understanding of the coupling between thin-film metastability and shear. The
possibility of making emulsions out of crystallizable oils is reinforcing the range
of applications of emulsions and opens interesting perspectives for the processing
of solid colloids or the for the preparation of materials with tuneable rheological
properties and structures. However, the link between surface properties in both
the liquid and the solid states, and stability is still obscure. The knowledge of
emulsification methods that lead to concentrated, controlled materials has been
progressing, but understanding the phase inversion mechanism, which is very use-
ful in the case of highly viscous dispersed phases, requires further investigations.

To conclude, research, applications and expectations with regard to emulsions
are permanently evolving. Changes in the macro-economic context along with
various political decisions (e.g., sustainable development, Registration, Evalua-
tion and Authorisation of Chemicals (REACH) directive for the European Union)
are factors which influence the conditions in which emulsion-based products are
fabricated and used. It is probable that these changes will motivate technological
developments and new advances in emulsion science.
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