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1

The role of surfactants in

microfluidic transport phenomena

1.1 Microfluidics

The rapid development of microfluidic techniques in the last two decades has

revolutionized chemical and biological research. This technology has enabled sci-

entists in a manifold of research fields to analyze and synthesize specimens with

hither to unreached speed and precision. The number of applications is enor-

mous, reaching from the manipulation of DNA, proteins and enzymes through

the growth of multi-cellular organisms [1, 2] to the high output production of

micro- and nanoparticles with precisely tailored material and geometrical prop-

erties (see Fig. 1.1 (a)) [3]. Maybe even more important is that microfluidic

devices also allow for experiments to be carried out that provide fundamental

insight into complex ”in vivo”-processes such as the dynamics of blood cells

(see figure 1.1 (b)[4]), enzymes and proteins [1, 5], proton diffusion in cells [6]or

pattern formation of vesicles [7]. Moreover, microfluidic systems may be used

to study transport phenomena in porous media; which are crucial for e.g. oil

recovery processes where oil is extracted from sand fields or porous rock.

The key which makes all this possible is that microfluidic chips operate with

minute amounts of specimens. Their volume can be precisely tuned by packing

1



Chapter 1

Figure 1.1: (a) Scanning electron micrographs of the silica spheres (after
calcination), scale bar: 1 mm [3] (b) Water in fluorinated oil emulsion for the
control of the oxygenation of red blood cells. The cells appear as black dots in
their native state and as white dots when hemoglobin fibers polymerize (as in
the case of sickle cell anemia). By controlling the amount of oxygen in the oil
as a function of time, several cycles of oxygenation-deoxygenation of the cells
are performed, mimicking the cycles the cells would undergo in the human

body.[4], (c) Mixing the contents of droplets in a winding channel [8].

them into units of a well defined size such as droplets or vesicles [8, 9] (see

figure 1.1 (c)). The specimens are then transported between different functional

sections on the chip, where a manipulation, for example a chemical reaction,

takes place. The accurate and individual control of droplet and vesicle motion at

every location on the chip is required to optimize the operation of a microfluidic

chip. External pressure pumps prove to be very unhandy (figure 1.2 (a) [10])

for this purpose and are also prone to leakage. This is why in the recent years

other mechanisms to control the microfluidic motion have become an important

subject of physico-chemical research. Two promising approaches are worth being

mentioned here and are also the focus of the work we present in this thesis.

The first is to induce microfluidic flows by external fields which is commonly a

2



The role of surfactants in microfluidic transport phenomena

Figure 1.2: (a) A microfluidic chip consisting of a network of microchannels.
Different types of fluid are dyed with a specific color. The image illustrates
how unhandy the external pumping is [10]. (b) Integrated electrodes on a

microfluidic chip [11].

gradient in electric potential or in temperature. These fields are generated by

electrodes (figure 1.2 (b) [11]) that can be easily miniaturized and thus facilitate

the integration into a microfluidic chip. The integration solves not only the

leaking problem of the external pressure pumps but also allows accurate and

local flow control in different segments on the chip.

The field applied by the electrodes is intended to lead to a specific force that then

drives a hydrodynamic flow. However, a major problem is that the external field

often induces multiple forces, so called companion fields. The flow is thus not a

simple function of the external field and exhibits a very complex dynamics. The

origin of these companion field are often related to the presence of a surface active

solute, a surfactant. Surfactants are widely employed in microfluidic systems

due to the fact that they lower surface tensions (see section 1.1 for details).

To understand which role surfactants play in microfluidic systems is therefore

crucial for the realization of a functioning microfluidic chip. How surfactants can

influence and also be exploited to induce hydrodynamic flows in a microfluidic

chip is the main matter of concern in this thesis.
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Chapter 1

Figure 1.3: Classification of surface active solutes. (a) Inorganic salts accu-
mulate in the bulk. (b) Surfactants adsorb at the interface.

1.2 Surface activity: Surfactants and Salts

In many microfluidic systems solute gradients either drive or tremendously in-

fluence the motion of bubbles, droplets or vesicles. The surface activity of these

solutes, their tendency to adsorb or desorb at interfaces, is crucial. It is found

that inorganic salts, usually ion pairs with a relatively small radius, are depleted

from interfaces (figure 1.3 (a)). In contrast to inorganic salts, surfactants are

molecules consisting of a polar group that dissolves in water and a bulky apolar

group that prefers to be in oil or air. As a consequence surfactant molecules

preferentially adsorb at interfaces between a polar and an apolar medium such

as the water/air or the water/oil interface (figure 1.3 (b)).

The presence or absence of solute molecules at the interface modifies the interfa-

cial tension. The Gibbs adsorption isotherm [12] describes the relation between

the interfacial tension γ, the concentration of dissociated molecules or ions in the

bulk C and their concentration at the interface Γ by

Γ ≈ − 1

kBT

dγ

dln(C)
. (1.1)
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The role of surfactants in microfluidic transport phenomena

This equation states that since inorganic salts are depleted from the interface

(Γ < 0) the tension is increased with increasing concentration of inorganic salt

ions in the solution. In contrast to inorganic salts, surfactants adsorb at the

interface (Γ > 0) and lower the interfacial tension.

In this thesis we will discuss many aspects of the role of surfactants in microflu-

idic systems. Their tendency to adsorb at interfaces and lowering interfacial

tensions is predominantly of use for droplet based microfluidic systems. By in-

troducing surfactants in such a system one pursues in the first place to increase

the wettability of the medium that surrounds a droplet on the channel walls [13]

(see figure 1.4 (a) and (b)). Due to this effect, the surrounding medium builds a

liquid film between the droplet and the channel walls which greatly increases the

mobility of the droplet. Without this lubrication film, the droplets and bubbles

are immobilized by a three phase contact line, a phenomenon called pinning.

Another reason to use surfactants in a microfluidic system is that the addition

of surfactants hinders droplets to coalesce with each other. The bubbles and

droplet produced in a microfluidic chip are usually of a defined volume. By pre-

venting them to coalesce one guarantees that each bubble or droplet keeps its

defined volume which is the key for precision and reproducibility of chemical and

biological reactions that are taking place on a microfluidic chip. Figure 1.4 (c)

and (d) illustrates that for droplets or bubbles to coalesce, it is necessary that

the liquid between them drains. This drainage happens relatively easy if the

interface of the bubbles and droplets is freely movable and thus is no resistance

for the hydrodynamic flow between the interfaces. In the presence of surfactants

however the hydrodynamic flow between the droplets or bubbles causes a nonuni-

form interfacial concentration of the surfactant. A tension gradient arises that

immobilizes the interfaces and counteracts the drainage flow.

Apart from these two major benefits, microfluidic systems also profit in many

other aspects from surfactants. We will see in the following that surfactants can

spontaneously build micrometer sized vehicles that may serve to transport pre-

cise amounts of specimens in a microfluidic system. Moreover we will introduce

a number of methods how to induce spontaneous and directed motion with the

help of surfactants. Our research will however also reveal that the use of surfac-

tants can cause complex migration behavior in an external field, in our case a

temperature gradient.
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Chapter 1

Figure 1.4: (a) Bubble or droplet immobilized by pinning. (b) The addition
of surfactants increases the wettability of the embedding phase and creates a
liquid film between the bubble or droplet and the channel walls. In this way
the mobility of the bubble or droplet is greatly increases [13]. (c) Drainage
of the liquid film between two bubbles (droplets). This sketch shows that
the interface is freely movable and the drainage flow does not experience any
resistance (arrows that denote the flow are bold). (d) In the presence of a
surfactant (red molecules) the drainage flow leads to a surfactant concentration
gradient along the interfaces. This causes the interfaces to solidify as a tension
gradient arises that opposes the drainage flow. The drainage flow is attenuated

(thin arrows) [14].

1.2.1 Micelles and Vesicles

Figure 1.5 (a) shows a typical water/air interfacial tension of a surfactant solu-

tion. At low concentrations the tension decreases according to the Gibbs equation

(Eq. 1.1) with increasing surfactant concentration. However figure 1.5 also shows

that the tension only decreases up to a certain concentration, the critical micel-

lar concentration (cmc). At this point the concentration of surfactant monomers

(dissolved molecules) reaches a maximum and remains constant and according

to equation 1.1 also the tension. Instead of dissolving into monomers any sur-

factant added to the solution will accumulate in nanometer sized aggregates, the

6



The role of surfactants in microfluidic transport phenomena

Figure 1.5: (a) Typical surface tension of an aqueous surfactant solution
[15]. The first branch (low surfactant concentration) can be described by
the Gibbs adsorption isotherm 1.1. The surfactant is completely dissolves
in from of monomers that can adsorb at the interface. Above the cmc the
surfactant builds micelles and the surface tension maintains constant since the
concentration of monomers does not increase. (b) The micelles are in the order
of a few nanometers. The structure of the micelles depends on whether they
are in water or in oil. (c) Instead of micelles, some systems build micrometer

sized vesicles. These vesicles are hollow surfactant bi-layer structures.

micelles. The molecules in the micelles organize them self in a way that the

more soluble parts of the molecules are in contact with the solution but the less

soluble parts are only in contact with each other; in water the polar head will

form the outer shell of the micelles whereas it is the apolar parts in oil (see figure

1.5 (b)). Depending on the molecular structure (in particular the ratio between

the volume of the polar head and the apolar tail) some surfactants might also

form larger aggregates such as vesicles, hollow bi-layer structures in the microm-

eter range (see figure 1.5 (c)). One of the surfactants that form vesicles is AOT

(Dioctyl sulfosuccinate sodium salt [16]), a surfactant that plays a central role in

this thesis. Similar to droplets, vesicle and micelles can be also used to transport

defined volumina of agents within microfluidic systems; an potential application

that will be discussed in chapter 3 and 4.
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Chapter 1

1.2.2 Spontaneous Emulsification

The production of an emulsion, the dispersion of oil in water or vice versa, usually

requires an enormous amount of mechanical work. There are however water/oil

systems in which emulsions are automatically formed at the interface without

any mechanical force. This spontaneous emulsification occurs when the distribu-

tion of a surfactant between the water and the oil phase is not in equilibrium.

The surfactant (provided it is soluble in both phases) then diffuses across the wa-

ter/oil interface which can lead to interfacial tension gradient driven shear flows

(also known as interfacial turbulence) [17, 19]. By these shear flows the interface

can be torn apart and droplets of oil in water or water in oil emerge. Another

widely accepted mechanism for spontaneous emulsification is called ”diffusion

and stranding” [20, 21]. When a water/oil interface is created and the surfactant

diffuses from one into the other phase, the surfactant concentration at the inter-

face gradually decreases. Associated with that, the solubility of water in oil also

decreases. In this way the concentration of water in oil or oil in water reaches su-

persaturation nearby the interface. The dissolved molecules then condensate to

micro droplets. In both cases, the ”interfacial turbulence” and the ”diffusion and

stranding”, the surfactant adsorbs at the interfaces of the produced droplet and

impedes coalescence. Which of the mechanisms eventually leads to spontaneous

emulsification and which phase is dispersed depends on the physico-chemical

properties of the system considered, as we will see in the following.

1.2.3 Microemulsion Winsor types

In some cases a water/surfactant/oil systems reaches a thermodynamic equilib-

rium in which there is some of the oil in water or vice versa. In general one

distinguishes between three sorts of microemulsions as they are shown in figure

1.6. Which microemulsion can be expected is mainly determined by the salinity

in the water (for charged surfactants) and the oil chain length [17–19]. For exam-

ple, for AOT in equilibrium with water and decane, at low salinities oil swollen

micelles emerge in the water phase (Winsor I) whereas at high salinities water

swollen micelles emerge in the oil (Winsor II). At intermediate salinities a so

called lamellar phase is found at the interface (Winsor III). This phase contains

similar amounts of water and oil and most of the surfactant.

8



The role of surfactants in microfluidic transport phenomena

Figure 1.6: Equilibrium microemulsions in a water/surfac-
tant(AOT)/oil(decane) system. The type of microemulsion that is created
by a spontaneous emulsification (Winsor type) can be tuned by the salinity
of the water solution [18]. The salinities considered here are also used in our
experiments. At 15 mM the system equillibrates into a oil in water emulsion
(Winsor I), whereas for 175 mM into a water in oil emulsion (Winsor II).
At intermediate salinities (75 mM) the surfactant builds a lamellar phase

(Winsor III) that contains equal amounts of surfactant, oil and water.

We will later (in chapter 3 and 4) consider water/AOT/alkane systems in which

spontaneous emulsification occurs. We observe that the spontaneous emulsifica-

tion is accompanied by hydrodynamic flows. As we will see, the dynamics and

even the driving force of these flows is directly related to the equilibrium phase

behavior, i.e. the Winsor type of the systems.

1.3 Forces induced by gradients in surfactant

concentration

1.3.1 Interfacial tension gradients

One of the forces that are exploited to propel bubbles and droplets in microfluidic

devices is a surface tension gradient dγ
dx

. This tension gradient results in a shear

flow along the bubble or droplet interface, a so called ”Marangoni flow” [31],

which can be described by the stress continuity condition [13]

9



Chapter 1

Figure 1.7: (a) Classical Thermomigration of an air bubble. In a temper-
ature gradient (indicated by the colored bar) at the cold pole of the bubble
the surface tension is higher (γ(T )+) than on the hot pole (γ(T )−). A shear
flow (indicated by the arrows) at the bubble interface is the consequence. The
bubble responds by moving into the opposite direction (big arrow). (b) A
surfactant solution in a temperature gradient. The temperature gradient re-
distributes the surfactant at the surface by a convection, where the interfacial
concentration Γ becomes non uniform. The temperature gradient however also

causes a Soret effect leading to a gradient in the bulk concentration C.

µ
dvx(y)

dy
=
dγ

dx
, (1.2)

where µ is the viscosity and dvx(y)
dy

is the gradient of the fluid velocity perpen-

dicular to the direction of the fluid velocity. As a consequence of volume con-

servation the bubble or droplet is then propelled into the opposite direction of

this Marangoniflow, i.e. towards lower tensions (figure 1.7 (a)). The direction

and magnitude of the motion is thus determined by the interfacial tension gradi-

ent. The tension gradient can be generated by a temperature difference between

the front and the rear of the bubble or droplet. Provided that no other effect

influences the system, the surface tension gradient can then be easily written as

dγ

dx
=
dT

dx

dγ

dT
, (1.3)

where dγ
dT

is the temperature dependence of the equilibrium surface tension.

However, when surfactants are present in the system, the behavior of the tension

becomes more complex. We will see in chapter 2 that in a temperature gradient

surfactants accumulated in cooler region, due to various reasons. Then the Gibbs

10



The role of surfactants in microfluidic transport phenomena

adsorption isotherm (equation 1.1) tells us that the interfacial tension is decreased

(see figure 1.7 (b)) by the surfactant in the cooler regions. The effect of the

surfactant on the tension in a temperature gradient opposes the effect of the

temperature (Eq. 1.4) [13, 24]; the latter increases the tension on the cold side.

