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Chapter

Importance of Surface Energy
in Nanoemulsion
Kaustav Bhattacharjee

Abstract

The emerging prospects of nanoscience and nanotechnology have an enormous
promise to revolutionize various aspects of human life. In this context, the applica-
tion of nanoemulsion stands at the vanguard of introducing newer dimensions to
the way we see the everyday world. Naturally, the preparation and stability of
nanoemulsion demand a precise understanding of the underlying forces of interac-
tion toward achieving a greater control over their functionality and regulating
them. The stability of nanoemulsion is primarily governed by the conjugate and
complex interplay of van der Waals forces and steric interactions. The present
chapter will be dedicated to the discussion of the regulatory roles of these forces
in dictating the stability of nanoemulsion with particular emphasis on the origin
of these fundamental forces from a molecular-level viewpoint.

Keywords: surface tension, curvature, Ostwald ripening, steric stabilization

1. Introduction

An emulsion is a special form of colloid where one liquid (dispersed phase) is
uniformly distributed in another liquid (dispersion matrix) [1, 2]. Minute droplets
of dispersed phase which is otherwise immiscible in the dispersion medium form
a statistically distributed system encapsulated within the matrix having a boundary
between the phases, called the “interface.” Oil (O), water (W) and surfactants (S)
are the three key components of the emulsion. Depending on the order of prepara-
tion, it can be water in oil (W/O), oil in water (O/W), water in oil in water
(W/O/W), or oil in water in oil (O/W/O) [1]. In view of the interest of the present
discussion, we will focus only on O/W emulsion throughout the chapter. O/W
emulsion consists of small globular compartments composed of oil (lipophilic) and
surfactant which can be conveniently dispersed in water.

Such system has a great deal of research interest in the field of food, pharma-
ceutical, agrochemical and other industries with certain benefits ([3–5] and refer-
ences therein). First, they usually have improved stability to particle aggregation
and eventual sedimentation. Second, by virtue of the appropriate small size of the
droplets, they only weakly scatter light wave and therefore are advantageous for
adding values into the products that need to be optically transparent (or only
slightly turbid). Third, they can be tailor made to have novel rheological properties.
Fourth, they have a much higher bioavailability of specific types of bioactive
molecules contained within the dispersed phase.

Due to the fact that the environment of a molecule at an interface is different
than those of the bulk phase, an interface is always associated with surface free
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energy. The free energy per unit area, measured in terms of the surface tension
(γ), is the minimum amount of work required to create a new area of that interface
[6]. Minimization of the interfacial contact area is therefore a spontaneous
process. A surface-active agent (or surfactant) is a substance which at low concen-
tration can adsorb at the interface, thereby reducing the amount of work required to
expand it [7, 8]. In general, surfactants are amphiphilic molecules which reduce
the interfacial surface tension due to their dual chemical nature and strong ten-
dency to self-assemble above a certain concentration (precisely a narrow concen-
tration range) at a given temperature, known as the critical micellar concentration
(CMC). There are two most common types of emulsion classified in the literature
based on their stability and structural components, namely, microemulsion and
nanoemulsion [3]. Both types have droplet radius in the range of sub-100 nanome-
ters. Despite several dissimilarities between these two kinds, it has been unfortu-
nate that there has been a great confusion and widespread errors in their usage in
the scientific literature. The confusion comes from the prefixes used to denote
them. As the terms “micro-” (10�6) and “nano-” (10�9) suggest, it is assumed that
nanoemulsions contain droplets that are smaller than microemulsion. In practice,
the opposite is often found; indeed, there has also been much disagreement about
the critical droplet size to distinguish between the two. A clear distinction between
these two types of liquid-in-liquid dispersion has been made in two recent studies
[3, 4], and the interested readers are suggested to go through the references.
However, a brief clarification is given in the present chapter.

A free energy diagram for the two systems is schematically shown in Figure 1.
An O/W-type microemulsion is a thermodynamically stable isotropic dispersion of
oil and surfactant in water. Nevertheless, it is strongly affected and even broken
up by modulations in thermodynamic variables, such as temperature, composition,
pH, etc. Microemulsions are formed spontaneously (without the need of an
external agency) when surfactants are added to the oil-water mixture [3, 4]. The
non-polar tails of surfactant molecules self-assemble to form a hydrophobic core
where oil molecules can be stored and separated from the thermodynamically
unfavorable aqueous phase of the surroundings. The final structure of such
microenvironment may result in a spherelike (micelle or reverse micelle),
cylinder-like (rod micelle), plane-like (lamellar micelle) or sponge-like
(bicontinuous) shape.

