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Emulsions

McClements &Weiss, 2008

An emulsion is an etherophasic system where two immiscible liquid phases
(usually oil and water) coexist with one phase dispersed as small spherical
droplets in the other phase.

Characteristics:
üHigh surface area
üThermodynamically unstable
üParticle diameter (0.1-100µm)
üOptically opaque
üLow emulsifier-to-oil ratio (less than 1:10)
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Water-in-oil (W/O):
butter, margarines, fat-based 
spreads, …

Oil-in-water (O/W):
milk, infant formula, salad dressing,
mayonnaises, sauces, soups,
beverages, meat products, cream
liqueurs,
whippable toppings, ice cream mixes,…



Thermodynamics vs Kinetics



Examples of emulsified food products



Multiple emulsions: W1/O/W2 or O1/W/O2

Water-in-oil-in-water (W/O/W) double emulsions consist of small water
droplets contained within larger oil droplets that are dispersed in an aqueous
continuous phase. W/O/W emulsions can also be more clearly defined as W1/
O/W2 emulsions, where W1 is the inner water phase while W2 is the outer
water phase.



Emulsion structure: the interface

Interfacial layer.  Essential to 
stabilize the emulsion  

In food emulsions, both liquid phases (generally, oil and water) are
separated by a narrow region, the oil-water interface. Despite the
fact that this interface is very thin (in the nanometer range), it
represents a large surface area and controls to a great extent the
physicochemical stability of emulsions.

“Everything happens at the borders”
Continuous phase

Dispersed phase



What kind of emulsion? 

To determine if an emulsion is O/W or W/O:

1) By dilution: if it is water soluble à O/W; otherwise à W/O;

2) By using dyes: if added with a water-soluble dye, the emulsion will be
homogeneously colored à O/W. If the dye is hydrophobicà no
homogenous colorationà W/O;

3) Emulsion conductivity: it is detected only in O/W emulsions;

4) Fluorescence: most of the oils have fluorescence when excited at the
adequate wavelengthà W/O emulsions



Emulsion ingredients
Food emulsions, rather than simple O/W or W/O emulsified systems are
compositionally complex systems that contain a wide variety of different
chemical constituents (macro- and micro-components).

A high quality and stable emulsified food is achieved by a proper selection of
the ingredients made on the bases on the technological functionality of each
individual constituent in the specific product and the how this is modified by the
presence of other compounds.

Ingredients
•Water
•Lipids
•Emulsifiers
•Texture modifiers (thickening and gelling agents)



Surfactant agents or emulsifiers
The principal role of surfactants in food emulsions is to allow their formation and 
enhance their stability. Three main abilities:

(i)to adsorb rapidly at the surface of the freshly formed emulsion droplets during
homogenization;

(ii)(to reduce the interfacial tension between the oil and aqueous phase to
increase the thermodynamic stability of the emulsion;

(iii)( to form a physical barrier (i.e. the interface) to prevent droplet aggregation
and coalescence.

àMolecules acting as surfactant have an amphiphilic structure, with
hydrophilic and hydrophobic regions

1.Small molecule surfactants
2.Biopolymers
3.Phospholipids
4.Particles

Water Oil



Surface Tension Lowering

• Adsorption occurs because it lowers the
Gibbs free energy of the system.

• Surfactants effectively lower the surface
tension γ (liquid/air interface) of liquids.

• The surface excess concentration (moles/
sq. m) is defined as Γ (surface pressure).



Surfactants
For their classification:

1)Bancroft rule: the phase in which the surfactant is most soluble forms
the continuous phase of the emulsion

2) HLB number: the ability of a surfactant to stabilize an emulsion depends
on the balance of hydrophilic to lipophilic groups.

HLB = 7 + ∑(hydrophilic group numbers) - ∑ (lipophilic group numbers).



Proteins – interfacial properties

Emulsifying properties
Proteins can be excellent 
emulsifiers because they 
contain both hydrophobic and 
hydrophilic groups

LOOP
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Flexible proteins: the different affinities for the amino acid residues for the water
and oil phases lead a disordered protein to form a series of loops, trains and
tails at the interface. The thickness of a disordered protein film is often large
(~10 nm).

