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topics:

surfactant properties

degradation of emulsions

phase separation

Ostwald ripening

aggregation

phase inversion

(some) thermodynamics
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If two components are completely compatible they do not form an 
interface as it is the case for dilute gases or two mutually soluble liquids. 
In this case, the free energy of mixing is negative. 

It is exactly the opposite if two incompatible components forming an 
interface upon mixing. If a stable interface is formed the free energy of 
formation must be positive.

This behavior finds its expression in a special form of the Gibbs-Helmholtz
equation where US is the total surface energy for a given interface (S), 
σ is the interfacial tension, and T is the absolute temperature .
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for most systems

Some Thermodynamics (emulsion formation by comminution)



The preparation of emulsions requires energy to disperse the organic 
phase (solvent or solution) in water. 

In order to get an idea about the thermodynamics the change in the 
Gibbs free energy of the system (∆G), provided by the particular 
dispersing procedure at constant composition and pressure, can be 
expressed by:

STHG ∆⋅−∆=∆

The entropy (∆S) is a measure of the extent of disorder in the system and 
hence measures the extent of size reduction of the organic phase (or 
increase in droplet number). The increasing disorder during the formation 
of an emulsion means a positive ∆S contributing to stability.

∆H is the enthalpy of the system and can be considered as the binding 
energy of the organic bulk material or the energy input needed to 
achieve a certain average droplet size. 

Some Thermodynamics (2)



∆W is the free energy of the interface and corresponds to the 
reversible work brought permanently into the system during the 
emulsification process . This makes an emulsion very prone to 
coalescence processes which lead to a decrease in ∆A and 
subsequently in ∆W. The conclusion is straightforward that ultimate 
stability against coalescence processes is only achieved if σ
approaches zero.

AW ∆⋅σ=∆

If a volume change during the emulsification is neglected the 
enthalpy corresponds to the internal energy which is the sum of the 
work required to expand the interfacial area (∆W) and an amount of 
heat which results from wasting a part of the energy input .

The increase in the energy of an emulsion compared to the non-
emulsified components is equal to ∆W. This amount of energy can be 
considered as a measure of the thermodynamic instability of an 
emulsion.

Some Thermodynamics (3)



container
interface 1/C

surface liquid/vapor
interface 1/S

interface ½
(macrodrops)

unmixed (u) state of components 1 and 2
(continuous phase: 1 and dispersed phase: 2)

Some Thermodynamics (4)

G1, G2 bulk properties

in many cases but not always
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mixed state of components 1 and 2
(continuous phase: 1 and dispersed phase: 2)

Some Thermodynamics (5)

interface 1/2
Interfacial tension: σ12
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Some Thermodynamics (6)

free energy of emulsion formation between components 1 and 2
(continuous phase: 1 and dispersed phase: 2)

if σ12 extremely low spontaneous emulsification!
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Some Thermodynamics (7)

free energy of emulsion breakdown between components 1 and 2
(continuous phase: 1 and dispersed phase: 2)
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Action of Emulsifiers

main actions:

reducing the 
interfacial tension 
between the phases

forming a barrier 
between the phases



Action of Emulsifiers

- promoting the formation
of an emulsion, 

- making it easier to prepare, 
- producing finer droplet size, 
- aiding stability to the dispersed

state

controlling the type of emulsion that is 
to be formed: oil in water (O/W) or 
water in oil (W/O)



Gibbs - Marangoni Effect convective motions due to 
differences in interfacial tension

local differences in s at curved 
interfaces try to restore flat surface 
spontaneously

Additional action of surfactants: generation and maintaining of a 
gradient of the interfacial tension (gradient of the interfacial 
density of surfactant molecules) across the droplet surface during 
undulations caused by thermal or mechanical stresses. The latter
effect also contributes to the stability of emulsions and is strongly 
connected with the Gibbs - Marangoni effect 

(1)



Gibbs - Marangoni Effect (2)



A closer look at an emulsion droplet (O/W)

liquid crystalline 
surfactant film

monomolecular 
surfactant film

polymeric surfactant film 
(tail-loop-train model)



Bancroft‘s rule 

*W. D. Bancroft J. Phys. Chem. 16 (1912) 177-233 

„When water is the dispersing phase, the emulsifying agent should
be a hydrophilic colloid (Höber). Höber does not draw the 
conclusion that the emulsifying agent should be an oleophile 
colloid in case the emulsion is to contain water in drops“*

The liquid in which the stabilizer has a higher 
solubility forms the continuous phase.