Surfactants are thus known to attenuate thermocapillary migration of bubbles

and droplets. The tension gradient might even be attenuated enough so that

other external forces might dominate the migration of the bubble. We will see

in chapter 2 that the thermomigration of a bubble can then even be covered by

minute forces that are inevitable, such as buoyancy induced by a slight tilt of the

microfluidic setup.

Surfactants can however not only influence but also actively drive microfluidic

motion. Surfactant concentration gradient induce, similar to the temperature

gradient as discussed above, interfacial tension gradients. The hydrodynamic flow

that is induced by this tension gradient can then be exploited to propel bubbles,

droplets and vesicles. We will present a study in chapter 3 on such a solutal

driven Marangoni flow that enables active and directed transport of surfactant

vesicles towards an oil interface. The gradient in surfactant concentration that

induces the interfacial tension gradients and drives the Marangoni flow arises

during a spontaneous emulsification.

1.3.2 Electro- and Diffusio-osmosis

The interfacial tension gradients, discussed above, are only one consequence of a

gradient in surfactant concentration. Other forces such as a gradient in osmotic

pressure or even electric field (in the case of an ionic surfactant) can arise by

a nonuniform distribution of surfactant in a solution and drive a hydrodynamic

convection. A phenomenon of this sort (see in chapter 4) is diffusioosmosis.

The concept [25–29] of diffusioosmosis is closely related to electroosmosis. Elec-

troosmosis is a widely spread technique to realize transport within microfluidic

channels [22] and will be explained in the following (all calculations can be found

in [22]).

A solid substrate in contact with an aqueous usually, with very few exceptions,

carries a charge. As a consequence, if ions are dissolved in the solution (such as

an ionic surfactant), those that carry the same charge (co-ions) as the substrate

11



Chapter 1

Figure 1.8: The migration of particles in a concentration gradient. (a) Dif-
fusiophoresis, a hydrodynamic flow at the particle interface drives the motion.
(b) Diffusio-osmosis, a macroscopic flow along the channel walls drags the
particle along. Note that the direction of the fluid motion is the same as for
diffusiophoresis, the particle however moves into the opposite direction. (c)
Both flows origin from an electric field EC in a concentration gradient. Above
the Debye layer (dashed line) the velocity of this flow becomes constant, which

is why one speaks of a plug flow.

will be repelled whereas ions of opposite charge (counterions) accumulate at the

substrate surface. Co-ions and counter-ions then obey a Boltzmann distribution

with respect to the distance z to the substrate:

ρ± = C0e
∓ qφ(z)
kBT , (1.4)

where q is the elementary charge, C0 is the bulk concentration and φ(z) is the

electric potential in the fluid adjacent to the substrate.

12



The role of surfactants in microfluidic transport phenomena

The local electric potential φ(z) can then be found from the Poisson equation

[22]:

∆φ(z) =
qρ+(z)− qρ−(z)

ε
, (1.5)

where ρ± denotes the charge density of the counter- and co-ions respectively.

Using equation 1.4 equation, 1.5 can be written as

d2φ

dz2
=

2qC0

ε
sinh (

qζ

kBT
). (1.6)

where ε is the dielectric constant of the aqueous solution and ζ = φ(z = 0)

is the electric potential at the solid surface, commonly referred to as the ”zeta

potential”. If the zeta potential is weak and thus qφ(z) << kBT for all z (Debye-

Hückel limit), equation 1.6 has the solution

φ(z) = ζe−z/λD . (1.7)

where λD is the Debye length, a characteristic distance from the substrate at

which the net charge ρtot = q(ρ+ − ρ−) and thus the electric potential reaches

φ(λD) = 1
e
ζ, where e is Euler’s number. Typically λD is on the order of a few

nanometers.

If now an electric field E is applied parallel to the substrate (taken in x-direction),

the Debye layer becomes subject to an external force ρtotE and a hydrodynamic

flow is induced by the field; this is called electroosmosis. The Navier-Stokes

equation for this flow can be written

− dp

dx
+ η

d2vx
dz2
− d2φ

dz2
Ex = 0. (1.8)

With the boundary conditions v(z = 0) = 0 and φ(z = 0) = ζ we find a velocity

profile

vx(z) =
ε

η
Exζ(1− φ(z)

ζ
). (1.9)

13



Chapter 1

This flow profile describes a so called plug flow since beyond the very thin Debye

layer this velocity profile approaches to the constant value

vEO =
ε

η
ζEx (1.10)

which is characteristic for elecroosmotic flows [22].

The electric field required to induce electroosmosis can be externally applied by

electrodes embedded into the walls of a microfluidic cell. However an electric

field can also arise in a concentration gradient of a charged solute such as an

ionic surfactant (see figure 1.8 )[23–25]. Ionic surfactants usually have a bulky

amphiphilic part whereas the counterions are often relatively small ions that can

have a diffusion coefficient up to an order of magnitude larger. Due to the differ-

ence in the diffusion coefficient the ions can spatially separate in a gradient and

create an electric field which then drives a hydrodynamic flow. This phenomenon

can now take place at the surface of a particle or the walls of a microfluidic chan-

nel. The former phenomenon is commonly referred to as diffusiophoresis (see

figure 1.8 (a)) and propels the particle into the opposite direction of the hy-

drodynamic flow. The latter however, diffusioosmosis (figure 1.8 (b)), has been

hardly reported and thus received much less attention as a driving mechanism

for microfluidic particles [25]. Particles in such a diffusioosmotic flow will be

entrained by the moving surrounding solvent. In chapter 4 we present a system

in which diffusioosmosis, induced by a surfactant gradient, can creates a directed

motion of surfactant vesicles.

1.4 This thesis

As we have seen in the last two sections surfactant gradients can have many

consequences on the hydrodynamic motion in a microfluidic system. In this thesis

we present a number of experiments in microfluidic systems in which surfactant

gradients lead to quite unexpected behavior.

In chapter 2 we investigate the capillary thermomigration of air bubbles within an

aqueous AOT solution. Since more than fifty years, the surface tension gradient

along the bubble interface that arises with the temperature gradient (Marangoni
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effect) is considered to be the main driving force for such a system. We however

discuss a manifold of other forces that arise with the temperature gradient and

disturb the purely capillary thermomigration. We find that by the redistribution

of the AOT the bubble migration is retarded and that other forces can have

a large impact on the thermomigration of a bubble. Thermal dilation effects

of the microfluidic channels can lead to a direction change of the bubble [13].

Further we demonstrate that at vanishing small inclinations of a microfluidic

setup towards the horizontal orientation gravity dominates the thermocapillary

motion. This is in contradiction to the widely spread conviction that buoyancy

effects are negligible in microfluidic systems.

In chapter 3 we present a study on surface tension gradient driven flows at a

brine/AOT/alkane interface that emerges during a spontaneous emulsification.

This kind of flow has been often reported in literature, however the exact mech-

anism that induces the tension gradient, the driving force for the flow, is not

known. We uncover that the direction of this flow depends on which type of mi-

croemulsion (Winsor type) is produced by the spontaneous emulsification. Fluo-

rescence micrographs show that the direction of the flow is closely related to the

spatial distribution of alkane swollen micelles that are created during the sponta-

neous emulsification. Based on this observation we suggest that the production

of the micelles lowers the AOT concentration and increases the interfacial ten-

sion. Local differences in the micelle production then automatically lead to a

tension gradient along the brine/alkane interface.

In chapter 4 we present a similar brine/alkane system in which AOT gradients

evolve that however exhibits an entirely different sort of transport phenomenon.

Interfacial tension gradients are not present in this system; however we observe

a macroscopic hydrodynamic convection of the aqueous AOT solution near an

alkane droplet. Taking into account that the droplet is positioned upon a glass

substrate, the forces that might explain the observed convection are found to

originate from the solid liquid interface. We find that diffusio-osmosis describes

our observations. The system that we present here is one of the rare experimental

observations of diffusioosmosis.

Following the spirit of the previous chapters we eventually pose a very funda-

mental question about the surface activity of solutes. It is considered as basic

knowledge by the research community that surface active solutes are categorized
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into inorganic salts and surfactants. The former increase while the latter de-

crease interfacial tensions, regardless of the phases involved. We however prove

in chapter 5 that this differentiation is incomplete. A third class of solutes ex-

ists, antagonistic salts, that exhibit a surface activity dependent on the bulk

phases involved. We experimentally demonstrate this with surface tension mea-

surements of aqueous Guanidinum Chloride solutions. We find that this species

lowers the tension at water oil interfaces whereas no surface activity was detected

at the water air interface. We then propose a model that attributes this pecu-

liar surface activity to a molecular redistribution process that neither applies to

common surfactants nor to inorganic salts.
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2

Thermomigration of Confined Air

Bubbles in a surfactant solution

2.1 Introduction

In microfluidic devices, bubbles and droplets may serve as vehicles to transport

chemical or biological samples [1]. To understand motion of bubbles and droplets

on the micrometer scale is crucial for these applications. In order to put bubbles

and droplets into motion one exploits forces that are generated by gradients such

as concentration, electric potential or a temperature gradient (see chapter 1). The

motion induced by the latter is called thermomigration and is especially attractive

for microfluidic applications since temperature gradients can easily be realized

on the micrometer and nanometer scale. On the other hand, thermomigration

often exhibits a very complex behavior since a temperature gradient induces a

manifold of forces that act on the bubble. It is therefore difficult to predict the

magnitude and even the direction of the bubble velocity which poses a major

limit to the applicability for thermomigration driven microfluidic devices. Hence

the dynamics of thermomigration and the various forces involved shall be the

focus of our investigation in this chapter.

Thermomigration of bubbles and droplets is in general categorized by the di-

rection into which the bubble or the droplet moves, either towards warmer or
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towards cooler regions. The former and more common situation is referred to as

classical thermomigration. This effect was first investigated by Young et al. [2]

in the 1950’s. They found that in a temperature gradient dT
dx

(for simplicity the

gradient is here only considered in one dimension) a surface tension gradient at

the bubble interface results, that can be written

dγ

dx
=
dγ

dT

dT

dx
, (2.1)

where dγ
dT

is the derivative of the surface tension γ with respect to the temperature

T . Since for most known liquids dγ
dT
< 0 equation 2.1 states that dγ

dx
and dT

dx
point

into opposite directions. As figure 2.1 (a) shows, the tension gradient then leads

to a shear flow of the fluid adjacent to the bubble towards cooler regions. This

so called Marangoni flow can be described by the stress continuity condition [6]

dγ

dx
= µ

dvx(y)

dy
. (2.2)

where µ is the viscosity of the surrounding fluid and v(y) is the fluid velocity as a

function of the the distance y from the bubble or droplet interface. Volume con-

servation then states that the volume of fluid transported by the shear flow must

be compensated by the volume flow of the bubble into the opposite direction, i.e.

to warmer regions (see figure 2.1 (a)). It was found in many experiments that

the penetration length of this shear flow is in the order of the bubble radius R

and that v is a linear function of the distance y from the interface.

vmaxR
2 ≈ −UR2. (2.3)

where U is the bubble velocity and vmax is the fluid velocity at the interface.

With this relation and by simplifying dy ≈ 1/R, equation 2.2 yields the terminal

velocity of a bubble that undergoes this classical thermomigration and we obtain

U ≈ dγ

dx
R/µ (2.4)

where R is the bubble radius. The magnitude and the direction of the velocity

is thus dependent on the strength of the surface tension gradient dγ
dx

.
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Figure 2.1: (a) Classical Thermomigration of an air bubble. In a temper-
ature gradient (indicated by the colored bar) at the cold pole of the bubble
the surface tension is higher (γ(T )+) than on the hot pole (γ(T )−). A shear
flow (indicated by the arrows) at the bubble interface is the consequence. The
bubble responds by moving into the opposite direction (big arrow). (b) Ther-
mocapillary effect: Surfactant is swept along with the Marangoniflux towards
cooler regions. The surface tension gradient in the system is diminished. (c)
Soret effect: Redistribution of surfactant (indicated here in form of micelles)
in a temperature gradient. If the surfactant accumulates at the cold side this
effect might diminish and even invert the surface tension gradient. (d) Ther-
momechanical effect [6]: A bubble is squeezed between the plates of a Hele
Shaw cell. Inhomogeneous thermal dilation of the plates in a temperature

gradient induces an effective force towards the cold region.

After the initial experiments of Young et al. [2] other researchers investigated

the influence of surfactants on this surface tension gradient [3, 4]. In a temper-

ature gradient surfactant is redistributed and since surfactants lower the surface

tension, the surface tension gradient is modified by the local distribution of the

surfactant.

One of the mechanisms that redistribute the surfactant is the Marangoni flow it

self, as sketched in figure 2.1 (b). Consider that the surfactant molecules at the

surface of the bubble are dragged along with the Marangoni flow. The surfactant

then accumulates at the rear of the bubble whereas on the the front the surface is

depleted from surfactant (figure 2.1 (b)). This gradient in surface concentration
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Γ induces a surface tension gradient in the opposite direction of the Marangoni

flow. The total tension gradient is reduced and the Marangoni flow is retarded.

How pronounced this retardation is depends not only on the characteristics of

the Marangoni flow but also on the adsorption and desorption kinetics of the

surfactant. This can be understood by the fact that the surface flow induces

local deviations of the the surface concentration Γ from its equilibrium value Γ0.

Consequently this deviation has to be compensated by surfactant from the bulk;

a surfactant concentration gradient ∇C evolves perpendicular to the surface in

a characteristic length δ. The flux of the resulting diffusion obeys Ficks first law

φdif = D∇C [6]. In the steady state φdif equals the molecular flux induced by

the Marangoni flow φMa. Consequently the length over which the concentration

gradient ∇C = ∆C/δ [6] is established is determined by the characteristic time

scale of the Marangoni flow τMa leading to δ =
√
DτMa [6]. This time scale

determines how long the Marangoni flow with the average velocity vmax passes

the surface of the bubble with radius R and equals τ ≈ R/vmax [6]. With that,

the flux of molecules towards the interface finally writes as

φdif ≈
√
Dvmax
R

∆C.[6] (2.5)

The molecular flux that is induced by the Marangoni flow can be obtained by

considering that all molecules that are adsorbed at the interface will be renewed

with the time scale τMa. With the assumption that the average surface concen-

tration is not too far from the equilibrium value Γ0, we can write

φMa = Γ0/τMa ≈ Γ0
vmax
R

.[6] (2.6)

The balance between φMa and φDif yields the velocity of the retarded Marangoni

flow and we can write

vmax ≈ ∆C2RD/Γ2
0. (2.7)

The surface tension gradient can then be found by applying equation 2.7 to the

stress continuity condition 2.2
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dγ

dx
≈ µ∆C2RD/(RΓ2

0). (2.8)

This surface tension gradient can be up to several orders of magnitudes lower

than the purely thermal induced gradient in equation 2.1 [3]; this mechanism is

generally referred to as ”thermocapillary retardation”.