On the other hand, an O/W-type nanoemulsion is a thermodynamically unstable
isotropic dispersion of oil and surfactant in water [3, 4]. In principle, nanoemulsion

Figure 1.
Schematic diagram of the free energy of (a) nanoemulsion and (b) microemulsion system in comparison to their
respective reference states. The two states are separated by an activation energy ΔG*.
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can be fabricated without addition of any surfactant molecule only by physical
methods that involve energy input. However, such a system would be highly
unstable with respect to droplet coalescence (merging of two droplets) and phase
segregation. Therefore, surfactant is needed to ensure the kinetic stability of
nanoemulsion during prolonged storage [8]. Nevertheless, under certain circum-
stances surfactant may impart negative effect on nanoemulsion stability, because of
their ability to enhance the mass transfer processes which can cause significant
change in droplet concentration, composition and size distribution [8]. The mass
transport process is typically driven by differences in chemical potentials for the
solutes in each microenvironment, and as a consequence, droplets tend to merge
and transport the dissolved matter through the dispersion medium, by a process
known as “Ostwald ripening.” Another essential difference between micro- and
nanoemulsion that is often neglected in the literature is the influence of the order in
which different compounds are mixed together during preparation [3]. This point is
particularly important for nanoemulsion. Nanoemulsions are only formed if the
surfactants are first mixed with the oil phase and then the surfactant-oil mixture is
added to the aqueous phase. If it is not followed, only a “macroscopic” emulsion
will be generated. Microemulsion, on the contrary, will be strictly identical what-
ever the order in which the components are mixed (after equilibrium time).

The major advantages and disadvantages of nanoemulsion over microemulsion
for the specific application purpose are summarized below [3, 4].

1.1 Advantages

(1) Due to their smaller droplet size, reduction under gravitational pull can
be avoided in large extent, and, therefore, nanoemulsion never shows creaming
and sedimentation problems, while these problems are quite common with
conventional emulsion or even with microemulsion. With proper stabilization
forces, nanoemulsions can be stored for a longer period than microemulsion.
(2) Nanoemulsions are very suitable for rapid penetration of active ingredients
(pharmaceuticals and/or food) due to their smaller size and large surface area.
(3) Unlike microemulsion which requires high surfactant concentration (20%
or higher), nanoemulsion can be formed using reasonably low surfactant
concentration (5–10%).

1.2 Disadvantages

(1) Fabrication of nanoemulsion in many cases demands special and expensive
instrumentation (high-pressure homogenizers or ultrasonics, microfluidizer, etc.),
technique as well as higher concentration of surfactants. (2) The lacuna in the
understanding of various fundamental issues associated with nanoemulsion
strongly restricts its acceptability and applicability. Knowledge of proper interfacial
chemistry, mechanism of Ostwald ripening and ingredients to overcome it are
the key issues that need to be taken care of for the superior acceptability and
applicability of nanoemulsion.

2. Thermodynamics and kinetics of nanoemulsion

2.1 Free energy diagram

The thermodynamic stability of a particular system is governed by the change in
free energy between it and an appropriate reference state. Nanoemulsion is ther-
modynamically unstable, which means that the free energy of nanoemulsion is
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higher than the free energy of the separate phases (oil and water). For microemulsion,
this condition is opposite. To understand the molecular basis of the free energy
difference, let us consider that a system (nano-/microemulsion) exists in equilibrium
between the initial and final states. The free energy change associated with the
formation of the dispersion consists of an interfacial free energy term (∆GI) and a
configuration entropy term (�T∆Sconfig) [9]:

∆Gformation ¼ ∆GI � T∆Sconfig:

The free energy to increase the contact area (∆A) at the interface is ∆GI ¼ γ∆A,
which is always positive; consequently, this term always opposes the formation of
the dispersions. However, the interfacial tension (γ) depends on the curvature of
the surfactant layer-decreasing as the curvature approaches to its optimum value. A
phenomenological description of the dependence of interfacial tension on droplet
curvature can be formulated as [10–12]:

γ ¼ γ0 þ γ∞ þ γ0ð Þ
R0 � Rð Þ2

R2
0 þ R2 ,

where γ∞ and γ0 are, respectively, the interfacial tension values at the planar O/W
interface and when the surfactant layer reaches its optimum curvature. R0 is the
droplet radius at the optimum curvature.

On the other hand, configuration entropy (∆Sconfig) which depends on the num-

ber of arrangements accessible to the oil phase in an emulsified state is much greater
than that in a non-emulsified state, and therefore it always favors the formation of
the dispersion. An expression for the ∆Sconfig can be derived from the statistical

analysis [9]:

∆Sconfig ¼ �
nk

ϕ
ϕlnϕþ 1� ϕð Þln 1� ϕð Þð Þ,

where k is the Boltzmann constant, n is the number of droplets and ϕ is the
disperse-phase volume fraction.

The plot for the different free energies with droplet radius assuming that
the interfacial tension is the same as that for planer O/W interface is shown in
Figure 2(a) [3]. It can be observed from the figure that the interfacial free energy
contribution increases (hence unfavorable) with decrease in droplet size (increase
in interfacial area), while the configuration of free energy becomes progressively
negative (hence favorable) with decrease in droplet size (increase in number of
different ways that droplet can be organized). The total free energy, however,
becomes increasingly positive with decrease in droplet size, since the interfacial free
energy term dominates the configuration entropy term.

This implies that the formation of nanoemulsion becomes increasingly thermo-
dynamically unfavorable as the radius of the droplets fall and where the interfacial
tension is similar to that at a planar surface. Interestingly, if the calculation were
performed assuming the dependence of the interfacial tension on the curvature, the
situation becomes more complex [3]. As shown in Figure 2(b), with decrease in
droplet radius from say, 1000 nm, there is an increase in interfacial free energy. But
once the droplet becomes smaller below a certain radius, the interfacial free
energy decreases and reaches a minimum value, before rising again with further
decrease in radius. The interfacial free energy contribution still is the dominant
factor, forcing the total free energy to attain a minimum value that is close to the
optimum curvature of surfactant layer. Thus, under this consideration, one
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can assume that thermodynamically stable dispersion can be achieved when droplet
radius is close to the optimum (R = R0) and hence the interfacial free energy that
otherwise opposes the emulsification can be appreciably reduced.