Classification of surface-active agents by HLB
HLB - hydrophilicity lipophilicity balance*

*W. C. Griffin J. Soc. Cosmetic Chemists 1 (1949) 311-326



HLB-values of typical food emulsifiers



HLB – pros and cons
Positives

Excellent starting point
Generally produces a fairly good emulsion

Negatives
Ignores the importance of:

• Electrical double layer
• Temperature effects of ethoxylates
• Fatty alcohols
• Placement of emulsifier
• % of emulsifier to be used
• Phase volume ratios
• Component interactions
• Liquid crystals



P. D. T. Huibers, D. O. Shah Langmuir 13 (1997) 5762-6765 

HLB value is important 
also for the stability of 
an emulsion 

the surfactant must be 
present at the 
interface - optimum 
HLB is necessary



surfactant properties (1) – Krafft temperature

solubility

cmc
W. L. Friedrich E. Krafft
(1852-1923), Heidelberg

anionic surfactant



Krafft Temperature - Examples

CH3 (CH2)10 CH2 OSO3
-Na+ CH3 (CH2)16 CH2 OSO3

-Na+



Phase Inversion Temperature PIT
As the temperature increases, the water solubility
of ethoxylated nonionic emulsifiers becomes
poorer (the HLB decreases). 
There is a temperature (PIT) at which the 
hydrophilic and lipophilic characteristics of the 
emulsifier are equal (relative to the required HLB
of the oil phase). 
At this temperature the emulsion will exhibit a 
phase inversion.
The PIT should be at least 20 °C higher than the
storage temperature. Choose emulsifiers, and  
concentrations, to raise the PIT.



Phase inversion temperature (PIT)

H2O



Emulsifiers may be selected by means of the HLB 
scale or by the phase-inversion temperature (PIT)



Requested Breakdown of Emulsions: 
Demulsification

Yes, sometimes but not 
always when needed and 
not completely

Important examples: 

oil recovery (oil in water emulsions) 
waste treatment (oil in water emulsions)

destroy the interfacial surfactant layer by demulsifiers 

topic in its own right



There are several strategies for counteracting emulsions:

•air flotation, ozonation or other oxidations 

•modifying the surfactant's charge (addition of CaCI2 or MgS04
changes surfactant solubility)

•Antagonist addition (charge neutralization)

•Increase the solubility of the surfactant in either bulk phase ( alcohol or
other polar solvents, such as acetone to pull the surfactant out of the 
oil phase)

•If the aqueous phase is a brine, dilution with water might help

•Disrupt the oriented structure of the emulsifier's interfacial phase with 
demulsifiers which are materials not very soluble in either phase and
hence concentrate at the interface (separation due to increasing the
intermolecular distance and weakening the binding forces 
constructed by the emulsifier)

•Increase the ionic strength



Degradation of Emulsions

1

1

2

3

3

3

3

4

1 – phase separation

(creaming, 
sedimentation)

2 – Ostwald ripening

3 – aggregation processes

(flocculation, 
coagulation, 
coalescence)

4 – phase inversion



Phase separation
stationary velocity for laminar conditions during 
phase separation:

The density of the disperse phase means exactly the density of the droplets during the motion. A 
moving droplet is composed of liquid-1, stabilizers, and in some cases also a certain amount of 
continuous phase which is entrapped in a layer surrounding the droplets.
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As a rule of thumb: Dd > 1 µm sedimentation and creaming 
for ρd > ρc and ρd < ρc

Dd <  1 µm: water and a common monomer / oil, Brownian motion keeps 
the droplets almost evenly distributed throughout the emulsion (if no 
other forces are acting) 



phase separation depends on density difference

Phase Separation: Dispersed Phase

( )ρ ρd c∆ = −

sedimentation
∆ = 0.49845 g cm-3

creaming
∆ = -0.3452 g cm-3

chloroform / water hexane / water

oil

oil



phase separation is size dependent Dd
2

Phase Separation: Dispersed Phase

practical meaning: bimodal droplet size distributions

natural fresh milk, non homogenized: 

butter &
cheese



Phase Separation: Continuous Phase

phase separation is viscosity dependent
1/ηc

to reduce phase separation:

add gelling agents to increase 
viscosity of the continuous 
phase



Aggregation Processes
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secondary minimum
(Vsm < 1,5 kBT for reversible
 flocculation)

primary minimum
(ca. 2 times dispersions 
energy droplet - H2O)

primary maximum
         (Vpm > 15 kBT)