Another effect that has to be considered when surfactants are present in a tem-

perature gradient is the so called ”Soret effect” [5, 11]. The sketch in figure 2.1

(c) shows that in a temperature gradient the surfactant distribution becomes in-

homogeneous. The concentration profile that arises from this redistribution can

be described by [11]

C(x) = C0e
−ST dTdx x, (2.9)

where C0 is the equilibrium bulk surfactant concentration and ST the Soret co-

efficient.

For most surfactants the Soret coefficient is positive, so that the surfactant con-

centration on the cold side is higher. Since the surface tension decreases with

increasing surfactant concentration ( dγ
dC

< 0 below the cmc, compare with chap-

ter 1), the surfactant then lowers the surface tension on the cold side of the

bubble. The surface tension gradient can be found from

dγ

dx
=
dγ

dT

dT

dx
+
dγ

dC

dC

dx
. (2.10)

In this equation on the right hand side the second term opposes the first. The

Soret effect of surfactants can not only decrease but even invert the surface

tension gradient and consequently (according to equation 2.4) the direction into

which the bubble moves. It has been experimentally observed that the Soret

effect inverts the surface tension gradient [6]. However a system in which the

Soret effect can be used to drive a bubble or droplet towards the cold side (i.e.

behaves non-classical) has to our knowledge not been reported yet. The potential

of the Soret effect to cause non-classical thermomigration is also subject of the

system that we present in this chapter.
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A more flexible control of bubble thermomigration was recently proposed by

Selva et al. [9]. In their system a bubble was squeezed between the plates of a

Hele Shaw cell, a sketch of this is shown in figure 2.1 (d). Since the material of

the Hele Shaw cell expands when the temperature increases and shrinks when it

decreases, a temperature gradient then has the consequence that the bubble is

more squeezed on the cold side than on the hot side. This results in a pressure

difference ∆P between both ends of the bubble which imposes a force on the

bubble towards the cold side. They refer to this as the ”thermomechanical effect”.

Selva derived a terminal velocity for a bubble in a Hele-Shaw cell when a pressure

gradient is present in addition to the surface tension gradient which is

U = −γ
η

(
e

2γ
)3/2(1/2

dγ

dx
+ 1/6∆P )3/2, (2.11)

where e is the height of the Hele-Shaw cell. With this expression Selva could

explain the non classical behavior of their system. The pressure difference ∆P

can however also rise from other mechanisms of arbitrary origin. We will later

derive ∆P for the thermomechanical effect as well as for gravity.

The points raised above show that the thermomigration of bubbles requires a

careful consideration of many physical processes to precisely predict the behavior

of a system. Moreover classical and non-classical thermomigration has been

reported [2, 4, 6–9], but a system that allows switching between both effects has

not been realized so far.

In this chapter we present thermomigration experiments with air bubbles in an

aqueous surfactant solution. We observe both classical and non-classical ther-

momigration. Switching between both effects was achieved by tuning the bubble

size and surfactant concentration. The bubble velocity and the flow field of the

surrounding fluid that we observe in our experiments are characterized. With

respect to both we then discuss the influence of the surfactant on the surface

tension gradient, in particular the Soret effect and the thermocapillary retar-

dation. We also discuss the thermomechanical effect as a non-classical driving

mechanisms in our system and derive the expression for ∆P that is induced by

this effect. We find however that apart from this effect surprisingly gravity has

a substantial impact on the dynamics of our system. The influence of grav-

ity is widely underestimated in the microfluidic community. We show however
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that if microfluidic systems exhibit a very small tilting angle, gravity can easily

dominate the system.

2.2 Experimental details

We consider an air bubble within an aqueous AOT (Dioctyl sulfosuccinate sodium

salt, from Sigma Aldrich) solution. The AOT concentration was varied between

3mM and 50mM. Single bubbles (with various radii between 0.1mm and 2mm)

and the AOT solution were contained in a glass capillary with rectangular cross

section (L = 5cm x W = 2mm x e = 200µm, from VitroCom)(see figure 2.2(b)).

The glass capillary was attached to two Peltier elements that were separated by

d = 1cm from each other (see figure 2.2(a)). Heat conducting paste was deposited

between each Peltier element and the capillary. The Peltier elements are glued

on two copper blocks which serve as a temperature sink in order to keep the

temperature behavior of the Peltier elements constant for a longer time. Before

each experiment the bubble was placed precisely into the middle between the

Peltier elements.

To achieve a temperature gradient within the capillary, the surface of one Peltier

in contact with the capillary was cooled the other one was heated. For all of our

experiments we used a temperature gradient of dT
dx

=4000K/m. The temperature

gradient was captured by an infra red camera (from FLIR). In this way we could

also verify that the temperature gradient along the capillary was continuous (see

figure 2.2(c)).

To observe the flow field we seeded the water with polystyrene tracer particles

(1 µm in diameter, purchased from Polysciences, Inc). The motion of the tracer

particles was then captured by a CCD camera. The exposure time was chosen so

that the moving tracer particles appeared as stripes of a length proportional to

their velocity. The velocity of the tracer particles and the bubble was analyzed

with the freely available software ImageJ [15].

The Easy Drop system (purchased from Krüss GmbH) is a device to measure

surface and interfacial tensions of solutions. For that a droplet of the solution

is created and hangs vertically from the tip of a syringe needle. The droplet is

recorded by a camera and its shape analyzed by the Drop shape analysis software.

The shape (or better the local curvature) of the droplet results from the balance
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Figure 2.2: (a) Sketch of the general experimental set up from the side
view. (b) Geometry of the capillary cross section from the front view. (c)
Infrared image of the capillary from the top view. The picture proves that the

temperature gradient is continuous and linear.

between the hydrostatic pressure Phyd and the Laplace pressure PL = γC, where

γ is tension and C is the curvature of the droplet interface. The software calculate

the hydrostatic pressure from the density of the solution (that has to be known

in advance) and the volume of the droplet (that is measured by the software).

The surface or interfacial tenison is then calculated by measuring the curvature

C.

2.3 Results

We first checked if the bubbles move towards cooler (nonclassical) or warmer

(classical effect) regions in the temperature gradient. Bubbles of different radii

in solutions of various AOT concentrations were studied. In this way we obtained

the phase diagram in figure 2.3 (a). The phase diagram shows that the classical

thermomigration (red points) is mostly observed for large bubbles in solutions

with high AOT concentrations, whereas the nonclassical effect (blue points) is

observed for small bubbles at low AOT concentrations.

In a next step we want to find out where this dependence of the system on the

bubble radius and the AOT concentration comes from. The flow field adjacent

to the bubble can reveal the surface tension gradient in our system. This is why
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Figure 2.3: (a) Phase diagram showing to which pole the bubble migrates
with respect to the bubble diameter and the concentration of AOT. Classical
systems are depicted by red data, nonclassical by the blue data. The dashed
line marks the critical micelle concentration for the aqueous AOT solution.
(b) Bubble velocity in classical and (c) nonclassical systems as a function of
the bubble radius. The linear fit in (c) refers to bubble radii up to 400 µm.
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we measured the bubble velocity and simultaneously captured the flow field of

the aqueous solution for both the classical and the non-classical effects. For the

former we chose large bubble radii at AOT concentrations of 20mM and 30mM

(see phase diagram 2.3 (a)). Non-classical thermomigration was also observed

at concentrations of 20mM and 30mM however only when for small radii of the

bubble. At 5mM and 10mM large as well as small bubbles behaved non-classical.

The bubble velocities that we found are plotted as a function of bubble diam-

eter in figure 2.3 (b-c). We defined motion towards warmer regions as positive

and towards cooler regions as negative. In both the classical and non-classical

systems velocities on the order of a few micrometer per seconds are detected. In

the classical system the data scatters quite a lot and no relation to the bubble

diameter is evident. For the nonclassical systems however the velocity appears

to increases roughly linearly at small bubble radii but then flattens out beyond

radii of 400 µm.

The flow field in the vicinity of the bubble reveals the surface tension gradient in

our systems. The first and most important observation is that the flow fields are

very similar for bubbles moving to either the cold or the warm side. A typical

flow field that we find for both classical and nonclassical systems is shown in

figure 2.4(a). From this micrograph we can conclude that the flow field in our

system is divided into two parts. The fluid adjacent to the bubble in region A

moves towards the cold side. Further away in region B the solution flows into

warmer regions. Regardless if classical or nonclassical systems were considered,

the direction of the fluid motion in region A and B remains; towards cooler and

warmer regions respectively.

Figure 2.4 (b) shows the fluid velocities measured by following tracer particles

as a function of the distance from the bubble surface. Similar as for the bubble

velocity (Fig. 2.3 (b-c)), also for the tracer particles in the solution we defined

motion towards the cold pole as positive (region A) and towards the hot pole

as negative (region B). The data shows that the velocity of the fluid is clearly

higher in classical systems than in nonclassical systems. The size of region B

was always found to be on the order of the bubble radius R.

The velocity in region A always drops from a maximum value vmax at the bubble

surface to zero within 100 µm distance from the interface. This allows us to
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Figure 2.4: (a) Flow field near a bubble, captured by phase contrast mi-
croscopy. The line shows the maximum of the fluid velocity that was detected.
The flow in the solution surrounding the bubble is split into zone A, which
corresponds to the flow toward the low temperature region, while zone B cor-
responds to the flow toward the high temperature regions. The structure of
the flow field and the associated directions of the fluid motion was observed in
both classical and nonclassical systems. (b) Fluid velocity (laboratory frame)
as a function of distance from the bubble interface along the line in (a). The
different plot markers represent different individual systems; the graph shows
the data for 35 bubbles with different radius and and different AOT concen-
tration (for details see text). The color code distinguished bubbles that move
towards the cold (blue) and the hot (red) pole. The negative velocities near
the bubble interface corresponds to zone A whereas the region with positive

velocity values to the zone B.
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Figure 2.5: Surface tension gradients as a function of the bubble diameter
at a temperature gradient of dT

dx =4000K/m. The lines represent the ther-
mal dependence of the surface tension and are based on our surface tension
measurements (Fig. 2.6), where the green line represents the 10mM solution
and the purple line the 30mM solution. The data points are calculated by
the stress continuity equation (Eq. 2.12) using the maximum fluid velocity
vmax from the velocity measurements (Fig. 2.4 (b)). The data point are en-
circled by colored lines denoting that the aqueous solution contained different
AOT concentrations (green for 5 and 10mM and purple for 20 and 30mM).
The color code of the data points themselves denotes if the bubble considered

moved towards warmer (red) or cooler region (blue).

approximate the surface tension gradient by simplifying the stress continuity

equation (2.2) to

µ
vmax

100µm
≈ dγ

dx
. (2.12)

The surface tension gradient that we find by this method from the data in figure

2.4 (b) is plotted in figure 2.5 for each individual bubble. In this plot we see

that the surface tension gradient of the 20mM and 30mM solutions is an order

of magnitude higher than the surface tension gradient measured in the 5mM

and 10mM solutions. The classical systems exhibit the highest surface tension

gradient. The surface tension gradient is also observed to increase with the

bubble radius.
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Figure 2.6: (a) Surface tension of AOT solutions as a function of temperature
for aqueous AOT solutions with a concentration of 10mM and 30mM. (b)
Surface tension of aqueous AOT solutions as a function of AOT concentration.
The concentrations that we use in our experiments (5mM, 10mM, 20mM,
30mM) are labeled with the red squares. Within this concentration range

dγ
dC ≈ 0.18 Nm−1 mM−1.

It is now an interesting question whether the surface tension gradient that we

obtained from the flow field can be also described by the temperature depen-

dence of the surface tension (equation 2.1). We measured the surface tension

coefficient dγ
dT

by the pendant drop method [16]. The surface tension of solutions

with a different AOT concentration was measured at temperatures in an interval

between 30◦ C and 60◦ C (see figure 2.6 (a)). The surface tension was averaged

over the time of the measurement (200 seconds). We find in particular that dγ
dT
≈

2.4 10−5 N m−1 K−1 for solution containing 30mM AOT and dγ
dT
≈ 1.3 10−5 N

m−1 K−1 for solutions that contain 10mM AOT. Similar values have been found

by [13]. With the temperature gradients in our system dT
dx

=4000K/m we then

calculate a surface tension gradient and find dγ
dx
≈0.05 Pa for solutions containing

30mM AOT and dγ
dx
≈0.02 Pa for solutions that contain 10mM AOT. These val-

ues are plotted in figure 2.5 and are up to two orders of magnitude higher than

the surface tension gradient that we derived from the flow measurements.

2.4 Discussion

The results presented above pose the question why the direction in which the

bubble moves depends on the bubble radius and the surfactant concentration.

Since the bubble velocities in figure 2.3 (b-c) are of the same order of magnitude
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for both the classical and nonclassical systems, we can assume that the forces

that lead to both effect are also of similar order of magnitude and it is only a

slight imbalance of forces that determines in which direction the bubble moves.

To quantify and then compare these forces we will first discuss the classical and

subsequently the nonclassical behavior.

2.4.1 The Classical Thermomigration

Classical thermomigration is the result of a surface tension gradient pointing

towards the cold side of the bubble. From the flow field in region A (figure 2.4) we

can infer that the surface tension gradient in all of our systems also points towards

the cold side, indicating that the surface tension gradient also in our systems is

responsible for the classical thermomigration. This is supported also by the data

in figure 2.5 where it is shown that the classical systems exhibit higher surface

tension gradients than nonclassical systems. This suggests that when classical

thermomigration is observed the surface tension gradient has overcome another

force that is responsible for the nonclassical thermomigration. Figure 2.5 however

also shows that the actual surface tension gradient (from the flow measurements)

is lower than would be expected from the temperature dependence of the surface

tension. To find the reason for the smaller surface tension gradient is therefore

crucial. In the following we discuss the Soret effect and the thermocapillary effect

as potential mechanisms to decrease the surface tension gradient.

2.4.1.1 The Soret effect

We first check on the influence of the Soret effect on the surface tension (equation

2.10) in our system. For that we first need to know how the surface tension

develops with the local AOT concentration in our system ( dγ
dC

). This we can

calculate from the data in figure 2.6 (b) by

dγ

dC
≈ γ(10mM)− γ(30mM)

10mM − 30mM
. (2.13)

In this graph the variation of the surface tension is much larger than the variation

induced by the temperature, which is why we can approximate γ(10mM) ≈ 27

mN/m and γ(30mM) ≈ 24.5 mN/m and equation 2.13 then yields
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dγ

dC
≈ 0.18Nm−1mM−1. (2.14)

Similar results can be found by applying equation 2.13 to the data of Bergeron

et al [10].