2.2 Kinetic picture

Kinetic stability, as to be contrasted with the thermodynamic stability, is
determined by two important factors [3]: (1) Energy barriers: any energy barrier
(or activation energy) that separates the two states (final and initial) will
determine the rate of the conversion of one state to another. The height of this
energy barrier depends on the forces operating in close proximity of two droplets,
such as repulsive hydrodynamic and colloidal (steric and electrostatic) interac-
tions [13]. Nanoemulsion can be made kinetically stable by introducing sufficiently
large energy barrier (typically >20 kT) between the two states, while for
microemulsion, there is still an activation energy required (in terms of mechanical
agitation or heating the system) to reach the thermodynamically stable state after
the components are brought into contact. (2) Mass transport phenomena: droplets
in a nanoemulsion are particularly labile toward the growth over time by a
process known as “Ostwald ripening” [8], in which solute molecules (or mass) are
exchanged between the droplets via molecular diffusion through the solvent. Three
alternative mechanisms have been proposed in the literature suggestive of that
micelle which plays an important role in facilitating the mass exchange between
the droplets by acting as carriers of oil molecules [8]. In mechanism one, oil
molecules are transferred via direct micelle collisions, i.e., the rate is directly
proportional to the volume fraction of micelle in solution. Numerous studies indi-
cate a higher rate of mass transport above the CMC of the surfactant used. The lack
of such CMC dependence for ionic surfactants however, may stem from the electro-
static repulsion between the droplet and micelle. In mechanism two, oil molecules
exit the droplet, are exposed to the continuous phase and are soon captured by
micelles in the immediate vicinity of the droplet. For non-ionic surfactant micelles,
the higher rate of mass transfer is expected due to their higher solubilization capac-
ity and the absence of electrostatic repulsion between the droplet and uncharged
micelle. In mechanism three, a large number of oil molecules are released
from the oil droplets collectively with excess of surfactant molecules to form
a new micelle.

Figure 2.
Predicted variation of free energy change with droplet radius for the formation of emulsion state assuming
(a) constant interfacial tension and (b) varying interfacial tension with curvature. Taken from Reference [3].
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3. Formation of oil in water droplets from geometric and force balanced
point of view

3.1 Role of surfactant in geometrical packing

We have already defined, in a limited sense, the word “surfactant” as an amphi-
philic molecule which has the capacity to self-organize above a critical concentra-
tion. The process of self-assembly is dynamic in nature [13]. For those whose
molecules at the air (or oil)-water interface are in exchange equilibrium with bulk
solution are called soluble monolayer with a typical residence time on the order of
10�6 s. On the other hand, for those whose molecules are in less dynamic situation
at the monolayer when the interface is expanded or compressed are called insoluble
monolayer, and the time taken for such molecular exchange can vary typically
from seconds to months (Figure 3).

The self-assembly of amphiphiles strongly depends on the two key surface
forces that act at the interface: the “hydrophobic attraction” between the surfactant
tails which induces the association of the molecules and the “hydrophilic repulsion”
between the surfactant heads which helps them to remain in contact with water
[13]. Though the selection of emulsifier in the preparation of either O/W or W/O
nanoemulsions is still made on an empirical basis, however, a semiempirical scale is
defined based on the relative percentage of hydrophilic to lipophilic groups in the
surfactant molecules, known as hydrophilic-lipophilic balance (HLB number) [14],
the HLB number is deduced from the preferential solubility of the surfactant in oil
or water and HLB number can vary from 0 (very soluble in oil) to 20 (very soluble
in water). Griffin postulated a simple equation to calculate the HLB number for

non-ionic surfactant such as fatty acid ester [14], HLB ¼ 20� 1� S
A

� �

, where S is
the saponification number and A is the acid number (Figure 4). Davies developed
a method for calculating the HLB number for surfactants irrespective of their
chemical nature, using empirically determined group numbers [15]: HLB ¼ 7þ
∑ hydrophilic group noð Þ �∑lipophilic group no. Beerbower and Hills used the fol-

lowing expression for the HLB number [16]: HLB ¼ 20 MH

MLþMH

� �

¼ 20 VHρH
VLρLþVHρH

� �

,

where MH and ML are the molecular weights of the hydrophilic and lipophilic
portions of the surfactants. VH and VL are their corresponding molar volumes,
whereas ρH and ρL are the respective densities. After adequately describing the
interactions between the amphiphiles within an aggregate, we need to establish the