Films of globular proteins are thinner than disordered proteins (~2–3 nm) but
often much more dense.

Polymeric surfactants (e.g., proteins) 
may undergo conformational 
changes while at an interfase, that 
lead to a decrease in γ :
– Flexible proteins: 10 s
– Globular proteins: 103 s



Pickering emulsions: stabilization by particles

The mechanism by which emulsion stability is conferred by adsorbed solid particles is
known as Pickering stabilization and the physical dimensions of these Pickering
stabilizing entities may range from the microscopic (i.e. microparticles) to the
supramolecular (nanoparticles).

Many types of solid particles are capable of stabilizing food-grade emulsion systems,
including fat crystals, starch granules, chitin nanocrystals, and flavonoid particles.

Dickinson, 2015



Olive oil Pickering emulsions stabilized by 
starch particles (1)

(rparticle << rdroplet)

Farooq et al., manuscript under preparation



Olive oil Pickering emulsions stabilized by 
starch particles

(rparticle ~ rdroplet)

Farooq et al., IJFS, 2021; 33 (3): 47–56



Bioinspired emulsion: recent trend

à Interfacial structure that mimics that of emulsions occurring in nature,
i.e., oil bodies (in plants) and milk-fat globules (in mammals)

Berton-Carabin, 2018



Droplet formation and stabilization: 
role of emulsifier

1. Facilitate breakup

2. Rapidly adsorption

3. Lower g

1. Generate repulsive forces

2. Form a resistant and stable membrane

3. Prevent coalescence

formation
stabilization



Production of O/W or W/O emulsion
The production of a specific kind of emulsion when mixing two immiscible
liquids is dependent on several factors:

1) Phase volume: ratio of continuous to the dispersed phases.

2) Viscosity of the phases: the most viscous phase will be more difficult to
breakà higher tendency to act as continuous phase

3) Homogenization procedure: the way the two phases are mixed together
determines the kind of emulsion. The phase initially present at a higher
extent usually acts as continuous phase.



Emulsion characteristics 
The main variables that affect emulsion properties and quality are:

1) Dispersed phase type: it determines the type of the emulsion (O/W or W/O)

2) Volume fraction of dispersed phase (f)

3) Droplet size and particle size distribution

4) Interfacial layer

5) Composition and physical state of the dispersing continuous phase



(2) Volume fraction of dispersed phase (f)
The amount of droplets in an emulsion is described by volume fraction (f): the ratio of
the total volume of the dispersed phase (Vᴅ) to the total volume of the emulsion (Vᴇ)

Close packingà fmax
Monodisperse

Ideal ~0.69-0.71
Random ~0.52

Polydisperse
Much greater

Most o/w emulsions: 0.01<f<0.4  
Mayonnaise: f >0.7
High fà the shape of the particles is not spherical. The highest the packing, the 
highest the distorsion



Mayonnaise with different f
(dispersed phase 60%, 70%, 80%)

SO                              LP-EVOO                      HP-EVOO                          PO

60%

70%

80%



According to the droplet size distribution emulsions can be classified in: mono-
dispersed, if the droplets are almost of the same size, and poly-dispersed when
droplets have a range of sizes.

Such properties are affected by:
üEnergy applied for the homogenization (W = g ΔA)

üAmount and type of emulsifier

• < 0.5 µm
• 0.5-1.5 µm
• 1.5-3 µm
• >3 µm

 A 

(3) Particle Size Distribution (PSD)



1. Light scattering
2. Microscopy & Image Analysis
3. Sieving
4. Sedimentation

Methods for Particle Size Analysis



Scattering from particles

Incident light
Small angle scattering

Incident light
Large angle scattering



RED Laser Light Source
! Intensity of laser source allows sensitive 

measurements of all sizes and low concentrations.
! Monochromatic light helps resolution.
! A Stable Laser output  permits high reproducibility.

• uses a blue LED of 466nm wavelength
• This allows the very small signals produced from sub 

micron particles to be detected.
• Some of the red detectors are re-used for detecting 

the scattered blue light.