In a second step we calculate the AOT concentration gradient dC
dx

that arises by

the Soret effect (equation 2.9). As the bulk concentrations we chose C0 =10mM

and C0 =30mM. The precise value of the Soret coefficient for AOT is not known

to us. There is however no reason to assume that it significantly differs from the

Soret coefficient of other comparable solutes that is usually found in the range

of ST = 10−3K−1 [5]. For simplicity we write the concentration gradient as

dC

dx
=
C(−R)− C(R)

2R
(2.15)

and obtain a concentration gradient of dC
dx

=0.12 M/mm for C0=30mM and
dC
dx

=0.039 M/mm for C0 =10mM. The influence of the Soret effect on the surface

tension gradient can be seen in figure 2.7. There the dashed lines show the surface

tension gradient that results from the combined effect of the temperature and the

concentration gradient. The conclusion from this graph is that the Soret effect

decreases the surface tension gradient significantly and is thus is not negligible.

However the Soret effect can neither correctly explain the order of magnitude of

the gradients nor the dependence on the bubble radius.

2.4.1.2 Thermocapillary retardation

This is why in the following we turn our attention to the influence of the ther-

mocapillary retardation on our system. As explained in detail in section 2.1, the

surface tension gradient can be decreased because the Marangoni flow sweeps

AOT along the bubble surface. We can now compare if the thermocapillary ef-

fect results in a surface tension gradient that is comparable to the one we measure

in our experiment. We find the surface tension gradient by applying the surface

velocity that results from the thermocapillary retardation (vmax ≈ ∆C2RD/Γ2
0,

see also equation 2.7) to the approximation of the stress continuity condition

(µvmax/100µm ≈ dγ
dx

, see also equation 2.12.). For that we need to know Γ0

which we obtain by applying the Gibbs adsorption equation
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Γ0 ≈
1

kBT

dγ

dln(C)
(2.16)

to the data of Bergeron et al [10] and find Γ0 ≈ 0.84 10−6 M/m2 for our system.

We do not know the Einstein Diffusion coefficient of AOT. A surfactant with a

very similar molecular architecture is SDS (Sodium dodecyl sulfate). Therefore

it is reasonable to assume that the diffusion coefficient of AOT does not deviate

too much from that of SDS [14] and we estimate DAOT ≈ 0.5 10−9m2/s. If we

also assume ∆C = 2.5 10−3C0, which is a reasonable value (see [6]), we can

determine the surface tension gradient as a function of the radius from equation

2.8

dγ

dx

10mM

(R) ≈ 2.83447N/m3R (2.17)

for bubbles in the 10mM solutions and

dγ

dx

30mM

(R) ≈ 25.5102N/m3R (2.18)

for bubbles in 30mM solutions. These functions are plotted in figure 2.7 (bold,

dotted lines). As we can see these estimates are in good agreement with our

experimental results.

We can conclude that thermocapillary retardation explains the dependence of the

surface tension gradient on both the AOT concentration and the bubble radius.

2.4.2 Mechanisms for Nonclassical Thermomigration

In the previous section we concluded that the surface tension gradient (i) is re-

sponsible for the classical thermomigration and (ii) is decreased by the thermo-

capillary retardation. It is now an interesting question which mechanisms exist

in our system that can explain the nonclassical thermomigration. With glance

on the bubble velocity (Eq. 2.11) it becomes clear that such a mechanism needs

to induce a pressure difference ∆P between the front and the rear of the bubble

that overcomes the surface tension gradient dγ
dx

(Equation 2.11). In the following

we derive expressions for the pressure difference ∆P for two mechanisms that
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Figure 2.7: Same data as in figure 2.5. In addition the thin dashed lines
show the surface tension gradient that is expected under the influence of the
Soret effect. The thick dotted lines describe the surface tension gradient under
the thermocapillary retardation. As in figure 2.5 green denotes 10mM whereas
purple denotes 30mM solutions and red data points denote that the bubble
considered behaved classical whereas blue data points denote that the bubble

behaved nonclassical.

may drive the bubble into the cold direction and eventually compare them to the

surface tension gradient.

2.4.2.1 Thermomechanical effect: Thermal dilation of the capillary

(Hele-Shaw cell)

One of the mechanisms that can cause a nonclassical thermomigration is the so

called thermomechanical effect. This effect occurs since in a temperature gradient

the dilation of the capillary that contains the bubble is more pronounced at the

hot side of the bubble that on the cold side. The general expression for this

dilation gradient of the capillary wall with the thickness e was derived by Selva

et al. as [9]

de

dx
(
dT

dx
, αT ) = 2αT e

dT

dx
, (2.19)

where αT is the thermal expansion coefficient of the wall material (see figure 2.1

(d)). As a result of the dilation gradient in the glass capillary, the bubble is
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more squeezed on its hot side which results in an increase in capillary pressure

P = 2γ/R that pushes the bubble towards cooler regions. The pressure difference

between the two bubble ends write as

∆PTM(R, (
dT

dx
, αT , e, γ) = −2Rγ/e2(

de

dx
(
dT

dx
, αT ). (2.20)

In the following we quantify equation 2.20 with the parameters of our system.

In all of our experiments a temperature gradient of dT
dx

=4000K/m was applied.

The thermal expansion coefficient of glass walls of our capillary is αGlassT ≈ 3.3

1/K 10−6 [12] and their thickness is e =200 µm. The pendant drop measurement

(figure 2.6 (a)) revealed that the surface tension of the solutions with different

AOT concentration is in the range of γ =25 mN/m. With these parameters

∆PTM(R) becomes a function of the bubble radius only and writes as

∆PTM(R) = 6.6N/m3R. (2.21)

2.4.2.2 Gravity

Another dilation effect in our setup may also lead to a nonclassical thermomigra-

tion (see figure 2.8 (a)). On the side where the Peltier element cools the capillary

the copper element underneath is heated up. On the other side where the Peltier

element heats the capillary the copper element is cooled.

As a consequence the unit that cools the capillary expands by ∆hcold whereas

the unit that heats the capillary shrinks by ∆hHot. Considering that the Peltier

elements have a distance of d the capillary then slightly tilts by an angle

β = arcsin
∆hHot + ∆hCold

d
(2.22)

with its cold side pointing upwards. Gravity then induces a pressure difference

that drives the bubble towards the cold end of the capillary.

∆PGrav(∆ρ, β,R) = −∆ρg sin β2R. (2.23)
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Figure 2.8: (a) Thermal dilation of the copper elements induces a height
difference between the cool and the hot side of the capillary. The capillary
points upwards at its cold end, which induces a gravitational pressure towards
the cold side. (b) Sketch to illustrate ∆h was measured. The Peltier/copper
block unit was positioned between the plates of a rheometer. While we applied
different temperatures, the unit shrank or expanded, which resulted deflected

the upper plate by ∆h.

The density difference between water and air is ∆ρ =1000kg/m3. To deter-

mine the tilting angle β for our system we measured the height difference ∆h

of the Peltier element/copper block unit with a rheometer (see figure 2.8 (b)).

The Peltier element/copper block unit was positioned between the plates of a

rheometer. The upper surface of the Peltier element was then brought to the

temperatures used in our experiments, 20 ◦C and 60 ◦C for the cold and the

hot side respectively. The deflection of the the upper plate then revealed that

∆hcold ≈ +10µm and ∆hhot ≈ -20µm, leading to a total ∆h =30 µm. With this

height difference and d =1cm we find with equation 2.22 β = 3 10 −3 rad. By

applying the parameters that we just discussed to equation 2.23 ∆PGrav(R) is

only determined by the bubble radius and writes as

∆PGrav(R) = 19.81N/m3R (2.24)

2.4.2.3 Combination of the surface tension gradient and the

pressure differences

The pressure differences, ∆PTM and ∆PGrav both counteract the surface ten-

sion gradient dγ
dx

. But are they also large enough to overcome dγ
dx

and drive the

bubble towards cooler regions? According to the general expression for the bub-

ble velocity (Eq. 2.11) the bubble moves towards cooler regions (non-classical

thermomigration) if
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Figure 2.9: Pressure differences 1/6∆PGrav (Eq. 2.24) (thick black line)
and 1/6∆PTM (Eq. 2.21) (thick, gray line) and the surface tension gradients

1/2dγdx
10mM

(Eq. 2.17) (thick green line) and 1/2dγdx
30mM

(Eq. 2.18) (thick
purple line). Adding Ptot = ∆PGrav + ∆PTM to the surface tension gradients
yields the total force on the bubble (dashed lines). For bubbles in solutions
with 10mM, the total force points towards the cooler regions (negative val-
ues, green line) and for bubbles in solution with 30mM the total force points

towards warmer regions (positive values, purple line).

1/6(∆PGrav + ∆PTM) = 1/6∆Ptot > 1/2
dγ

dx
(2.25)

In figure 2.9 we plot 1/6∆PTM(R) (Eq. 2.21), 1/6∆PGrav(R) (Eq. 2.24) and

1/6∆Ptot(R) together with 1/2dγ
dx

10mM
(R) (Eq. 2.18 ) and 1/2dγ

dx

30mM
(R) (Eq.

2.18 ). Similar to the sign convention that we chose for the velocities before, the

pressure differences that cause the non-classical effect are negative, whereas the

tension gradients that cause the classical effect are positive.

The figure shows that all the pressure difference are of the same order of mag-

nitude as the surface tension gradients. When we now consider the total force

on the bubble (1/6∆Ptot + 1/2dγ
dx

) we find that for the 30mM solutions the the

force is positive (causes a classical thermomigration) but for the 10mM solutions

negative (causes a nonclassical thermomigration). When we compare this pre-

diction with what we measured (Fig. 2.7) then we find that indeed all of the

bubbles in a 10mM solution exhibit the nonclassical effect and most of the bub-

bles in the 30mM solution the classical effect. Hence, we can conclude from this

agreement between experiment and the theory that most likely a combination of
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the thermomechanical effect and gravity can explain the non-classical effect in

our experiments.

2.4.3 The bubble velocity

If the surface tension gradient, gravity and the thermomechanical effect are the

only forces that act on the bubble we should be able to predict the velocity of

the bubbles as a function of the bubble radius. For that we apply the values in

figure 2.9 to [6]

U = −γ
η

(
e

2γ
)3/2(1/2

dγ

dx
+ 1/6∆Ptot)

3/2, (2.26)

where we chose 1/2dγ
dx

10mM
(R) (Eq. 2.17 ) and 1/2dγ

dx

30mM
(R) (Eq. 2.18 ) to

predict the bubble velocity in 10mM and 30mM solutions respectively. In figure

2.10 we plot the bubble velocities that we obtain by this method and compare it

with the velocities that we measured in our experiments (points). We find that

the predicted velocity is of the same order of magnitude as we measure it in our

experiments for both the classical and the non-classical effect. However equation

2.26 underestimates the bubble velocity in both cases. An explanation for the

disagreement might be that we underestimate the thermal expansion of the glass

capillary, which we never characterized experimentally. But also the fact that

the data scatters in the classical case is a sign that the bubble might have been

partially affected by impurities in the solution or geometrical irregularities in the

capillary.

One would expect that the non-classical bubble velocity increases linear with

the bubble radius as the driving forces ∆PGrav and ∆PTM do so as well. As

figure 2.10 (b) shows, a linear regime can indeed be found for very small bubble

radii. Beyond R = 400µm however the bubble velocity reaches a plateau. We

attribute this to the finite width w = 2mm of our capillary. For bubbles larger

than R = 400µm the flow in zone B (compare with figure 1-4 (a)) reaches the

sidewalls of the capillary, which then poses an additional viscous attenuation in

the system. A similar observation was done by Selva et al. [6].
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Figure 2.10: Bubble velocity in classical (a) and non-classical (b) systems as
a function of the bubble radius. The data points denote the velocities that we
measured in our experiments and the dashed lines are calculated by equation
2.26. In both cases we used ∆ptot = ∆PGrav + ∆PTM with ∆PGrav from

equation 2.24 and ∆PTM from equation 2.21. We used dγ
dx

30mM
(R) (Eq. 2.18)

for the classical curve (a) and dγ
dx

10mM
(R) (Eq. 2.17) for the nonclassical curve

(b). The black line in (b) shows the fit for the data up to 400µm.

2.5 Summary and Conclusion

In this chapter we presented the first microfluidic system in which both classical

and nonclassical thermomigration of air bubbles occurs. We find that a surface

tension gradient is responsible for the classical thermomigration. The surfactant
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in our solution significantly decreases this surface tension gradient. Two mech-

anisms have been identified that are responsible for this, the Soret effect and

thermocapillary retardation. The former, even though not negligible, can how-

ever not explain the magnitude of the surface tension gradient in our systems.

The thermocapillary retardation however can explain why the surface tension

gradient depends on both the bubble radius and the surfactant concentration.

Nonclassical thermomigration could be attributed to pressure differences between

both ends of the bubble that compete with the surface tension gradient. Our cal-

culations indicate that the thermomechanical effect as well as gravity can induce

pressure differences that are large enough to overcome the surface tension gradi-

ent and lead to the nonclassical thermomigration. While the thermomechanical

effect was already studied by other researchers [6], it came as a surprise that

gravity can govern a microfluidic system when it is tilted by just a few 10−3rad.

Our work here shows that a system like ours might indeed provide the option to

switch between classical and nonclassical thermomigration, i.e. by a slight imbal-

ance between surface tension gradient and thermomechanical pressure. However

doubts about the applicability of this system are arising due to its high sensi-

tivity to gravity. As all three driving mechanisms in our system (surface tension

gradient, thermomechanical and gravitational pressure) scale linearly with the

bubble radius, the dominance of gravity will not be diminished by scaling down

the system size. It is therefore possible that other discrepancies between the-

ory and experimental observations in microfluidic systems might be explained by

taking gravity into account [6, 17].
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3

Marangoni Convection During

Spontaneous Emulsification

3.1 Introduction

In the previous chapter we treated a thermally induced interfacial convection.

The origin for the interfacial tension gradient that sets a liquid interface into

motion may however also arise from concentration gradients of a surface ac-

tive solute, such as a surfactant. In this context we consider in this chapter

a Maragnoni convection that is often observed during a spontaneous emulsifi-

cation. It is widely accepted [1–4] that this convection arises from gradients

in surfactant concentration along the interface between an aqueous and an oil

phase. In the literature little attention has been paid to the question on how

these concentration gradients emerge. The exact knowledge of the underlying

mechanisms might allow to control this convection and constitute a very useful

tool for directed microfluidic transport.