Figure 3.
Schematic representation of spherical micelle with illustration of different surfactant parameters. Packing
factor = V

lca0
:The chain volume, v, and chain length lc set the aggregation limit.
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most favored structure of these aggregates. A convenient parameter to analyse such
diverse structures is the dimensionless number, v a0 lc= , also known as “surfactant
parameter” [17]. Close packing of amphiphiles leads to curved interfaces, and the
direction of the curvature (either toward the polar or non-polar region) depends
upon the value of this parameter. Here, lc is a semiempirical parameter called the
critical chain length of the same order (or somewhat less) as the fully extended
molecular length of the chain, lmax; a0 is the optimal head group area; and v is the
volume of the hydrocarbon chain [17]. Once these parameters are specified for a
given molecule, one may ascertain the most preferred geometrical packing.
Gradation of the preferred structure with increasing surfactant parameter has
been made as follows [13]: v a0 lc= ≤ 1

3 for spherical to
1
3 ≤ v a0 lc= ≤ 1

2 for ellipsoidal to
v a0 lc= ≈ 1

2 for cylindrical or rodlike micelle to 1
2 ≤ v a0 lc= ≤ 1 for various interconnected

structures or lameller phases to v a0 lc= ¼ 1 for vesicles or extended bilayer and
finally to a family of “inverted structure” for v a0 lc= >1. Therefore, it can be
concluded that in a non-condensed liquid phase the curvature is a function of the
surfactant parameter at the liquid-liquid interface. Here, we find surface tension at
work, and consequently it results in a pressure imbalance across a curved surface [6].
The origin of the tendency to minimize the surface energy of oil droplets in water is
due to the imbalance in forces acting on a molecule at the interface compared to
those acting in the bulk. From the basic fluid dynamics, we find that when a
surface is curved there is a difference in pressure on the two sides of the surface
which is described by the very important concept of “Laplace pressure” on the two
sides of a curved (non-planer) surface, a spherical one being a special case of this
in general [6].

3.2 Derivation of Laplace equation

Consider a spherical cap symmetric about z-axis. The pressure exerted on the
curved interface by the two bulk phases will be different and will give rise to a force
acting along the normal to the interface at each point on the curve. The cap will also
feel a force arising from surface tension acting tangentially at all points on the
curve. At mechanical equilibrium, these two forces cancel each other along the z-
direction (Figure 5).

Force arising from the pressure difference: F∆Pz ¼ Pα � Pβ
� �

∑δA ¼ Pα � Pβ
� �

πr2c .

Force arising from surface tension: Fγ
z ¼

2πr2c γ
r .

Figure 4.
View of the curvature of surfactant aggregates formed at various surfactant parameters, v

a0 lc
. For less than one

condition (left), the interface curves toward chain region. For greater than one condition (right), the interface
curves toward the polar region. When exactly equal to one (middle), the interface exhibits no preferential
curvature.
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At equilibrium the forces along z-direction: F∆Pz ¼ Fγ
z; or Pα � Pβ

� �

πr2c ¼
2πr2c γ
r .

So, ∆P ¼ Pα � Pβ
� �

¼ 2γ
r , which is the Laplace equation for spherical surface.

For nonspherical interface, two orthogonal radii of curvature (r0, r
0 0
) are needed,

the Laplace equation then becomes ∆P ¼ γ 1
r0 þ

1
r0 0

� �

¼ 2γ
rm
, where rm is the mean

curvature (inverse of radius) and is equal to 1
rm

¼ 1
2

1
r0 þ

1
r0 0

� �

. By our convention, if

the interface encloses hydrophobic region, the mean curvature would be negative.
Therefore, the Laplace pressure always drives the interface in the concave direction
if the molecules are expanded or contracted. The high energy required for the
formation of nanoemulsion droplets can be understood from the inverse relation of
the pressure difference with the radius. The Laplace equation forms the theoretical
basis of “Kelvin equation,” which describes the effect of surface curvature of a
liquid that changes with the equilibrium vapor pressure of the liquid [13]:

ln Pc

P∞

� �

¼ 2γVm

rmRT

� �

, and we immediately obtain the Kelvin radius:

rk ¼
1
r1
þ 1

r2

� ��1
¼ γVm

RTln Pc

P∞ð Þ
, where Pc and P∞ are, respectively, the vapor pres-

sures over the curved surface with mean curvature rm and a flat surface r ¼ ∞ð Þ, Vm

is the molar volume of the oil, γ is the interfacial surface tension, R is the gas
constant and T is the absolute temperature.

3.3 The consequences of Kelvin equation are profound

One of them is to govern the process such as the growth of larger droplet in
expanse of the smaller one in nanoemulsion. The vapor pressure of a spherical
droplet will be greater than that of the same liquid with a flat surface. The smaller the
radius, the higher the vapor pressure such that if there is a distribution of droplet size,
the smaller one will tend to diminish, while the larger ones will tend to grow. The
total energy of the two-phase system thus can be decreased via an increase in the

Figure 5.
Resolution of forces on spherical cap symmetrical about the z-axis and part of a spherical interface. The
pressures exerted on the interface by the two bulk phases (α and β) will be different if the interface is curved,
and this difference (∆P) will give rise to a force acting along the normal to the interface at each point. The
cap will also be subject to a force arising from surface tension acting tangentially at all points around the
perimeter of the cap.
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size scale of the second phase and accordingly a decrease in total interfacial area.
Such a process is known as “Ostwald ripening.” The driving force of the ripening
process is the dependence of oil solubility on its size, as described by the Kelvin
equation [18, 19]:

C rð Þ ¼ C ∞ð Þ exp
2γVm

RTrm

� �

≈C ∞ð Þ 1þ
2γVm

RTrm

� �

,

where Vm is the molar volume of the oil and γ is the surface tension. This
equation relates the solubility of droplet C rð Þ with an arbitrary radius r to that of an

infinite radius C ∞ð Þ. The quantity 2πVm

RTrm

� �

has the dimension of length and is termed

as the capillary length of the drop, typically on the order of �1 nm. The Kelvin
equation is derived from the dependence of chemical potential (μ) of the dispersed
phase on its size by the relation [19]:

Δμ rð Þ ¼ μ rð Þ–μ ∞ð Þ ¼

ð2γ=r

0
Vm pð Þdp≈

2γVm

r
:

Another driving force for Ostwald ripening to occur in nanoemulsions is due to
the polymorphic changes during redeposition of solute (such as drug molecules).

4. Theory of Ostwald ripening in nano-dispersion

So far, we came to know that the major instability of O/W nanoemulsions is
caused due to the molecular exchange of oil molecules between droplets, a process
known as Ostwald ripening. Although many specialists on emulsion stability are
often unwilling to accept the concept of Ostwald ripening, instead, in most cases,
they explain the destabilization under the framework of the more traditional
mechanism—coalescence. Despite these disagreements in the literature, the theoreti-
cal development of the kinetic regime of the Ostwald ripening is a peculiar form of
self-ordering and stimulates curiosity to the researchers till now. The detail mathe-
matics of the theory of Ostwald ripening mechanism is not included in this chapter;
rather, we will address a few selected topics of the theory. A more comprehensive
discussion on this issue can be found in the reviews given in Refs. [19–21].

The major contribution in the theory of kinetics of Ostwald ripening in its
contemporary form was initially formulated by Lifshitz and Slyozov [22] and then
independently by Wagner [23] (known as LSW theory). Following publication of
their findings, it became the seminal paper on which all subsequent theoretical
works have been based. The theory is based on the following assumptions: (1) the
particles (here droplets) of dispersed phase are spherical in shape, are fixed in space
and are separated from each other by distance which are much larger than their
sizes (true diluted system), (2) the mass transport is due only to the molecular
diffusion through the dispersion medium and (3) the concentration of the molecu-
larly dissolved species is constant except adjacent to the droplet boundaries.

4.1 Scaling the ripening problem

The ripening mechanism is characterized by two intervals, namely, the transient
or short-time regime and the asymptotic limit or long-time regime. The transient
limit is composed of a region of random variation of droplet size, whereas the
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asymptotic limit (t ! ∞) is ascribed to the region that shows a linear relationship
between the cubes of the number average droplet radius (rN3) with time.

We follow the procedure used in reference [21] by Kabalnov et al. If f(r,t) be the
size (radius) distribution function of the polydisperse system, such that f(r,t)dr is
the number of particles per unit volume in the size range r to r + dr. The change in
the distribution function with time can be expressed as

df t; rð Þ

dt
¼ 0,

or
δf

δt
þ
δf

δr

dr

dt
¼ 0,

or
δf

δt
þ

δ

δr
f _rð Þ ¼ 0,

where _r ¼ dr
dt is the velocity of the particles

i:e:
δf

δt
þ

δj

δr
¼ 0, (1)

where j ¼ f _r is the flux of particles
Now, the growth rate of any droplet is proportional to its size, r, and the

concentration, C(t), of the substance of the droplet in the medium (which is a
constant according to assumption 3) with respect to its equilibrium value, Ceq :

i:e:
dV

dt
∝r C tð Þ � Ceq rð Þ

� �

,

or
4π

3

d

dt
r3 tð Þ ¼ 4πD r C tð Þ � Ceq rð Þ

� �

, (2)

where D is the molecular diffusivity of the disperse phase in the medium.

or r2
dr

dt
¼ Dr C tð Þ � Ceq rð Þ

� �

; i:e: _r ¼
D

r
C tð Þ � Ceq rð Þ
� �

:

Now, we introduce a dimensionless quantity θ, which is a measure of the relative

concentration by θ tð Þ ¼
C tð Þ�Ceq ∞ð Þ

Ceq ∞ð Þ

� �

; now from the Kelvin equation, we know that

Ceq rð Þ ¼ Ceq ∞ð Þ 1þ α
r

� �

.

Therefore, _r ¼ D
r C tð Þ � Ceq ∞ð Þ 1þ α

r

� �� �

.
Rearranging the equation we get

_r ¼
DCeq ∞ð Þ

r

C tð Þ � Ceq ∞ð Þ

Ceq ∞ð Þ

� �

�
α

r

� �

,

or _r ¼
DCeq ∞ð Þ

r
θ tð Þ �

α

r

� �

: (3)

This is the expression of velocity of particle in size space. The value of particle
radius at which the growth rate at any instant of time is zero _r ¼ 0ð Þ is called the
instantaneous critical radius (rc); then, it is obvious that rc ¼ α=θ tð Þ, and for growth
rate equation, we can write θ tð Þ � α

r >0 or α
r < θ tð Þ or r> α

θ tð Þ, i.e. r>rc, which means

that at any instance of time particle with radius greater than the critical radius will
exhibit an increase in size where the particle having radius smaller than the critical
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one will become smaller (decay). In this notation the growth rate equation (Eq. (2))
can be rewritten as follows:

4π

3

d

dt
r3 tð Þ ¼ 4πD Ceq ∞ð Þα

r

rc
� 1

� �

,

or _r ¼
DCeq ∞ð Þ

r2
r

rc
� 1

� �

:

The final element of LSW theory is the mass conservation.
In a closed system, the concentration of a substance in the medium and the drop

size distribution function is interrelated by

d

dt
C tð Þ þ

4π

3

ð∞

0
r3f r; tð Þdr

� 	

¼ 0,

or θ tð Þ þ
4π

3Ceq ∞ð Þ

ð∞

0
r3f r; tð Þdr ¼ θ 0ð Þ: (4)

The three integro-differential Eqs. (1), (3) and (4) can be solved analytically. It
was shown that this system should have an asymptotic solution which is indepen-
dent of initial conditions. Rather than solving the problem for all times, LSW found
an asymptotic solution valid as t ! ∞. Using this approach, the following predic-
tions were made for two-phase mixture undergoing Ostwald ripening in the long-
time limit [20]:

1. Time evolution of average droplet radius: R tð Þ ¼ R
3
0ð Þ þ 4t=9

� �1=3

2. Time evolution of the number of droplets per unit volume:

N tð Þ ¼ ψ R
3
0ð Þ þ 4t=9

� ��1

3.Time invariant droplet size distribution function: f R; t
� �

¼
g uð Þ

R
4

where depending on the approach, R is either the critical radius (rc) or the

maximum drop size; R 0ð Þ is the average radius at the onset of coarsening;

ψ ¼ θ=α
Ð 3=2
0 u3g uð Þdu, θ is the dimensionless concentration, θ ¼ C� C ∞ð Þð Þ=C ∞ð Þ;

and u is the normalized radius, u ¼ RR, α ¼ 4π= 3VmC ∞ð Þð Þ.
The salient results of LSW theory are summarized as follows:

1. In the stationary region, the nature of the size distribution function is time
invariant.

2. The cube of the number-averaged particle size (rN) varies linearly with time:

ω ¼
d

dr
rN

3
� �

¼
8γDC ∞ð ÞVm

9RT

� �

¼
4

9
αDC∞,

where rc is the radius of droplet at steady state, D is the diffusion coefficient of
the dispersed phase in the continuous phase and α is the characteristic length scale
(α = 2γVm/RT). Droplet with radius r < rc will disappear, while droplet with r > rc
will grow.
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The comparison between theoretical and experimental Ostwald ripening rates,
however, evoked a significant discrepancy in the literature [18], where the latter
was found to be several times higher than the former. It has been found that the
linear relation of rN3 with time in the asymptotic limit does not always signify the
Ostwald ripening; as a second mechanism, “Brownian-induced coalescence” (par-
ticularly if the drop surface coverage is not sufficient to hinder the coalescence)
may also be operative, which has the same dependency of the rate over time. The
LSW theory assumed that the droplets are fixed in space and the molecular diffu-
sion is the only mechanism of mass transfer. However, for the case of droplets
undergoing Brownian motion, one must take into account both the contribution of
molecular and convection diffusion as predicted by Peclet number (Pe = rv/D). The

velocity v of a droplet of mass M is approximately given by v ¼ 3kT
M

� �1=2
.

4.2 Adjustment in Ostwald ripening rate

The rate of ripening, according to the LSW model, is directly proportional to
the solubility of the oil in the aqueous medium. The presence of amphiphiles
(surfactants or co-surfactants) can significantly enhance the oil solubility by
allowing them to enter into their hydrophobic core. By replacing the bulk
solubility of oil, C ∞ð Þ by the concentration of oil solubilized by the micelles, and
using the micellar diffusion coefficient instead of the molecular diffusion, one
would get the Ostwald ripening rate in the presence of micelle. According to the
extended LSW theory, the Ostwald ripening rate of nanoemulsion containing a
water-insoluble low molecular weight coemulsifier (amphiphile) can be predicted

by the following equation [24], ω ¼ 64γDcoCco ∞ð ÞVm

9RT

� �

ϕco, where Dco, Cco ∞ð Þ and ϕco

are the molecular diffusivity, bulk solubility (in water) and volume fraction of the
coemulsifier in the oil droplet, respectively. Similarly, as the interfacial tension (γ)
is incorporated in the ripening rate equation in the capillary length parameter
(α = 2γVm/RT), lowering of the interfacial tension by the amphiphiles will lead to
smaller capillary length and therefore lower solubility of the oil at the droplet
boundary. This will cause lowering of the ripening rate at least for the case of
strongly adsorbed amphiphiles. In the absence of micelle, oil molecule transports
into and through the aqueous phase separating the droplets. However, in the pres-
ence of micelle, it is proposed that mass transfer is still involved through the
continuous phase, but the micelles increase the water solubility of the oil,
therefore effectively increasing the transport rate [24–26]. Kabalnov [19] has pro-
posed three possible mechanisms to explain the observed effects of micelles on
Ostwald ripening; nevertheless, whether the oil molecules are taken up by the
micelles directly from the aqueous medium or by fusion/fission of a micelle with a
droplet surface is still unclear. Another possible way to slow down the Ostwald
ripening rate was proposed by Higuchi and Misra [27] through the incorporation of
a second disperse phase (oil) with a much lower continuous phase solubility. Ini-
tially, the concentration of the second insoluble phase is equal in all droplets. As the
mixed oil nanoemulsion undergoes Ostwald ripening, the more soluble component
diffuses from the smaller to larger droplet at a much faster rate than the less
soluble one. Thus, time will come when the larger droplets become enriched with
the soluble oil and the chemical potential of that component is equal in all the
droplets. Thus, there is no driving force for further transfer of the oil to take place,
and the state is referred to as pseudo-steady of ripening. As theoretically
investigated by Kabalnov et al. in the case of medium-soluble second
component, the Ostwald ripening rate of the mixed oil nanoemulsion can be
approximated as [25]
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ωmix ¼
ϕ1