BLUE Laser Light Source



Laser

The Red light optical System

Laser monitor

Range Lens

Sample cell
Focal plane detector

Obscuration monitor



Laser

FP

Blue light set-up



Droplet size and distribution

(%
 v

ol
um

e)

X= Mean = Measure of Central Tendency
s =Width = Measure of Spread of Data Around Mean (x/s)

X

s





J. Weiss, Emulsion Workshop, 2008



The characteristics of the interfacial layer influence the physico-chemical
properties and stability of an emulsion.

The main parameters are:

ü Thickness
ü Charge
ü Polarity
ü Rheological properties (viscoelasticity)
ü Physical state
ü Colloidal interactions
ü…

Such parameters affect:
1.Emulsion physical and chemical stability
2.Partition of molecules/ingredients
3.Release properties
4.…

(4) Properties of the Interfaces



Interactions among droplets

h

Actractive Forces

1.Van der Waals
2.Hydrophobic
3.“Depletion”

Repulsive Forces

1.Electrostatic
2.Steric



Droplets interactions



Homogenization

Homogenization=unit operationà The process of converting oil and
water phases into an emulsion, or of reducing the size of the
droplets in an existing emulsion

Two-step process: (1) Mixing à Primary Emulsionà (2) Droplet size
reduction



Emulsification process
Emulsions are often made by mixing the constituent ingredients to obtain a coarse
emulsion, which is further refined by passage through an emulsification device



Emulsification & Emulsifier Efficiency



High speed mixers 

The oil and water phases, placed in a suitable vessel, are agitated by a rotating stirrer.
The high speed rotation of the blades causes the generation of velocity gradients
which disrupt the interfaces between oil and aqueous phases and break large droplets
into smaller ones.

The flow field that can be generated is not intense and thus the droplet remain
relatively large (>10 μm) and wide droplet size distribution are obtained.

Process parameters: blender geometry and rotational speed



Colloid mills

These devices are particularly used for pre-mixed emulsions of medium and high
viscosity. The coarse emulsion is forced to flow into a narrow gap between a
rotating disk, the rotor, and a static disk, the stator.

The rapid rotation of the rotor generates a very high shear stress which causes the
disruption of large droplets.

Particle size: 1-5µm

Gap (50 – 1000 μm)
Speed (1000 – 20000 rpm) 
Surface profiles
Time (function of speed)



High Shear Disperser 
(Ultra Turrax)

These devices are rotor-stator systems similar to colloid mills. They are composed 
of coaxial intermeshing rings with radial openings. The fluid enters in the center of 
the systems and is accelerated by the rotor. As it passes through the system, the 
fluid is accelerated and decelerated multiple times which results in high tangential 
forces.

Rotational speeds may be as high as n=20000 min-1

Parameters: viscosity, time, speed, rotor-stator geometry 



High pressure homogenizers

A coarse emulsion is forced to pass through a narrow restrictive valve where it
experiences intense shear, cavitational and turbulent flow conditions which causes the
production of fine droplets.
High-pressure valve homogenizers are widely used for low or medium viscosity
products, e.g. dairy products. When very fine droplets sizes are required, emulsions
are passed several times through the valve by a recirculation system.

Pressure: 50-2000bar.
Droplet size: 0.1-2µm

Valve type
-flat, toothed, knife edge

Homogenization pressure
-gap size

Counter pressure



Ultrasonic homogenizers
The immiscible liquids are introduced into an ultrasonic energy
field (frequencies >20kHz) in the presence of a surfactant.

Imploding cavitation bubbles produced in the ultrasonic field
cause intense shock waves in the surrounding liquid and the
formation of liquid jets at high velocity is responsible for the
formation of emulsion droplets.

Emulsification time, surfactant concentration, ultrasonic power
and oil volume fraction determine the dispersion degree.

Process parameters:

Frequency
Sonication time
Hydrostatic pressure
Dissolved gas concentration
Viscosity & Temperture



Membrane homogenizers

In this technology one phase is dispersed into the other phase by being pressed
through the pores of a microporous membrane. Compared to conventional
turbolence methods, it is a low energy process, requires less surfactant and
produces emulsions with a narrow size distribution range. The final droplet size is
dependent on pressure, surfactant concentration and membrane properties, like
shape and dimensions of the pores.