In this chapter we present an experimental study on a Marangoni convection

that we observe during the spontaneous emulsification when an oil (decane) and

a brine phase containing surfactant (AOT) are brought into contact. In order to

explain our observations we refer to earlier experiments [5–10], which revealed

that the critical micelle concentration (cmc, see chapter 1) in a brine solution
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Figure 3.1: (a) Critical micellar concentration (cmc) in the of aqueous AOT
solutions (at CNaCl = 0.075 mM) in the absence (draw line) and in the presence
(data points) of alkanes with different chain length n [6]. The graph shows
that in the presence of alkanes the cmc decreases compared to the cmc without
alkane. (b) This sketch shows that additional, decane swollen micelles, are
produced when a decane/ brine interface is created. A nonuniform distribution
of these micelles then induces an AOT concentration gradient in the brine
solution (denoted by the color code of the solution). The interfacial tension is
higher where the micelles are located, which is why a Marangoni flow (arrow)

emerges towards the regions where the micelles accumulate.

is lower in the presence of an alkane than in its absence (see figure 3.1 (a)).

When the brine/decane interface is freshly created the spontaneous emulsifica-

tion leads to the formation of alkane swollen micelles that are not homogeneously

distributed in space. For the production of these micelles AOT monomers are

consumed which lowers the AOT monomer concentration. We anticipate that be-

cause of the decrease in the AOT monomer concentration, the interfacial tension

between the brine and the decane increases.

Our investigations in this chapter follow the hypothesis that when these addi-

tional micelles are non uniformly distributed (see figure 3.1 (b)) along the inter-

face an interfacial tension gradient arises that drives the Marangoni convection

that we observe. For that we visualize the distribution of the micelles by fluores-

cence microscopy and compare it with the direction of the Marangoni flow in the

two Winsor systems. We also examine systematically if the system changes its

behavior in dependence on whether the aqueous or the oil phase contains more

AOT. In this framework we present measurements of the fluid velocity near the

brine/decane interface.
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Figure 3.2: Sketches of the experimental setup. (a) Top view and (b) Side
view. (c) Infrared image of the set up. No temperature gradients are visible.

3.2 Experimental Techniques and Materials

We study a Marangoni convection at the interface between an aqueous brine

solution and decane in the presence of the anionic surfactant AOT. It is known

[5–10] that upon contact between the two phases a spontaneous emulsification

starts. The type of microemulsion that is formed can be tuned by the sodium

chloride concentration in the brine phase. We consider here sodium chloride

concentrations of 15 mM and 75 mM, for which, in equilibrium, a decane-in-

water microemulsion (Winsor I) or a lamellar phase (Winsor III) are expected

[5–10] (see chapter 1). In the following we will refer to these two systems as

Winsor I and Winsor III. We study the first minutes after the decane and the

brine phase are brought into contact. We conducted our experiments with various

AOT concentrations in decane (0, 3, 7 mM) in combination with different AOT

concentration in brine (0, 1, 3, 7 mM).

Former experiments, carried out by others [5, 6], revealed that during the sponta-

neous emulsification, in both the Winsor I and Winsor III system, decane swollen

micelles in the brine phase are expected. To make those micelles visible in our

experiments we labeled the decane with Nile Red and observed the distribution

of the micelles by fluorescence microscopy.

The brine solution was filled into a rectangular glass capillary with a length of

5cm, a width of 1mm and a height of 100µm. One of the capillary ends was closed
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immediately after the filling process with nail polish. After letting the solution

rest for 3-5 minutes the other end of the capillary was covered with a droplet

of decane. The capillary was then mounted on an inverted Leica phase contrast

microscope (see figure 3.2 (a) and (b)). To observe the flow field we seeded the

brine phase with polystyrene tracer particles (1µm in diameter, purchased from

Polysciences, Inc.) into the solution. The motion of the tracer particles was then

captured by a digital camera. The exposure time was chosen so that the moving

tracer particles appeared as stripes of a length proportional to their velocity. The

velocity of the tracer particles and the bubble was analyzed with ImageJ [11].

The length of the experiments was limited to 4 minutes as the decane at the open

end of the capillary evaporated.

3.3 Results

Just after formation of the interface, two convection rolls could be detected by the

motion of the tracer particles in the brine solution. Near the interface we detect a

Marangoni flow with a velocity of several hundred micrometers per second. The

Marangoni flow in the Winsor I system points towards the center of the interface,

whereas for the Winsor III system the Marangoni flow points into the opposite

direction (see figure 3.3 (a) and (b)). Further away from the interface the fluid

slowly recirculates with only a few tens of micrometer per second.

It is worth noting here that the two systems also differ in the local curvature

(indicated by the yellow circles in figure 3.3) of the brine/decane interface. In

the Winsor I system the smallest radius of curvature (R−) has been detected at

the edges of the interface whereas in the Winsor III system at the center of the

interface.

A Marangoni flow as we detect it in our experiments can have both a thermal

or a solutal gradient along the interface as origin. One would expect that at the

open end of the capillary, where the decane is exposed to the air (see figure 3.2

(a) and (b)), evaporation of the decane might induce a temperature gradient.

However, a thermal gradient would drive the Marangoni flow even in the absence

of the surfactant. We do however not observe any convection when we consider

AOT free systems. Using an infrared camera (see figure 3.2 (c)) we observed a
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Figure 3.3: Winsor I system (a) and Winsor III system (b). Phase contrast
micrographs showing the flow field by the motion of tracer particles. The blue
arrows show the direction of fluid motion. The arrows at the interface denote
the direction of the Marangoni flow. The direction of the Marangoni flow of
the Winsor I and the Winsor III system are inverse to each other. The yellow
circles indicate the local radius of curvature of the interface. Large radii (R+)
denote a low curvature and small radii (R−) a high curvature. Note that in
both Winsor systems the Marangoni flow points towards low curvature regions

(R+).

constant temperature along the entire capillary. This indicates that temperature

gradients play no role in our system.

The fluorescence micrographs in figure 3.4 (a) and (b) reveal the location of the

decane swollen micelles in the aqueous phase. These micrographs show that the

Winsor I system has the highest decane concentration near the center of the cell

whereas in the Winsor III system the decane concentration is largest near the

walls of the cell.

As mentioned in the previous section, in our experiments the concentration of

AOT was changed in the brine and in the decane phases. We found however

that the initial distribution of the AOT had no impact on the direction of the

Marangoni flow (figure 3.3), the distribution of the decane swollen micelles (figure

3.4) or the location of the maximum curvature of the interface. However these

qualitative features change strongly depending on whether the Winsor I or the

Winsor III system is considered.

We also measured the velocity of the Marangoni flow at the interface in both

Winsor systems (see figure 3.5). Also for these measurements we distinguish

between two situations, namely that either most of the AOT is in the decane or
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Figure 3.4: Winsor I system (a) and Winsor III system (b). Fluorescence
micrographs revealing the distribution of the decane swollen micelles in the
brine solution. The decane swollen micelles appear red. Again the arrows
at the interface denote the direction of the Marangoni flow. In both Winsor
systems the Marangoni flow points towards regions with a higher micelle con-
centration. The large red spots are AOT/decane aggregates that are attached

at the capillary and play no role for our observation.

in the brine phase. For both situations and both Winsor systems, figure 3.5 (a)

and (b) shows how the velocity of the Marangoni flow develops in the course of

our experiments (4 minutes). For the sake of simplicity we do not show all of our

experiments but selected experiments that are representative for each situation

and Winsor type. In the Winsor I system the velocity also drops in time in the

case if the brine solution contains more AOT than the decane but increases if

the decane contains more AOT. In the Winsor III system the velocity decreases

in time independent on which phase contains more AOT.

3.4 Discussion

The observation of a Marangoni convection during the spontaneous emulsification

in our experiments poses the question what could cause the interfacial tension

gradient. As previously mentioned, we can exclude that the convection originates

from a thermal gradient. It is thus very likely that the interfacial tension gradient

arises from an non homogeneous concentration of AOT along the interface.

From previous experiments [5–10] it is known that the presence of an alkane

lowers the critical micellar concentration (see chapter 1) of AOT/brine solutions.

This implies that when the interface between the decane and the brine solution

is created, additional micelles, that contain decane, emerge near the interface.
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This means also that free AOT monomers are consumed for the production of

these oil swollen micelles. The concentration of free AOT monomers is there-

fore reduced where oil swollen micelles are present and we may infer that the

interfacial tension of the brine/decane interface is higher where we detect more

decane swollen micelles (see figure 3.4). An interfacial tension gradient in our

system could thus arise from a nonuniform distribution of oil-swollen micelles

along the interface. We should then see a Marangoni flow towards regions with

higher micelles concentration.

When we now compare the distribution of the decane swollen micelles (figure

3.4 (a) and (b)) with the direction of the Marangoni flow (figure 3.3 (a) and

(b)) we find our hypothesis confirmed; the Marangoni flow points towards the

regions where the highest concentration of oil swollen micelles is detected. This

indicates that the interfacial tension of the brine /decane interface is indeed

higher in regions where more decane swollen micelles.

It is worth mentioning here that the fluorescence micrographs in figure 3.4 repre-

sent the systems in a state in which the Marangoni convection is already present.

That means that the Marangoni flow might significantly contribute to the dis-

tribution of the decane swollen micelles. It is however impossible to capture this

distribution in the absence of the Marangoni flow since the convection in our

system starts right away in the moment of contact between the brine and the

decane. Thus the distribution of the decane swollen micelles in figure 3.4 can

only be taken as evidence why the convection maintains and not why the con-

vection starts in first place. However according to our hypothesis the Marangoni

flow points towards regions of high decane swollen micelles concentration. That

means that the initial concentration differences are enhanced at any time of the

experiment because decane swollen micelles are transported towards these regions

by the Marangoni flow. When the experiments starts, sections at the interface

that contain more decane swollen micelles than others will also exhibit more de-

cane swollen micelles at later stages of the experiments. The distributions that

we observe in figure 3.4 are therefore only possible if the initial distribution was

similar.

The production of decane swollen micelles as a driving mechanism would also

explain the decrease of the fluid velocity in time for most of the systems (figure

3.5); the more micelles are produced, the less free AOT molecules are available
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Figure 3.5: Interfacial fluid velocity during the course of the experiment in
the Winsor I system (a) and Winsor III system (b). The blue and red curves
denote that the AOT concentration is higher in the brine and in the decane

respectively (see legend).

near the interface to produce new micelles and thus the gradient in free AOT

monomers ceases.

The observation that the velocity near the interface increases in time, when in

the Winsor I system more AOT is in the decane phase (figure 3.5 (a)) may

be the result of an additional driving mechanism that has been discussed in

previous work [5, 6]). In an equilibrated Winsor I system most of the AOT will

be dissolved in the brine phase. As the decane is the ’wrong phase’ for the AOT,

upon contact with the brine solution the AOT diffuses into the brine. The AOT

monomers continuously adsorb at and desorb from the interface which may give

rise to additional AOT concentration gradients, i.e. tension gradients [5].

3.5 Conclusion and Summary

In this chapter we reported a Marangoni convection during a spontaneous emul-

sification in a brine/AOT/decane system. We find that the Marangoni flow in

a Winsor I system points into the opposite direction as in a Winsor III system.

Fluorescence micrographs reveal that the sections of the brine/decane interface

towards which the Marangoni flow points are located near high concentration of

decane swollen micelles. This indicates that the production of the micelles causes

an increase of the brine/decane tension and hence that the nonuniform distri-

bution of the micelles triggers the tension gradient that drives the Marangoni

convection. We also suspect that the nonuniform distribution of the micelles
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might be correlated to the local curvature of the interface. Our measurements of

the velocity near the interface (the strength of the Marangoni convection) sug-

gest that additional tension gradients arise if the surfactant diffuses across the

interface and that this temporally enhances the Marangoni convection.

The work we present here is the first step on the way to control the Marangoni

convection and exploit it for e.g. microfluidic transport; this convection may

carry dispersed particles, such as vesicles, bubbles or droplets. Potentially the

convection might be also of relevance for oil discovery processes [12] which we will

discuss in the following chapter. There we present a study on a hydrodynamic

convection in a Winsor II (a brine/AOT/decane system that produces a water

in oil emulsion) system. However, as will be seen, the origin of this convection

is of a completely different nature than in the Winsor I and Winsor III systems

that we treated here.

Open Questions

Some questions that arise from our experimental results remain open. It is for ex-

ample also unclear to us why the distribution of the decane swollen micelles differs

in both systems. A conspicuous and repetitive observation in both systems, that

might provide a clue is that in both systems the decane swollen micelles accumu-

late where the local curvature of the brine/decane interface is lowest (compare

figure 3.4 with 3.3). As we only consider two systems here, more experiments

should be carried out in order to verify if there is indeed a quantitative rela-

tion between the curvature gradient and the distribution of the decane swollen

micelles; a uniform curvature should yield a uniform distribution of the decane

swollen micelles and consequently no convection should be observed.

Another interesting question is why the two systems exhibit a curvature gradient

in the first place. It is known that the two systems differ greatly in their equilib-

rium interfacial tension [7–10]. Different interface shapes might thus arise from

the wetting properties of the individual system; in the center of the meniscus

only two glass walls are in contact with the meniscus, while at the corners there

is also a third wall. We propose that the exact wetting properties need to be

investigated by e.g. contact angle measurements in order to reveal a quantitative

relation.
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Finally it is essential to find the quantitative relation between the decrease of the

cmc and its consequences on the interfacial tension gradient. The decrease of the

cmc depends on the salinity of the brine solution as well as the chain length of

the alkane [6]. We propose to measure the decrease of the cmc and the interfacial

velocity for more salinities and different alkanes, to find such a relation.
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4

Chemically induced convection near

an oil droplet: Diffusioosmosis

4.1 Introduction

In the last chapter we considered a water/AOT/alkane system in which a spon-

taneous hydrodynamic flow was observed. The convection was driven by an

interfacial tension gradient that arose due to a nonuniform distribution of the

AOT. In the following we will present a very similar system that is also subject

to an AOT gradient and an associated hydrodynamic convection. The force that

drives this convection is however of completely different origin than in chapter 3.

Solutes, such as AOT, may impose various forces onto a dispersed entity such as a

vesicle. Examples are osmotic, depletion or electrostatic forces [1, 2]. A gradient

in solute concentration then causes a symmetry breaking in these forces which

may result in a flow of the fluid adjacent to the vesicle. Due to mass conservation,

to balance this flow the vesicle is then propelled into the opposite direction. For

this type of locomotion there is no macroscopic net flux and the vesicle motion

is referred to as self-propelled. Prominent examples are diffusiophoresis [2–5],

osmophoresis [6, 7], and selfelectrophoresis [8–13] (see figure 4.1).