ω1
þ

ϕ2

ω2

� ��1

,

where ϕ1 and ϕ2 and the ω1 and ω2 are the volume fraction and ripening rate of
the medium-soluble and medium-insoluble component, respectively. In his treat-
ment [25], Kabalnov came up with three stability regime depending on the mole
fraction of the less soluble second component (X2) in the mixture. For high amount
of insoluble oil (X2 > 0.4), entropy of mixing dominates, Δμ < 0, and the
nanoemulsion is thermodynamically stable. For low mole fraction (X2 < 0.17),
Laplace pressure between the different size droplets dominates, and the
nanoemulsion is thermodynamically unstable. At intermediate mole fraction (0.17
< X2 < 0.4), a nanoemulsion is said to be in metastable state. Initially, Laplace
pressure will dominate and the system undergoes Ostwald ripening; however, it
also has a kinetic energy barrier that prevents further ripening to occur.

The validity of the LSW theory was tested by Kabalnov et al. [18, 19]. The
influence of the alkyl chain length of the hydrocarbon on the Ostwald ripening rate
of nanoemulsion was systematically investigated from alkyl chain length C9–C16.
Increasing the alkyl chain length of the hydrocarbon used for the emulsion results in
the decrease in the oil solubility. According to the LSW theory, this reduction in
solubility should result in a decrease in the Ostwald ripening rate which was con-
firmed by Kabalnov et al.

5. Stability against coalescence in nano-dispersion

Though the droplets coalescence rate is sufficiently get reduced for the
nanoemulsion due to their smaller size, however, as a consequence of Ostwald
ripening, it may results in creaming and ultimately leads to phase separation of the
nanoemulsion (Figure 6a). The importance of droplet deformation, surfactant
transfer and interfacial rheology for the stability of emulsion is well reported in the
literature [28–30]. In the presence of thermal noise, the droplets are allowed to
explore space by Brownian motion, and the resulting collisions cause the mean
droplet radius R to increase. This process is called coalescence. Stabilization against

Figure 6.
(a) Schematic elaboration of various destabilization mechanisms for nanoemulsion and (b) cartoon of drop-
drop interaction under two different regions where ligand shell overlaps each other.
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coalescence can be effectively achieved, by creating a sufficient repulsive energy
barrier between the droplets. This can be done by two ways, such as for O/W
nanoemulsion the electrostatic stabilization (due to creation of double layer) by
adding ionic surfactants. The formation of an electrical double layer (EDL, thick-
ness δ) barrier is well established in the literature of colloidal stability according to
the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory [31]. As a result of
this EDL formation when droplets approach a distance h, smaller than twice the
double layer extension, strong repulsion occurs against their aggregation; hence,
flocculation is prevented. A second and more effective mechanism using non-ionic
surfactants or polymer (referred as surfactant) for W/O nanoemulsion is the steric
stabilization (due to the presence of adsorbed polymer layer). However, no compa-
rable definitive theory exists till date for the so-called steric stabilization. To date
there have been several attempts made to develop the quantitative theory of steric
stabilization with a notable success of Fischer’s solvency theory [32] which exploits the
Flory-Huggins theory [33] to predict the repulsive potential energy between two
large flat plates. The total free energy of interaction obtained by Hesselink et al. for
two flat plates coated by steric layer is given by [33]

Utotal

kT
¼ 2π=9ð Þ

3
2γ2 α2 � 1

� �

rrmsM dð Þ þ 2γV dð Þ,

where γ is the number of ligands per unit area, α is the expansion factor, rrms is
the root mean square end-to-end distance of the chain in free solution andM dð Þ and
V dð Þ are the distance-dependent mixing and elastic function that could be evaluated
from segment density distribution function. However, the reason for the failure of
Fischer’s solvency theory appears to reside in the use of segment density distribu-
tion functions relevant to the isolated polymer according to Hesselink calculation
[34] which is found unlikely to be applicable here. Smitham, Evans and Napper first
pointed out the correction and proposed a simple analytical model to adopt for the
segment density distribution function which is a constant segment density step
function [35]. Their theory is able to account for many of the qualitative and
quantitative features of steric stabilization observed to date. According to this
model, the steric repulsion appears from two main origins: the first one (Figure 6b)
is the unfavorable mixing of the surfactant chains which depends on their density at
the interfacial region, on thickness of the interfacial layer (δ) and on the Flory-
Huggin parameter, χ. The second one (Figure 6b) is the reduction in configuration
entropy due to elastic stress of the chains which occur when inter-droplet distance
becomes lower than δ. This method of stabilization is more effective than electro-
static stabilization in two ways: firstly, the repulsion is still maintained at moderate
electrolyte concentration, and, secondly, the repulsion can be maintained at high
temperature (provided ligand has solubility at that temperature).