Several processes: cross-flow membrane, micro-channel, dead-end membrane
emulsification.



Microfluidics



McClements, 2000

Define desired product characteristics�
Particle size distribution, viscosity�

Define desired production conditions�
Batch/Continuous, throughput, hygiene, temperature�

Identify, Test & Compare Homogenizers�
High speed blender, high pressure valve, colloid mill, ultrasonic,membrane
etc.�

Optimize Homogenization Conditions�
Pressure, flow rate, rotation speed, time, temperature, emulsifier type,
emulsifier concentration McClements & Weiss, 2008



Droplet size and distribution depend on:

• Method of homogenization and process 
parameters

• The chemical and physical properties of the 
phases (es. viscosity, interfacial tension,...)

• Emulsifier
adsorption kinetic at the o/w interface
lowering of the interfacial tension
particles stabilization towards aggregation phenomena

…





Physical instability: mechanisms
Because of the molecular incompatibility of each phase, emulsions tend to undergo
phase separation to minimize the contact area between the phases, which results in
a change in the free energy of the system (�G, J) equal to�DG = γ� DA,



Gravitational separation
Normally, the density of the droplets in an
emulsion is different from that of the liquid that
surrounds them, and so a net gravitational force
acts upon them

If the droplets have a lower density than the
surrounding liquid then they have a tendency to
move upwards, which is referred to as creaming.
Conversely, if they have a higher density than the
surrounding liquid then they tend to move
downwards, which is referred to as
sedimentation.

Thus droplets in an O/W emulsion tend to cream, 
whereas those in a W/O emulsion tend to 
sediment. 

The rate at which an isolated rigid spherical 
particle creams in an ideal (Newtonian) liquid is 
given by Stokes’ Law 

€ 

vs =
2gr2(ρ2 − ρ1)

9η1



Flocculation and Coalescence

Film
 ru

pture

Re-hom
ogenization

Collision and sticking (reaction)

Stir or change chemical conditions FLOCCULATION

COALESCENCE



Flocculation - Coalescence
Flocculation is the process whereby two or more droplets as- sociate with each other,
but maintain their individual integrities. It tends to occur when the attractive interactions
be- tween droplets dominate the long-range repulsive interactions, t not the short-
range repulsive interactions. Hence, the droplets remain in close proximity to each
other (flocculate), without coming close enough together to merge into each other
(coalesce). The macroscopic properties of emulsions, such as appearance, rheology
and sensory perception, are strongly influenced by the extent and nature of
flocculation.

Coalescence is defined as the process whereby two or more liquid droplets merge
together to form a single larger droplet. Coalescence causes the droplets in an
emulsion to cream or sediment more rapidly because of the increase in their size. In
addition, it may lead to a change in the appearance of an emulsion because larger
droplets usually scatter light less effectively than smaller ones, hence an emulsion may
appear less turbid and more intensely colored when coalescence occurs.

In O/Wà coalescence eventually leads to the formation of a layer of oil on top of the
material à oiling off.



Destabilization, variables and 
technological actions



Physical stability of a dispersion 

�Low interfacial tensionà emulsifiers

�Electrical repulsionà interface charge

�Solid particles

�Macromolecules

�Crystals

�Modulation of the physical properties of the 
continuous phaseàviscosity



Dispersed lipid phases are usually more susceptible to auto-oxidation than
bulk oils due to the increase in interfacial area.

Interfacial engineering:

§Composition
§Thickness
§Rheological properties
§Charge
§…

addition of antioxidant compounds…however in complex systems
such as emulsions location is as important as reactivity!

*Waraho, McClements & Decker, 2011
*

Chemical stability of a dispersion 



Berton-Carabin et al., 2014



DOUBLE EMULSION
W1/O/W2

Lipophilic 
emulsifier

Hydrophilic 
emulsifier

MAIN DESTABILISATION 
PHENOMENA

Double emulsion preparation



W1/O/W2: encapsulation of 
hydrophilic bioactive compounds