Born repulsion
DLVO theory for charged spheres

electrostatic double layer repulsion 
competes with van der Waals
attraction 

Derjaguin B.V., Landau L.D., Theory of the stability of strongly 
charged lyophobic sols and the adhesion of strongly 
charged particles in solutions of electrolyte
Acta Physicochimica URSS 14 (1941) 633-662
Verwey E.J.W., Overbeek J.Th.G., 1948, Theory of the Stability 
of Lyophobic Colloids. Elsevier, New York

E J W Verwey;  J Th G Overbeek;  K van Nes Publisher: New York, Elsevier Pub. Co., 1948. 
Theory of the stability of lyophobic colloids; the interaction of sol particles having an electric double layer











electrokinetic potential (zeta potential) is directly accessible 
by electrophoretic  measurements 

surface potential is directly accessible by charge titration 





coalescence is not a single stage process but 

comprises at least four elementary steps:

• contact at a distance that allows                           
aattractive interaction, 
• the drainage of the continuous phase
film between the drops, 

• the rupture of the film,  
• the collapse of the droplets.

nowadays aggregation processes 
can be prevented very effectively 

Aggregation Processes





Common and Newton Black Films –
Visualization of DLVO forces

movies H-J- Müller, KGF, IF



Continuous Phase Film Stability:

Light is reflected from each side of the film. These two contributions 
interfere in the familiar manner to give the colors of thin films by 
removing certain colors by destructive interference, just as seen in oil 
films and in the oxide films on tempered steel. 

When the film thickness becomes less than about 1 µm the colors 
begin to appear, at first green and magenta, then the brighter colors 
of lower orders, including reds, blues and one good yellow or straw 
color. 

At about 0.1 µm there is a white, but for thinner films the color 
approaches black (film invisible) as the light from front and back 
cancel. 

These colors serve to indicate the thickness of the films.

film thinning



(hard) sphere packing problem

Experiment shows that dropping the spheres in 
randomly will achieve a density of around 65%. 

However, a higher density can be achieved by 
carefully arranging the spheres as follows. Start 
with a layer of spheres in a hexagonal lattice, 
then put the next layer of spheres in the lowest 
points you can find above the first layer, and so
on - this is just the way you see oranges stacked 
in a shop. 

This natural method of stacking the spheres 
creates one of two similar patterns called cubic 
close packing and hexagonal close packing. 
Each of these two arrangements has an 
average density of ~74 %.

The Kepler conjecture says that this is the best 
that can be done - no other arrangement of 
spheres has a higher average density than this.

The sphere packing problem has frustrated 
mathematicians for nearly four centuries.

Kepler‘s Conjecture
(1571 – 1630)

highest possible volume
occupied by solid spheres =

max
πφ 74%
18

≈ ≈



monolayer formed from a 10 µm 
diameter monodisperse

emulsion of silicone oil in water
Langmuir 2000, 16, 347-351

Macromolecules  2003, 36, 648-653

highly swollen PS particles
(styrene, 1-chlorododecane)

entropic swelling



Highly Concentrated Emulsions: maxφ >74%



rhomboidal dodecahedron

packing from 74% to 94% 
internal phase volume

tetrakaidecahedron

packing above  94% 
internal phase volume

Transition from Spheres to Polyhedrons:



Concentrated Emulsions a Practical Example:

HIPE: high internal phase emulsions
The most studied system: w/o emulsion with  styrene / divinylbenzene
mixture as continuous phase and water as internal phase with a nonionic 
surfactant; polymerization with oil and water soluble initiators leads to 
polymer foam with open-cellular structure

Adv. Polym. Sci. 126 (1996) 163-214

Stabilization against flocculation is nowadays no issue anymore



Phase Inversion

phase inversion depends on:

• the polarity of the oil phase, 
• the kind of electrolyte and its concentration, 
• other additives (organic, water-soluble solvents increasing oil solubility in water),
• the oil volume fraction. 

important in the case of polymeric surfactants with a stabilizing 
moiety possessing a critical solution temperature

poly(ethylene glycol) based surfactants

temperature increases     HLB decreases of the surfactant and it 
may subsequently, in accordance with Bancroft’s rule lead to stabilization 
of a water in oil instead of an oil in water emulsion.