The unfavorable mixing of the surfactant chains (considering the chain-solvent
interaction predominates over the chain-chain interaction, like it is in good solvent
condition) occurs when the ligand chain starts to interpenetrate within a distance,

1þ L < h < 1þ 2L, where L is the rescaled length of ligand chain L ¼ δ
d

� �

, δ is the

contour length and d(=2R) is the diameter of the sphere. The free energy of mixing
in terms of rescaled parameter can be expressed as [35]

Umix

kT
¼

πd3

2VM
sol

φ2
lig

1

2
� χ

� �

h� 1þ 2L
� �� �2

;when, 1þ L< h< 1þ 2L,

where VM
sol, φlig, χ and h are the molar volume of the solvent, the average volume

fraction of the ligand segments in the overlapping region, the Flory-Huggin
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interaction parameter and the center-to-center distance between any two
approaching spheres, respectively. When χ < 0.5, Gmix is positive and the interac-
tion is repulsive. When χ > 0.5, Gmix is negative and the interaction is attractive.
When χ = 0.5, Gmix is zero, which is referred to as the θ–condition. The Flory-

Huggin parameter is calculated by Vm

RT δs � δmð Þ2 þ 0:34, where δs and δm are the
Hildebrand solubility parameters [36] of the surfactant and solvent, respectively.
Solubility parameter δ2 of any component is related to its heat of vaporization ∆H
with molar volume by δ2 ¼

∆H�RT
Vm

.

Continuing on the droplet-droplet approach within a distance h< 1þ L, a second
regime appears where chains undergo significant interpenetration and compression.
The free energy of mixing in this regime can be expressed as [37]

Umix

kT
¼

πd3

2VM
sol

φ2
lig

1

2
� χ

� �

3ln
L

h� 1

� �

þ 2
h� 1

L

� �

�
3

2

� 	

,when h < 1þ L,

while the elastic interaction Uel between the surfactant tails resulting from the
loss in configurational entropy in this region is given by the expression [35]

Uel

kT
¼ πγd2 h� 1ð Þ ln

h� 1

L
� 1

� �

þ L

� 	

;when, h < 1þ L,

where γ is the number of ligands per unit area of the sphere. Therefore, Uel is
always repulsive (Figure 7). A pictorial representation of pair potential vs. inter-
particle distance was shown in Figure 7 elaborating various cases of DLVO and non-
DLVO interactions.

Therefore, the criteria for effective steric stabilization are the following: (1) the
particle should be completely covered by the polymer, (2) the polymer should be
strongly adsorbed to the particle surface, (3) the stabilizing chain should be highly
soluble in the medium and is strongly solvated by its molecules and (4) δ should be
sufficiently large to prevent weak flocculation which occurs when the thickness of
adsorbed layer becomes small (<5 nm).

6. Conclusion

This chapter summarizes the most important aspects of nanoemulsion including
the composition, structure and physical properties and also provides the glimpses of

Figure 7.
Pictorial representation of distance dependence of pair potential energy between two spheres according to the
literature.
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trademarks which distinguished it from the conventional microemulsion. Droplets
having dimension in the order of few tens of nanometers are unstable due to the
high difference in vapor pressure outside and inside the curved interface. The
presence of polydispersity in the droplet size leads to the difference in their chem-
ical potential (and hence solubility), which acts as a fuel for the transfer of mass
between two droplets. However, with the help of a proper stabilizing layer of
polymer (favorable volume to [head group area � length] ratio) or surfactant, we
can achieve the necessary repulsive barrier (electrostatic, steric or electro-steric)
against their coalescence. Concurrently though, it also raises the question of
whether the additive (surfactant or polymer) can affect the rate of Ostwald ripen-
ing during the mass transfer process. With the proper knowledge of the surfactant
properties (HLB and other surfactant parameters), one can effectively fabricate a
stable nano-dispersion for a particular combination of dispersed and continuous
phase.

7. Outlook

In order to leverage the knowledge of structure-property-function relationship
for nanoemulsion, a continuous effort in research and development is required in
this direction. The recent advances in nanoemulsion fabrication with reduced poly-
dispersity in droplet size distribution are likely to provide new avenue to the
researcher for achieving their desired functionality. Indeed, we are not so far to
fabricate smart nanoemulsion (decorated, functionalized and internally structured)
which can act as a vaccine or drug delivery vehicle to provide enhanced therapeutic
response to biological system. Molecular design of amphiphiles can lead to new
stable nanoemulsion topologies such as double nanoemulsion. Aggregate/gel can be
formed by attractive nanoemulsion droplets by introducing strong opposite screen-
ing layer, or elastic verification in the system of repulsive nanoemulsion can be
made through high-flow emulsification that cause extreme droplet rupturing.

Overall, nanoemulsions are very promising and flexible soft-matter systems, and
they offer outstanding potential for new advances in basic science, customized
colloidal design and high-value applications.
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