












might be unable to completely arrest the Ostwald ripening,

whereas properly structured molecular aggregates on the

drop/bubble surface might be able to accomplish this task.

4. Conclusions

The performed comparison of the various types of emulsifiers

shows that some non-obvious similarities can be outlined in

the cases in which the description of the system can be

performed at the phenomenological level. Appropriate exam-

ples are the mass-balance equations, used to predict the mean

drop size in the process of emulsification, which are equally

applicable (with simple modifications) to all types of emulsi-

fiers, see eqn (1)–(13) and (23) and Fig. 1 and 3.

The differences between the emulsifiers are significant in the

cases in which the detailed mechanisms of adsorption and film

stabilization are important. The main specific features of the

solid particles which control their behavior during emulsifica-

tion and emulsion stabilization are: the high barrier to particle

adsorption, high desorption energy and strong capillary forces

between particles trapped in liquid films, which all stem from

the relatively large particle size (as compared to the size of

surfactant and protein molecules). This important size effect

suggests that the small nanoparticles with diameter of 1–5 nm

could exhibit behavior closer to globular proteins (as com-

pared to the bigger solid particles), due to the comparable size

and desorption energy.

The mechanism of stabilization of liquid films by solid

particles (in foams or emulsions) is based on capillary

phenomena. The two different scenarios of film rupture (for

films stabilized by a monolayer or bilayer of solid particles) are

briefly presented and the respective capillary pressures for film

rupture are discussed. Although the exact calculations of the

shape of the menisci between the particles (needed to calculate

film stability) are rather difficult, several simple expressions

can be used for approximate estimates. The concept of the

capillary component of the disjoining pressure, originating

from the capillary mechanism of film stabilization by solid

particles, is explained.

The performed comparison of the available results for the

coalescence stability of various emulsions unexpectedly re-

vealed that the hypothesis for exceptionally high stability of

the particle-stabilized emulsions is not supported by the

experimental data. On the other hand, the particles are able

to completely arrest the process of Ostwald ripening in foams

and emulsions, and this effect can be easily explained with the

high desorption energy of the particles and the resulting

capillary effects.

Most of the conclusions outlined above are equally applic-

able to both particle-stabilized emulsions and foams. It would

be interesting to see whether the approach based on comparing

the properties of the different types of emulsifiers could be

extended further to provide useful results for other properties

of the particle-stabilized emulsions (and foams), such as their

rheological and optical properties, and the conditions for

phase inversion. This extension is left for a subsequent study.

Notation

Capital Latin letters

A—dimensionless constants appearing in the equations for the

drop diameter, d

A1—eqn (5)

A2—eqn (6)

AH—Hamaker constant

C—concentration

CEL—electrolyte concentration

CINI—initial emulsifier concentration

CP—concentration of particles

CSER—surfactant concentration left in the aqueous phase

after emulsification

D—diffusion coefficient of the dissolved molecules, eqn (30)

F—force

F—interaction force between particle and oil–water inter-

face

FMAX—height of the electrostatic barrier between particle

and drop

FT—hydrodynamic force pushing particle to drop surface in

turbulent flow, eqn (19)

FS—hydrodynamic force pushing particle to drop surface in

simple shear flow, eqn (20)

FCF—lateral capillary force between particles trapped in

liquid film, eqn (28)

H—height of emulsion column

I—ionic strength

Q—particle charge, eqn (22)

P—pressure

Fig. 9 Schematic presentation of the mechanism of Ostwald ripening arrest by solid particles. When the particles form a complete jammed

monolayer due to their very high desorption energy, the diffusion of the internal fluid phase to the continuous phase leads to an inward bending of

the fluid interface between the particles, so that the capillary pressure driving the Ostwald ripening disappears.
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PC—capillary pressure

PCR
C —maximum capillary pressure that could be resisted by

the film before it ruptures (monolayer), Fig. 7B

PMAX
C —maximum capillary pressure that could be resisted

by the film before it ruptures (bilayer), Fig. 7A

hDPT(d)i—statistically averaged fluctuations in the dynamic

turbulent pressure between two points separated at distance, d,

from each other

POSM—osmotic pressure of emulsion

PCR
OSM—critical osmotic pressure, leading to emulsion desta-

bilization

R—drop radius

R32—experimentally measured mean volume–surface

radius

Rp—characteristic radius of the biggest pore in the particle

layer

RN—number average drop radius

SN—solubility of the dispersed phase in the continuous

medium, eqn (30)

T—temperature

V—volume

VM—molecular volume of dispersed phase

U—characteristic velocity of the flow

W—interaction energy between particle and fluid surface,

eqn (21)

WMAX—maximal energy of repulsion

Small Latin letters

a—particle radius

b—interparticle distance in the layer, Fig. 7

d—drop diameter

dD—maximum diameter of stable drops in turbulent flow,

eqn (6) (Davies,62 inertial regime)

dK—maximum diameter of stable drops at negligible effect

of the drop viscosity, eqn (5) (Kolmogorov–Hinze,59,60 inertial

regime)

dKI—group (e�2/5s3/5rC
�3/5) with dimension of length,

eqn (5)

d32—experimentally measured mean volume–surface

diameter

dV95—experimentally measured maximum drop diameter,

95% by volume

e—elementary electrical charge

g—gravity acceleration

gC—centrifugal acceleration

j—surfactant flux to the surface, eqn (13)

h—film thickness

hCR—critical film thickness, at which the film spontaneously

thins down and ruptures

hEQ—equilibrium film thickness at given capillary pressure,

Fig. 6C

hMIN—minimal film thickness, Fig. 7C

k—numerical parameter in eqn (25) and (26)

kB—Boltzmann constant

n0—electrolyte concentration, in number of ions per unit

volume

t—time

tA—adsorption time, eqn (13)–(15)

tC—collision time, eqn (11) and (12)

tD—deformation time, eqn (7)–(10)

u—velocity

hu2i—mean square fluctuations in the fluid velocity

Capital Greek letters

F—oil volume fraction

G—adsorption of the emulsifier on drop surface

G*—threshold emulsifier adsorption required for obtaining

stable emulsions (no electrostatic repulsions)

GM—adsorption in a compelete monolayer

P—disjoining pressure

PEL—electrostatic component of disjoining pressure,

eqn (17) and (18)

PVdW—van der Waals component of disjoining pressure

Small Greek letters

a—three-phase contact angle of particle on fluid interface

b—parameter, eqn (31)

e—rate of energy dissipation in the turbulent flow per unit

mass of the fluid [J kg�1 s�1]

er—dielectric constant

_g—shear rate during the emulsification experiments

fC—meniscus slope angle at the contact line of the particle,

Fig. 7C

jCP—fraction of the surface area covered by adsorbed

particles in complete monolayer

Z—dynamic viscosity

ZC—viscosity of the continuous phase

ZD—viscosity of the dispersed phase

k—Debye screening parameter

cS—surface potential

y*—dimensionless threshold surface coverage, y* = G*/GM

r—mass density

rD—mass density of the dispersed phase

rP—mass density of the particles

rC—mass density of the continuous phase

Dr = (rC � rD)—mass density difference

s—equilibrium interfacial tension

s(t)—dynamic interfacial tension

Abbreviations

Brij, Brij 58-polyoxyethylene-20 hexadecyl ether

BLG—beta-globulin

CMC—critical micelle concentration of surfactant

IEP—isoelectric point

LMM surfactant—low-molecular- mass surfactant

PDMS—poly(dimethylsilaxane)

RCF—relative centrifugal acceleration, RCF = gC/g

WPC—whey protein concentrate
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