Ostwald Ripening (OR)
a direct consequence of the polydispersity of the DSD whereby 
even thermal fluctuation in Dd or in the curvature may cause it
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chemical potential of a dispersed phase compared to that of the 
same bulk material

concentration of the disperse phase just at the interface (C(D) where σ holds)

C∞,1 being the solubility of the disperse (C1) phase in the continuous medium

two important points:

Ostwald ripening requires to occur a certain solubility of  
the dispersed phase (C1) in the continuous phase
Direct contact between the droplets is not necessary as 
molecular diffusion through the continuous phase leads to 
an increase in Dd

OR is a topic in its own right



water solubility (v/v)



OR – continued 1

Higuchi, W. I. and J. Misra, Physical degradation of emulsions via the molecular diffusion 
route and the possible prevention thereof, J. Pharmaceutical Sci., 51, 459 - 466 (1962)

Kabalnov, A. S., A. V. Pertzov and E. D. Shchukin, Ostwald ripening in two-component disperse 
phase systems: application to emulsion stability, Coll. Surf., 24, 19 - 32 (1987)

it might be possible to stabilize emulsions against Ostwald 
ripening by addition of small amounts of a third component 
(compound- 2) which preferentially should dissolved in liquid-1 
and not in the continuous phase

this was done by Higuchi and Misra and experimentally 
verified by stabilization of carbon tetrachloride emulsion in 
water with hexadecane

Ostwald ripening in the presence of compound-2 was 
theoretically investigated by Kabalnov et al. 



OR – continued 2

a zero solubility  =  a very low solubility !!!

hexadecane emulsions degrade (slowly)  via OR ! !

properties of Compound- 2 are crucial 

02 =∞,C
12 ,, ∞∞ <<CC



OR – continued 3

which means that the total number 
of droplets remains constant.

situation at equilibrium (subscript e) regarding the second component (subscript 
2) for  two particles (superscripts ‘ and ‘’) with different diameters.

However, the distribution of liquid-1 from small to large particles 
changes the composition of the droplets. It increases the volume 
fraction of compound-2 (φ2) in the smaller particles and decreases it 
in the larger ones.
Indeed, investigations on Ostwald ripening with sedimentation field-flow fractionation in fluorocarbon 
emulsions confirmed the theoretical prediction that compound-2 is enriched in smaller drops 
[Weers, J. G. and R. A. Arlauskas, Langmuir, 11, 474 - 477 (1995) ].
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OR – continued 4
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To compensate for the Ostwald ripening requires φ2-values depending 
on the droplet size in the sense that smaller drops require a higher φ2
and vice versa. However, this is practically impossible to control 
during the initial emulsification process.

from the chemical potential at equilibrium follows a condition for φ2,i that the 
system can reach the equilibrium and Ostwald ripening will stop. Here the subscript i 
stands for initial conditions and  stands for the initial average droplet size

If this condition is not met the 
particles cannot reach equilibrium 
and Ostwald ripening will further 
increase the differences in the 
chemical potential for particles with 
different sizes.



OR – continued 5

An additional effect arises if compound-2 is surface active. During the 
equilibration of liquid-1 σ decreases in the small drops and increases in the large 
ones. This decreases the driving force for the re-distribution of liquid-1 and 
hence would additionally stabilize the emulsion against Ostwald ripening.

the addition of a completely water-insoluble hydrophobe during 
the emulsification does not per se prevent Ostwald ripening.

Ostwald ripening takes place in any case, except an exactly 
monodisperse droplet size distribution

it will either lead to an equilibrium after a certain 
maturation time or not (i.e., indefinitely ripening 
until phase separation is completed)



Emulsions either natural or man-made are essential 
parts of life on earth:

food
cosmetic

construction
health care
medicine

information techn.

biology

materials
paved surfaces



see you next week: 

µ-emulsions & miniemulsions