In this chapter we show that vesicles made of a soluble surfactant spontaneously

move towards an oil droplet that is placed upon a glass substrate. Conventional
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Figure 4.1: (a) Selfelectrophoresis of a cell. The cell itself produces an ion
gradient that leads to a diffusioosmotic flow along its surface. As a response the
cell moves into the opposite direction. Picture taken from [8].(b) Osmophoresis

as described in the text. Picture taken form [6].

mechanisms, such as the ones mentioned above, fail to describe the vesicle migra-

tion in our system as we observe a macroscopic flow of the solvent that drags the

vesicles towards the oil drop; the vesicles are consequently not self-propelled. We

can however also exclude that interfacial tension gradients drive the convection

because we detect a layer of a lamellar AOT phase at the interface between the

droplet and the solvent that immobilizes the droplet interface. In the framework

of this chapter we will discuss diffusioosmosis as a possible mechanisms to explain

our observation.

4.2 Materials and Experimental Techniques

The surfactant we use is AOT (Dioctyl sodium sulfosuccinate, from Sigma Aldrich).

AOT is a soluble surfactant and in brine (NaCl/water) it is one of the rare sys-

tems in which giant (micrometer sized) vesicles spontaneously form as the AOT

concentration exceeds the critical micelle concentration (CMC) [14–16]. These

vesicles are small ’nanobags’ of solution, separated from the rest of the solution

by bilayers of AOT. In a microfluidic cell, we put this vesicle solution in contact

with a small drop of alkane (n-decane, also from Sigma Aldrich). The AOT is

soluble in both the brine and alkane, and the preference of the AOT to be in

either of the phases in equilibrium is determined by the NaCl concentration in

the brine phase and the chain length of the alkane [17]. This means that in

each equilibrated AOT/brine/alkane system AOT is distributed in a specific ra-

tio between the brine and oil phases. As we put the vesicle solution in contact

with the pure alkane, decane in our case, there will consequently be a transfer
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of AOT molecules from the brine to the alkane phase and a gradient in AOT

concentration arises within the brine solution.

We prepare aqueous AOT/NaCl solutions with an AOT concentration of CAOT =

20mM and an NaCl concentration of CNaCl = 175mM. After stirring the solution

for one day, the solution turns turbid, indicative of the presence of AOT vesicles

in the solution, as confirmed by phase-contrast microscopy. For the experiments,

decane droplets (a few tens of micrometers in diameter) were deposited in a rect-

angular glass channel (0.2 mm x 4 mm x 50 mm, from CM Scientific). The cell

is mounted on an inverted Leica phase contrast microscope, and filled with the

vesicle solution. Subsequently the dynamics is recorded by a CCD camera from

PixeLINKTM . We also conducted experiments at different AOT and NaCl con-

centrations to check effects of the solute concentration on our observations. The

AOT concentration was varied over the range from 10 to 50mM and the NaCl

concentration was varied over a range from 150 to 300mM.

4.3 Results

The key observation is that the vesicles move towards the decane drop. The

micrograph in figure 4.2 (a) shows the decane droplet right after the cell has

been filled with the vesicle solution. The micrograph is a superposition of several

images revealing that the vesicles move radially towards the decane. In the

figure the speed and direction of the vesicle motion are indicated by the arrows

whose length is proportional to the difference in vesicle position within a time of

2.5 seconds. The vesicles are observed to move straight towards the decane: the

thermal fluctuations in the displacement are much smaller than the displacement

due to the presence of the decane droplet for these large vesicles.

More detailed velocity measurements were carried out with the Tracking Tool

of ImageJ [18]; Fig. 4.2 (b) shows the velocity of several vesicles that is on the

order of a few micrometers per second. In addition, the velocity decreases rather

rapidly away from the decane drop; the motion is only observed in a region of

roughly hundred micrometers around the droplet. Once they arrive at the drop,

the vesicles stick to the droplet interface, and gradually disappear to either be

absorbed by the decane phase, or form a decane-swollen lamellar phase at the

interface [14–16]. This implies that the decane droplet acts as a sink in which
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Figure 4.2: (a) Superposition of five phase contrast micrographs of vesicles
migrating towards a decane droplet. The droplet is resting on a glass substrate.
The vesicles appear as dark spots and the motion of some of them is indicated
by arrows. The interval between the micrographs were taken is 0.5 second.
Note that the interface of the appears white which indicates that a lamellar
phase of AOT covers the interface [14–16]. (b) Typical velocity profile of
several vesicles in dependence of the distance from interface of the droplet.
Each data point represents the velocity of an individual vesicle at a certain
position. Differences in velocity were found to be random but not in any
relation to the vesicle size. Different colors indicate different time intervals
after the interface between the AOT solution and the decane has been created.
The inset shows that vesicles (black filled squares) and tracer particles (red

hollow circles) have approximately the same velocity profile.

AOT molecules disappear, which induces a gradient in AOT concentration in

the solution. After several tens of minutes the solution in the vicinity of the

droplet contains very few vesicles. The velocity of these remaining vesicles is

lower compared to the velocity at the beginning of the experiment, as can be

seen in Fig. 4.2 (b).

A vital clue about the driving mechanism is provided by mapping out the flow

field perpendicular to the observation plane that we show in figure 4.2 (a). This

is done by tracking both vesicles and tracer particles (1µm polystyrene beads

from Polysciences, Inc.) in different focal planes. In particular this means that

we shifted the focal plane from the bottom glass substrate (where the droplet

is positioned) towards the top of the capillary (see figure 4.3 (a)). From the

mapping of the flow field (depicted in figure 4.3 (b)), we conclude that the motion

towards the decane drop happens within a thin layer, in the order of a few tens

of micrometers, adjacent to the glass substrate. If we look farther away from the

glass surface, we see a recirculation. This indicates that we observe a macroscopic

hydrodynamic convection; volume conservation for incompressible fluids requires
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that the incoming flow towards the oil droplet has to be compensated by a

recirculation zone. Another observation that supports this hypothesis is that

both vesicles and tracer particles move at the same speed in all of the focal

planes. We show this in the inset of figure 4.2 (b). If the particles would be self

propelled, one would expect an individual velocity for different particle species

as they differ in their interfacial properties [2, 5, 7]. This lack of an individual

velocity for different particle species is in line with our assumption that vesicles

and tracer particles must be entrained by the solvent. In the previous chapter

we already considered such a macroscopic convection, the Marangoniflow. In

contrast to the systems reported there, here interfacial tension gradients do not

drive the convection we observe. We observe that tracer particles stick onto

the droplet interface, indicating that there is no interfacial motion, which is the

prerequisite for a Marangoni convection. We attribute this observation to a layer

consisting of a lamellar AOT phase that covers the droplet interface. It is known

[14–16] that a lamellar phase is birefringent and appears bright in phase contrast

micrographs, just as can be seen in figure 4.2 (a). In the following we will discuss

diffusioosmosis as a possible driving mechanism for the hydrodynamic convection

we observe.

4.4 Discussion

Our experimental observations suggest that there is a gradient of AOT concen-

tration close to the oil drop. It is thus likely that the macroscopic convection

we observe is triggered by this concentration gradient. This would also explain

why the convection ceases after several tens of minutes (see figure 4.2 (b)); the

oil droplet is then saturated by AOT so that the concentration gradient vanishes

and with it the convection. We could exclude beforehand that a surface tension

gradient drives the convection since we observed that the droplet interface is cov-

ered by a layer (probably a lamellar phase) and is immobilized in that way. There

is however another sort of hydrodynamic flow that originates from concentration

gradients; diffusioosmosis (see, fig. 4.3 (b)).

This mechanism has hardly been observed experimentally [22]. The theoretical

concept [19] is provided by Anderson and is similar to electro-osmosis (for more

details see chapter 1). In both cases it is an electric field Ex that drives a
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Figure 4.3: (a) By changing the focal plane we qualitatively mapped out
the flow field perpendicular to the substrate. (b) Sketch of the diffusioosmotic
mechanism: Na+ and AOT− ions diffuse at different speeds. Consequently
ions and co-ions become spatially separated and an electric field E arises that

drives the hydrodynamic flow (arrows).

hydrodynamic flow in a ionic aqueous solution with a characteristic velocity of

[20]

vEO = ε/ηζEx. (4.1)

To achieve electroosmosis, this electric field is applied externally to the system,

e.g. by electrodes in a microfluidic chip (chapter 1). Such an electric field can

however also arise in a concentration gradient of a charged solute. The condition

for this is that the diffusion coefficients of ions and counterions, D+ and D−

respectively, differ from each other. The ions then diffuse at different speeds to

compensate the concentration gradient and become spatially separated from each

other (figure 4.3 (b)). The electric field associated with this separation writes as

EC =
kBT

q

(D+ −D−)

(D+ +D−)

d(ln(C))

dx
(4.2)

The resulting hydrodynamic flow is termed diffusio-osmosis [19]. In contrast to

electro-osmosis the diffusioosmotic flow is not only driven by electrostatic forces.

This is because a concentration gradient is also accompanied by a gradient in

osmotic pressure. A detailed derivation of the effect of the osmotic pressure on

the diffusioosmotic flow can be found in Anderson [2]. There the characteristic

diffusioosmotic fluid velocity is found to be
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vDO = ε/ηζEC +
ε

2πη
(
kBT

q
)2 ln(1− ζ2)dln(C)

dx
(4.3)

where the first term accounts for the electrostatic, the second for the osmotic

contribution. If diffusioosmosis is the reason for the convection that we observe,

then equation 4.3 should give a velocity profile similar to what we detected in

our experiments, shown in figure 4.2 (b).

For that we first need to determine the concentration gradient and the zeta

potential in our systems. To start with the former we use Ficks law

dC

dt
≈ D∇2C. (4.4)

to describe the evolution of the concentration profile when the aqueous AOT

solution comes into contact with the decane droplet. We make the assumption

that the droplet is a sphere of radius R [22]. In order to obtain the concentration

profile from equation 4.4 in the following we considering the boundary conditions

for our system. Before the droplets’ first contact with the aqueous AOT solution

the surfactant concentration in the entire solution corresponds to the initial AOT

concentration

C(r, t = 0) = C+. (4.5)

After both phase are in contact, the droplet swallows the surfactant and over time

the concentration at the droplet interface will approach a steady value C− < C+

C(r = R, t) = C−, (4.6)

Far from the droplet at r >> R the AOT concentration remains undisturbed

and thus corresponds to the initial AOT concentration
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C(r =∞, t) = C+. (4.7)

Solving equation 4.4 with these three boundary conditions we find the solution

C(r, t) = C+ +
R

r
(C− − C+)erfc

(
r −R√

4Dt

)
. (4.8)

For our system the initial concentration is C+ = 20mM. Close to the droplet, the

AOT concentration value C− is however unknown. One way to estimate C− is to

assume that close to the drop the concentration is not too far from equilibrium.

We therefore equilibrated the same vesicle solution used in our experiments with

decane for one day. In the brine, no more AOT vesicles were found, showing

directly that the AOT concentration is below the critical micelle concentration

Ccmc ≈ 10−1 mM, in agreement with [17]. For our system this means that near

the droplet the AOT concentration almost vanishes and thus we can suppose

that C− ≈ 10−1 mM.

The last quantity that is still missing to calculate the concentration profile with

equation 4.8 are the diffusion coefficients for the Na+/AOT− ion pair. The

diffusion coefficients for Na+ and the bulky AOT− ions are different. In literature

[23] one finds DNa ≈ 1.3810−9m2/s. We could not find the diffusion coefficient

for AOT. It is however reasonable to assume that its value is comparable to that

of other surfactants with similar molecular size, such as SDS[23], and we chose

DAOT ≈ 0.6 · 10−9m2/s. With these values equation 4.8 gives the concentration

profiles for both ion species which are plotted in figure 4.4. Note the difference

between the AOT− and Na+ profile. As mentioned in the introduction, such a

spatial separation of opposite charged ions gives rise to an electric field, that can

drive a diffusio-osmotic flow.

The concentration profile described by 4.8 is transient but become changes very

slowly after a characteristic time τ when

erfc(
r −R√

4Dτ
) = 0.9. (4.9)
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Figure 4.4: Concentration profile according to equation 4.8 for Na+ (Bold
line) and AOT− (Dashed line) ions in the vicinity of the oil droplet. The profile
is shown for different times (1 second (blue), 100 seconds (red), 1000 (black)
seconds) after the contact between the solution and the droplet. The latter
two show the development of the profile during the velocity measurements that

we show in figure 4.2.

For our experiments τ is chosen so that it is close to the value in equation 4.9 but

does not exceed the time span of our experiments. This time span is given by the

fact that the fluid velocity ceases after several tens of minutes. The oil droplet

most likely reaches a saturation of AOT and acts no longer as a sink. Figure 4.4

shows that the concentration profile changes mainly within the first 100 seconds

but changes no longer significantly afterwards. We can roughly estimate that in

our system where the diffusion coefficients are on the order of D ≈ 10−9m2/s the

term 4.9 varies between 0.85 and 0.95 within a time interval 100 s < t < 1000s.

For all further considerations we therefore chose τ = 100s.

Now that we have a rough indication about the concentration gradient, we now

also need to verify which zeta potential ζ is present in our system. To do so,

we use the Zeta Sizer Nano ZS (from Malvern), to measure the zeta potential

of micrometer sized glass beads (from Polysciencees, Inc.) of the same type

borosilicate glass as was used in the microfluidic experiments. The zeta sizer
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uses laser interferometry (Phase Analysis Light Scattering) to detect the motion

of glass particles in an electric field and from that derive the zeta potential. How-

ever, attempts to measure the zeta potential of the glass beads in the aqueous

AOT/NaCl solution that we used in our experiments did not yield reliable val-

ues. The reason for this is that the solution has a relatively high ionic strength

(CNaCl = 175 mM) which is associated with a high conductivity. This eventually

leads to a short circuit between the electrodes that apply the electric field. As

a result the glass beads are not put into motion and the zeta potential cannot

be measured. Hence we decided to measure the zeta potential in AOT solutions

at low NaCl concentrations. From the trend of the zeta potential regarding the

AOT and NaCl concentration that we observe in these measurements we can

then get a clue about the zeta potential of the solution used in our experiments.

The results of these measurements can be seen in Fig. 4.5 where the zeta po-

tential is plotted as a function of AOT concentration at different background

salinities (0, 1, 2, 5, 10 mM). This graph reveals two facts that are important

for the calculation of the flow velocity with Eq. 4.3. First, the zeta potential

becomes less and less dependent on the AOT concentration with increasing NaCl

concentration. We can thus assume that the zeta potential in a solution with

CNaCl = 175mM (10 times higher than the concentrations considered in Fig. 4.5)

does not vary along the concentration gradient near the decane droplet. Another

important feature of the plots in Fig. 4.5 is that at CAOT = 20 mM, the AOT

concentration used in our microfluidic experiments, the zeta potential is rela-

tively constant with respect to the NaCl concentration (see inset in Fig. 4.5) and

ranges at about ζ ≈ −40mV. The only notable deviation from this value we find

for CNaCl = 10mM, which we attribute to the high ionic strength in this solution

that can, as mentioned before, lead to inaccurate results. The insensitivity of the

zeta potential at CAOT = 20mM to the NaCl concentration suggests that also the

zeta potential at CNaCl = 175mM does not significantly differ from the values as

presented in Fig. 4.5 and we can use ζ ≈ −40mV to calculate the diffusioosmotic

velocity with Eq. 4.3.

With this zeta potential and the concentration profiles shown in Fig. 4.4, equa-

tion 4.3 yields a velocity profile (see drawn line in Fig. 4.6). This plot shows

that the diffusioosmotic velocity predicted by equation 4.3 is of the same order

of magnitude as the velocities that we detect in our experiments. Recalling that

diffusioosmosis considers both osmotic pressure gradients and an electric field as
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Figure 4.5: Zeta potential measurements of glass beads in aqueous solu-
tions as a function of AOT concentration at different NaCl concentrations
(see legend). Inset: Zeta potential as a function of NaCl concentration at

CAOT = 20mM

a cause for the convection, it is interesting to ask which of these mechanisms

dominates in our system. For that we plotted both contributions in Fig. 4.7

and can conclude that the main part of the diffusioosmotic velocity is caused by

the electric field. By varying the NaCl concentrations (150-300 mM) we could

not detect any significant change in the velocity profile. This is in line with our

conclusion that we previously drew from Fig. 4.5.

The zeta potential is the only parameter in Eq. 4.3 that could possibly be influ-

enced by the NaCl. But since Fig. 4.5 shows that the zeta potential is insensitive

to the NaCl concentration also the diffusioosmotic velocity is expected to remain

unaffected by a variation of the NaCl concentration. We also verified which im-

pact the AOT concentration has on the velocity that we measure. However the

concentration range which we could explore was very limited. Below 10 mM the

interface was not covered by a lamellar phase. The flow that we observed in these

systems was clearly driven by a tension gradient along the droplet interface, as
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Figure 4.6: Diffusioosmotic velocity profile that we obtain by equation 4.3
compared with the velocities that we measure by tracking tracer particles and

vesicles in our solution.

we could detect interfacial motion by tracking the tracer particles and vesicles.

Above an AOT concentration of 50 mM it was not possible to track single tracer

particles or vesicles, as the aqueous solution was crowded with vesicles. Within

this concentration range (10 - 50 mM) we could not detect any significant change

in the flow structure or magnitude. This again can be explained by the constant

behavior of the zeta potential at high salinities.

4.5 Conclusion

In this chapter we have reported a hydrodynamic convection at a water/oil inter-

face in the presence of an ionic surfactant (AOT). Despite the similarity to the

system in chapter 3 we find that interfacial tension gradients can not explain the

convection because a layer of AOT covers and immobilizes the interface. Instead

diffusioosmosis, a flow driven by an electric field that arises in an ion gradient,

correctly predicts the flow velocity that we measured in our experiments. Other
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Figure 4.7: Osmotic and electrostatic contribution of the diffusioosmotic
velocity, as discussed in the text.

than the system in chapter 3 the diffusio-osmotic dynamics is very monotone; no

distinct dependence on the chemical composition was detected.

The diffusio-osmotic flow that we consider in chapter 4 is compared to the

Marangoni convection in chapter 3 an order of magnitude weaker. The pres-

ence of the AOT layer at the interface that suppresses any interfacial motion is

thus necessary to make diffusioosmosis visible. As the AOT layer that at the

water/oil interface is a very peculiar feature of our system the diffusio-osmosis

might be less interesting for microfluidic applications.

However the Marangoni and diffusioosmotic convection may be of use for oil

recovery processes. In many oil reservoirs the oil is contained in porous rock

or sand and to recover the oil, aqueous surfactant solutions, such as our AOT

solution, are used to wash off the oil from the rock (see figure 4.8 (a)). However

as up to 70 percent of the oil can not be recovered by this method, there is

a need to locate and manipulate the residual oil in the reservoir. One idea to

realize this is to pack detecting and controlling agents into vesicles that migrate
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Figure 4.8: (a) In an oil reservoir the oil (orange) is often trapped in the
narrow pores. To recover it commonly an aqueous surfactant solution (blue) is
pumped into the rock in order to wash off the oil from the pores. A substantial
amount of oil however remains in the reservoir (arrow). (b) Spontaneous
flows such as the Marangoni (chapter 3) or the diffusio-osmotic convection
(chapter 4) can transport vesicles towards a water/ oil interface. These vesicles
can contain detecting or controlling agents (green) that is released at the
interface. In this way the oil can be located but also manipulated to facilitate

the recovery.

towards oil interfaces where they then release their load (see figure 4.8 (b)). The

brine/AOT/alkane systems in chapter 3 and 4 hide great potential to realize this

idea. Besides the fact that vesicles form spontaneously in these systems, both the

Marangoni and the diffusioosmotic convection can be used to realize automated

and directed transport of vesicles towards oil interfaces.
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5

Are Antagonistic Salts Surfactants?

5.1 Introduction

As we have seen in the previous chapters, the surface activity of a solute plays an

important role in microfluidic migration phenomena. Apart from this, the knowl-

edge about the surface activity of solutes is also of key importance for a manifold

of other applications, such as coating and dispersion processes [1–3], oil recovery

[4, 5], microfluidics [6, 7] and biochemistry [8]. For surface activity one generally

distinguishes between surfactants and inorganic salts. Surfactants are commonly

viewed as having both an apolar (organic) and a polar (charged or hydrophilic)

part within the same molecule. For this reason, they will spontaneously adsorb

onto an interface between water and any apolar medium, usually either air or

an apolar liquid e.g., oil. Whenever molecules adsorb onto a surface or interface,

the surface tension γ will be lowered according to the Gibbs adsorption equation

[1]

Γ = −dγ
dµ
' −1

kBT

dγ

d lnC
, (5.1)

where Γ is the adsorption and µ the chemical potential of the adsorbing solute of

bulk concentration C; the approximation on the right hand side holds for dilute

77



Chapter 5

solutions. If Γ > 0, the surface tension decreases with increasing C. Upon the

addition of a typical surfactant, the surface tension of water can decrease from

∼ 70 mN/m to roughly 25 mN/m; however the interfacial tension between water

and an oil can decrease by many orders of magnitude to go from ∼ 50 mN/m

to ultra low tensions of roughly a few µN/m [9, 10]. The difference between

the air/water and the oil/water interface is that for the latter, the surfactant

may also be soluble into the oil phase and be capable of dissolving a part of the

water into the oil phase or vice versa. Ultralow surface tensions are then reached

when, due to the presence of the surfactants, the mutual solubility becomes so

high that the difference in composition becomes very small; consequently also

the interfacial tension becomes very small. Such an ultra-low tension often leads

to the formation of a third phase (in addition to the oil and water phases) that

contains most of the surfactant and similar amounts of oil and water; well known

examples of this are swollen lamellar or sponge phases [9–13].

Conversely, many inorganic salts such as NaCl increase both the surface tension

of water with air and the interfacial tension with apolar media such as oils [14–

17]. According to the Gibbs equation (5.1), this means that the salt molecules

are negatively adsorbed, i.e., depleted from the interface. This happens for both

water/air and water/oil interfaces, and is usually understood in terms of the

repulsion between an ion and its image charge that becomes important when an

ion comes close to the surface [15–17].

Solutes are thus commonly classified either as surfactants or salts. It therefore

came as a surprise that recently ’antagonistic salts’, added to a water/oil system,

produced lamellar structures [18, 19], that are usually only observed in oil/wa-

ter/surfactant systems, that have an ultra low tension [9–13]. The antagonistic

salts typically have a small inorganic ion such as Na+ and a large organic counter

ion, which means that both ions of the salt have an opposite preference of solva-

tion [20]. This poses the questions (i) what the fundamental difference between

an antagonistic salt and a surfactant is and (ii) what the origin is of the ultra

low interfacial tensions reported in [18, 19]. It is a common view [18–24] that

the large organic counter ion migrates into the oil phase and and subsequently

adsorbs at the water/oil interface due to electrostatic interaction with the coun-

terion in the water phase. It is this ”antagonistic” redistribution process that

would be required for antagonistic salts to lower the interfacial tension.

In this Chapter we study the surface activities at the water/air and water/oil
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Figure 5.1: (a) Surface tension at the water/air surface of aqueous solutions
of Sodium Chloride (black squares), Guanidinium Chloride (red circles) and
Sodium Tetraphenyl Borate (blue triangles) as a function of solute concen-
tration in weight percent. (b) Interfacial tension at the water/heptane inter-
face (full symbols, straight line) and water/toluene interface (hollow markers,
dashed line) of the same solutions as in (a). The interfacial tension at the pure
water/toluene interface is roughly 35mN/m, whereas at the water/heptane in-
terface 52mN/m, which explains the shift between the heptane and toluene

data.

interfaces of two organic salts and use NaCl as a reference salt. Our experiments

suggest that the ’antagonistic’ salt used in [18, 19] is perhaps better characterized

as a surfactant, since it lowers both the water/oil and the water/air interfacial

tension; for the latter no antagonistic redistribution is possible. We do however

uncover another, truly, antagonistic salt. This salt lowers the water/oil but does

not influence the water/air tension. We find the lowering of the oil/water ten-

sion to be on the order of a few mN/m, in agreement with a model calculation of

the electrostatic problem using Poisson-Boltzmann theory for the adsorption of

antagonistic salts at the water/oil interface. No ultra low interfacial tensions are

found in any of these systems, suggesting that these salts are not at the origin

of this observation [18, 19].

5.2 Experimental Details

We consider solutions of sodium chloride (NaCl), and the two organic salts Guani-

dinium Chloride (CH6N3Cl) and Sodium Tetraphenyl Borate ((C6 H5)4 B Na

(Sigma Aldrich) in ultra pure water. We probe the surface activity of these

solutes at the water/air and a water/oil (alkane) interface as a function of the

solute concentration using the pendant drop method (Easy Drop system from
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Krüss, see chapter 2.2). In our experiments we used different oil phases (decane,

heptane, hexane, cyclohexane, toluene). Similar results were obtained for the

different oils; Fig. 5.1 (b) shows that the more polar toluene starts out with

a lower interfacial tension than heptane, but the lowering by the Guanidinium

Chloride and Sodium Tetraphenyl Borate is similar. For simplicity we therefore

focus here on the results for heptane.

5.3 Results and Discussion

Fig. 5.1 (a) and (b) show the surface tension and interfacial tension, respectively,

of aqueous solutions containing the three solutes NaCl, Guanidinium Chloride

and Sodium Tetraphenyl Borate as a function of solute concentration. We find

that NaCl slightly increases both the surface tension and the interfacial tension.

This behavior of NaCl is well known and is due to the depletion of ions near

the interface. More striking is the surface activity of the two organic salts in our

experiment. For Sodium Tetraphenyl Borate that is considered to be antagonistic

in earlier experiments [18, 19], the surface and interfacial tension both decrease

as a function of Sodium Tetraphenyl Borate concentration by ≈ 10 mN/m, a

behavior expected for a surfactant. The migration of ions into the apolar phase,

a requirement for antagonistic salts to lower the interfacial tension, is however

not possible at the water/air interface. Thus, if Sodium Tetraphenyl Borate

were truly antagonistic, the surface tension of water with air should not decrease,

which it does. We can therefore conclude from Fig. 5.1 that Sodium Tetraphenyl

Borate is better classified as a surfactant and not as an antagonistic salt.

The situation is qualitatively different for Guanidinium Chloride: the surface

tension is unchanged, while the interfacial tension decreases by a few mN/m (Fig.

5.1). The surface activity of Guanidinium Chloride is consequently dependent on

whether a water/air or water/oil interface is considered, and can be explained by

the ”antagonistic” redistribution process of ions, that takes place at a water/oil

interface but is impeded at the water/air interface.

An additional finding that clearly distinguishes between the ”surfactant-like”

and antagonistic behavior is what happens to the tensions upon the addition of

NaCl to the Sodium Tetraphenyl Borate and Guanidinium Chloride solutions; the

addition of electrolytes influences the surface activity of many charged surfactants
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Figure 5.2: (a) Surface tension at the water/air surface and (b) interfacial
tension at the water/heptane interface of aqueous solutions of Guanidinium
Chloride (red circles) and Sodium Tetraphenyl Borate (blue triangles) in ab-
sence (filled markers) and in presence (hollow markers) of Sodium Chloride.

[25, 26]. Fig. 5.2 shows that the addition of NaCl causes both the surface tension

and interfacial tension of the Sodium Tetraphenyl Borate solutions to further

decrease. This is a common observation made for ionic surfactants [25, 26] and

thus supports our earlier conclusion: Sodium Tetraphenyl Borate is a surfactant.

However, Guanidinium Chloride shows the opposite behavior; the surface and

interfacial tensions slightly increase upon the addition of 10 WT% NaCl (Fig

5.2). This probably happens because the effect of the two salts compete with

each other; their effects appear to be roughly additive. Guanidinium Chloride is

therefore not a surfactant but an antagonistic salt.

5.4 Poisson Boltzmann model

The decrease of the interfacial tension for Guanidinium Chloride (Fig. 5.1 (b))

should therefore be due to the redistribution of organic ions into the heptane

phase. We now consider a simple Poisson- Boltzmann model (done in collabora-

tion with Marise Westbroek and Rene van Roij from the Institute for Theoretical

Physics, Center for Extreme Matter and Emergent Phenomena at Utrecht Uni-

versity) of the antagonistic effect by accounting not only for the redistribution

of ions but also, albeit in a very simplified way, for the image charge effect [27].

Specific ion effects such as hydration and polarizability [28], specific adsorption

[29], and the role of fluctuations [30] have been left out for now in order to isolate

the antagonistic effect of interest here, leaving their interplay for future research.
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We consider a planar surface of area A separating two half spaces z < 0 and

z > 0 filled with water (dielectric constant εw = 80) and oil (εo = 1.9, repre-

senting heptane), respectively, at temperature T . The system also contains two

monovalent ionic species, labeled by α = +1 for the cations and −1 for the an-

ions, and we seek the change ∆γ of the water/oil surface tension due to the ions

by minimizing the mean-field grand potential functional

Ω[{ρα}]
kBT

= A
∑
α=±

∫ ∞
−∞

dzρα(z)

[
log

(
ρα(z)

ρw

)
− 1

+
Vα(z)

kBT
+
α

2
φ(z)

]
, (5.2)

with respect to the two ionic concentration profiles ρα(z) [31]. The first line of

Eq.(5.2), where ρw denotes the ion concentration in bulk water at z → −∞,

represents the ideal-gas entropy of the two ionic species (favoring a homogeneous

distribution of the ions over the two liquids). The first term in the second line

includes the interaction of the ions with the solvent through the shifted Verwey-

Niessen potential V±(z) = 0 for z < s and V±(z) = f± for z > s, were f±

denotes the ionic self energy difference (or the Gibbs transfer energy) of the

ions in oil compared to water. The location of the potential discontinuity at

z = s 6= 0 is a simplified way to describe image charge interactions [31], where

the shift parameter s is negative here since εw > εo. Note that f+ and f−

take opposite signs for an antagonistic salt. The last term of Eq.(5.2) accounts

for the Coulombic ion-ion interactions described in terms of the electrostatic

potential kBTφ(z)/e that satisfies the Poisson equation [31]. Minimization of Ω

leads to ρ±(z) = ρw exp[∓φ(z) − V±(z)/kBT ], which with neutrality of bulk oil

leads to φ(z → ∞) = 1
2
(f− − f+) ≡ φD, the Donnan potential, from which we

find that ρα(z → ∞) = ρw exp[(f+ + f−)/2] ≡ ρ0, the bulk ion concentration

in oil. Following Ref. [31] one derives the full z-dependent equilibrium density

profiles by minimization of the grand potential functional (5.2). The electrostatic

contribution to the tension is given by ∆γ = (Ω− Ωbulk)/A, which yields within

linear screening theory [31]

∆γ

kT
= 2(1− p2)sρo

− φ2
Dp

2
√

2π
√
λoBD

(n cosh(κis) + sinh(κis))
√
ρo, (5.3)
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Figure 5.3: Interfacial tension at the water/heptane interface as a function of
the bulk concentration in water ρw in weight percent. The red graph denotes
the experimental data for the interfacial tension measurements in presence
of Guanidinium Chloride (the same as in Fig. 5.1(b)). The dashed line is
the result of linearized PB theory for an antagonistic salt with self-energy

differences (f−, f+) = (−3.3, 3.1)kBT and s = −0.1nm.

where p = exp[(f+ + f−)/4], λoB = e2/εokT is the Bjerrum length in oil, κi =√
8πλoBρw is the interfacial Debye screening parameter for s < z < 0, n =

√
εw/εo

and D = (1 + np) cosh(κis) + (n+ p) sinh(κis).

Fig.5.3 compares the predicted reduction of the tension of the water/heptane

interface with experiments, where we use the parameters f− = −3.3kBT , f+ =

3.1kBT , and s = −0.1 nm. Except at extremely low concentrations, this set of fit

parameters renders the first term of our expression for ∆γ dominant, with p < 1.

This term is bilinear in the ion concentration and s and stems from the net des-

orption due to the image charge (and possibly other specific) forces [31]. There is

reasonable agreement between the experimental observations and the linearized

theory, which gives a very reasonable value for s on the order of a molecular

size. However the numerical values for the self energies are rather low [16, 17].

It is interesting to speculate that a full non-linear treatment of the problem, and

perhaps a better account of the image-charge interactions and ion polarization,
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should give rise to more realistic (higher) values of the best fit of the self en-

ergies, but this is left for future research. For now we conclude that linearized

Poisson-Boltzmann theory qualitatively supports the experimental finding that

Guanidinium Chloride is of antagonistic nature.

Sodium Tetraphenyl Borate, on the other hand, should be considered a surfac-

tant. The observation that a comparable decrease of surface tension at both

water/air and water/oil surfaces is observed, then suggests that the redistribu-

tion process rather plays a minor role in the system, since it is impossible for

the water/air surface. In addition to the fact that the variations in tension are

relatively small, this poses the question why in earlier experiments with this

salt [18, 19] an ultralow tension was reported. One possible interpretation is

that their ’water/oil’ system (D2O/3-methylpiridine (3MP )) system was near a

critical temperature TC at which the interfacial tension between D2O and 3MP

vanishes. We can estimate the interfacial tension of a pure (surfactant free)

D2O/3MP system from [32]:

γ = 0.128kBT/ξ
2. (5.4)

if we use the solvent correlation length ξ = ξ0
(TC−T )
TC

−0.625
[32] from the data in

reference [33], we find ξ ≈ 2.2nm. For the interfacial tension of the D2O/3MP

mixture at the temperatures at which the lamellar phases are reported in [18,

19], we find γ ≈ 5 · 10−5N/m. This shows that the interfacial tension in their

system is already three orders of magnitude lower even in the absence of Sodium

Tetraphenyl Borate than in our system, which provides an alternative explanation

for the formation of lamellar phases.

5.5 Conclusion

We have characterized antagonistic salts by their surface activity at both wa-

ter/air and water/oil interfaces. Our experiments and theoretical considerations

show that the world of surface active compounds can not be conclusively di-

vided into either inorganic salts or surfactants, as is usually done [1–17]. A third
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class of compounds has to be considered that lowers the interfacial tension at

a water/oil interface by a peculiar redistribution mechanism of the ions. Such

a mechanism is unable to operate at the water air interface, since the organic

counterions cannot dissolve in the air. Such antagonistic salts have barely or

not been considered in surface science, even though their peculiar surface ac-

tivity may open new perspectives for the many applications of surface active

compounds [1–8]. A specific example for a technology that might be crucially

affected by the the unique antagonistic redistribution process of ions may be

electrophoresis, a microfluidic separation and driving mechanism for droplets in

electrolyte solutions [34]. Furthermore electrophoretic experiments with water

or oil droplets in presence of surface active solute might even serve as a method

to investigate the ’antagonistic’ redistribution process and thus an interesting

subject for future research.

References

[1] J. T. Davies, E. K. Rideal,

Interfacial Phenomena

(Academic, New York) 1963.

[2] W. M. Gelbart, A. Ben-Shaul, D. Roux,

Micelles, Membranes, Microemulsions and Monolayers

1994 .

[3] A. Q. Shen, B. Gleason, G. H. McKinley, H. A. Stone,

Fiber coating with surfactant solutions,

Phys. Fluids 14, 4055 2002

[4] D. L. Zhang, S. Liu, M. Puerto, C. A. Miller, G. J. Hirasaki,

Wettability alteration and spontaneous imbibition in oil-wet carbonate for-

mations,

Pages 213-226, Journal of Petroleum Science and Engineering 52 2006 213

[5] S. Berg.,

Marangoni-driven spreading along liquid-liquid interfaces,

Phys. Fluids 21, 032105 2009

85



Chapter 5

[6] J. C. Baret,

Surfactants in droplet-based microfluidics,

Lab Chip, 2012, 12, 422

[7] E. Verneuil, M. L. Cordero, F. Gallaire, C. N. Baroud ,

Laser-Induced Force on a Microfluidic Drop: Origin and Magnitude,

Langmuir 2009, 25(9), 5127-5134

[8] L. M. Pegram, M. T. Record,

Hofmeister Salt Effects on Surface Tension Arise from Partitioning of Anions

and Cations between Bulk Water and the Air-Water Interface,

J. Phys. Chem. B 2007, 111, 5411-5417

[9] Effects of Alkane Chain Length on the Bending Elasticity Constant K of AOT

Monolayers at the Planar Oil-Water Interface,

Europhys. Lett., 16(1), pp. 53-58 1991

[10] H. Kellay, B.P. Binks, Y. Hendrikx, L.T. Lee, J. Meunier,

Properties of surfactant monolayers in relation to microemulsion phase be-

haviour,

Adv. Colloid Interface Sci, 49 1994 85-112

[11] N. Shahidzadeh, D. Bonn and J. Meunier,

A new mechanism of spontaneous emulsification: Relation to surfactant prop-

erties,

Europhys. Lett., 40 (4), pp. 459-464 1997

[12] T. Nishimi, C. A. Miller,

Spontaneous Emulsification produced by diffusion- A Review ,

Colloids Surf. 29 1988 89-102

[13] T. Nishimi, C. A. Miller,

Spontaneous Emulsification of Oil in Aerosol-OT/Water/ Hydrocarbon Sys-

tems,

Langmuir 2000, 16, 9233-9241

[14] N. Shahidzadeh-Bonn, S. Rafäı, D. Bonn, G. Wegdam,
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Summary

In this thesis we investigated the effect of surfactants microfluidic migration

phenomena. We thereby discover that dependent on the microfluidic systems

surfactants can have various roles.

In chapter 2 the effect of surfactants on the migration of an air bubble in a

temperature gradient has been studied. To our knowledge this is the first mi-

crofluidic system in which thermomigration towards warmer or cooler regions is

observed. The presence of the surfactant thereby plays a major role. The migra-

tion towards warmer regions (classical thermomigration) can be attributed to a

thermally induced surface tension gradient at the bubble surface. This tension

gradient is however reduced by a redistribution of the surfactant so that other

forces can overcome the tension gradient and drive the bubble into the opposite

direction (nonclassical thermomigration). The surfactant is redistributed by the

Soret effect and by the convection along the bubble surface and we show that

both mechanisms lead to a significant reduction of the tension gradient. The

forces that cause the nonclassical thermomigration arise from the thermal dila-

tion of the capillary walls and from gravity. Comparison between these forces

and the tension gradient eventually provide an explanation for the direction and

the order of magnitude of the bubble velocity.

Besides this passive effect of surfactants, the experiments in chapter 3 and 4

demonstrated how active motion can be realized with the help of surfactants. In

both cases we observe a hydrodynamic convection at a water/oil interface and

we find that the convection is the result of spontaneous gradients in surfactant

concentration near the water/ oil interface. Strikingly, the forces that arise from

the gradient and eventually drive the convection are of different nature. We

find that the convection in chapter 3 is driven by a surface tension gradient,

triggered by the production of oi swollen micelles. In the system in chapter 4
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surface tension gradients are absent and the motion is driven by an electric field,

a phenomenon that is known as diffusioosmosis. As the driving force is different

also the dynamics of the two systems differs significantly. The magnitude and

the direction of the convection in chapter 3 can be tuned by the chemistry of

the solution (e.g. NaCl concentration). However the exact physics behind the

phenomenon cannot be understood by the results that we present. In contrast to

that the diffusioosmotic convection in chapter 4 does not show any dependence

on the chemical composition of the solution. Despite the diffusioosmotic concept

provides a pretty suitable theoretical framework for the phenomena that we ob-

serve in chapter 4, several fundamental questions arise by our results; the focus

should be on how the amount and variety of electrolytes in a solution affect the

zeta potential.

The discussion about the role of surfactants in microfluidic systems showed that

it is predominantly the surface activity, the ability to adsorb at interfaces and

thereby lower the interfacial tension, that makes surfactant systems peculiar.

Surface active solutes are usually classified into inorganic salts that increase and

surfactants that decrease both the water/air and the water/oil tension. In chapter

5 we demonstrate that this conventional classification is incomplete; there is a

third class of solutes that act as a salt at the water/air but as a surfactant at the

water/oil interface. On the one hand this selective surface activity may be of use

for microfluidic sorting processes. But our experiments also rise the fundamental

question which parameters determine if a solute is a surfactant or not.

92
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In dit proefschrift hebben we het effect van oppervlakte actieve stoffen op mi-

crofluidische migratie onderzocht. We hebben daarbij ontdekt dat, afhankelijk

van de microfluidische systemen, oppervlakte actieve stoffen verschillende rollen

hebben.

In hoofdstuk 2 wordt het effect van oppervlakte actieve stoffen op de migratie

van een luchtbel in een temperatuurgradiënt onderzocht. Volgens ons is dit is het

eerste microfluidische systeem waarin thermo-migratie naar warme of naar koude

gebieden is waargenomen. De oppervlakte actieve stof speelt daarbij een belangri-

jke rol. De overgang naar warmere streken (klassieke thermo-migratie) kan wor-

den toegeschreven aan een thermisch geinduceerde oppervlaktespanningsgradiënt

aan het beloppervlak. Deze spanningsgradiënt wordt echter verminderd door

een herverdeling van de oppervlakte actieve stof waardoor andere krachten de

spanningsgradiënt overwinnen en de luchtbel in de tegengestelde richting wordt

gedreven (niet-klassieke thermo-migratie). De oppervlakte actieve stof wordt

gedistribueerd door het Soret effect en de convectie langs het bel oppervlak.

We laten zien dat beide mechanismen leiden tot een aanzienlijke vermindering

van de spanningsgradiënt. De krachten die de niet-klassieke thermo-migratie

veroorzaken, ontstaan door de thermische uitzetting van de capillaire wanden

en zwaartekracht. Vergelijking van deze krachten met de spannings gradiënt

geven uiteindelijk een verklaring voor de richting en de orde van grootte van de

luchtbelsnelheid.

Naast deze passieve effecten van oppervlakte actieve stoffen, laten de experi-

menten in hoofdstuk 3 en 4 zien hoe actieve beweging kan worden gerealiseerd

met behulp van oppervlakte actieve stoffen. In beide gevallen zien we hydro-

dynamische convectie bij een water/olie-grensvlak en we bevinden dat de con-

vectie het resultaat is van een gradient in de concentratie van de oppervlakte
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actieve stof in de buurt van het water/olie-grensvlak. Het is opvallend dat de

krachten die ontstaan door deze gradiënt verschillend van aard zijn. Wij zien

dat de convectie in hoofdstuk 3 wordt aangedreven door een oppervlaktespan-

ningsgradiënt, veroorzaakt door spontane emulgatie. In hoofdstuk 4 behandelen

we microfluidische migratie aangedreven door een elektrisch veld, een fenomeen

dat bekend staat als diffusie-osmose. Naast de drijvende kracht, verschilt ook de

dynamiek van de twee systemen aanzienlijk. De grootte en de richting van de

convectie in hoofdstuk 3 kan worden afgestemd met de chemische samenstelling

van de oplossing. De exacte fysica achter dit fenomeen is nog niet bekend. De

diffusie-osmotische convectie uit hoofdstuk 4 daarentegen is niet afhankelijk van

de chemische samenstelling van de oplossing. Dit diffusie-osmotisch concept biedt

een passend theoretisch kader voor de verschijnselen die we waarnemen in hoofd-

stuk 4. Toch ontstaan er een aantal fundamentele vragen door onze resultaten;

bijvoorbeeld, hoe bëınvloeden de hoeveelheid en het type elektrolyt in oplossing

bëınvloeden de Zeta potentieel.

Uit de discussie over de rol van oppervlakte actieve stoffen in microflüıdische

systemen blijkt dat het overwegend de oppervlakte-activiteit is die oppervlakte

actieve systemen eigenaardig maakt. Oppervlakte actieve stoffen worden meestal

ingedeeld in anorganische zouten en opppervlakte actieve stoffen die de wa-

ter/lucht en water/olie spanning respectievelijk verhogen danwel verlagen. In

hoofdstuk 5 tonen we aan dat deze conventionele indeling onvolledig is; er is een

derde klasse van oppervlakte actieve stoffen die de water/lucht oppervlakspan-

ning doen toenemen terwijl zij de water/olie oppervlaktespanning doen afnemen.

Deze selectieve oppervlakte-activiteit kan gebruikt worden voor sorteer processen

in microflüıdische systemen. Daarnaast roepen onze experimenten de vraag op:

Welke parameters bepalen de selectieve oppervlakte-activiteit?
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