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   The activation energy of a reasonable order of magnitude was estimated for the 
coalescence of oil droplets in an O/W emulsion by formulating the balance of forces 
acting on a droplet that crosses over the potential barrier to coalesce with another 
droplet by the DLVO theory and Stokes’ law. An emulsion with smaller oil-droplets was 
shown to be more stable. 
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 Oil-in-water (O/W) and water-in-oil (W/O) emulsions have been widely used in the food, 
cosmetic, and pharmaceutical industries.1) The dispersion stability of emulsions, which are 
thermodynamically un- or quasi-stable, is very important from the viewpoint of their practical 
use. An O/W emulsion with smaller oil droplets is empirically known to be more stable. 
Technologies have been developed for reducing the droplet size of the dispersion phase, and it 
has become possible to prepare an O/W emulsion having oil droplets with a diameter of 100 
nm or less.2) 
   The effects of the factors affecting the dispersion stability of the emulsion, such as the 
surface potential of the dispersion droplet and ion strength of the continuous phase, can be 
reasonably assessed based on the DLVO theory.3) However, the DLVO theory predicts that the 
potential barrier between two adjacent droplets is lower for smaller droplets and that an 
emulsion with smaller droplets is more unstable. This prediction is inconsistent with 
experience. We have proposed a model to overcome the inconsistency for a dense O/W 
emulsion, where an oil droplet to be coalesced with another oil droplet was thought to meet 
with frictional resistance from the continuous phase during coalescence; the frictional force 
was estimated by Stokes’ law.4) In the model, the balance of forces acting on a droplet was 
considered based on the DLVO theory and Stokes’ law. The model successfully predicted that 
smaller oil droplets required larger kinetic energy to coalesce with another droplet; in other 
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words, the smaller droplet was more stable. In this study, the model has been reconsidered to 
estimate the activation energy for the coalescence of oil droplets in a dense O/W emulsion, 
and the effect of the oil-droplet size on the dispersion stability is examined for oil-droplet 
sizes ranging from 30 nm to 20 μm. The reconsidered model is called a hydrodynamic model. 
   The stability factor3,5) derived by the diffusion model has been used to assess the 
dispersion stability. This factor was also evaluated under the same conditions as for the 
proposed model. The effect of the oil-droplet size on the dispersion stability, which was 
estimated based on this factor, was compared with the effect estimated by the hydrodynamic 
model. 
   Let us consider that two oil droplets with the same diameter, d, approach each other in a 

continuous phase. The surface potentials, 0, of the droplets are also assumed to be identical. 
A droplet can approach point x2, which is a far one of two points where the repulsive force is 
balanced by an attractive force, by diffusion and the density difference between the droplet 
and the continuous phase. Then, the droplet travels toward a near point x1. The balance of 
forces acting on a droplet that crosses over the potential barrier to coalesce with another 
droplet is given by Eq. (1) by estimating the frictional force by Stokes’ law. 
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where t is the time, u (= dx/dt) is the velocity of a droplet, x is the distance between the 

droplet surfaces,  is the dielectric constant of the continuous phase,  is the viscosity of the 

continuous phase,  is Debye’s factor, and s is the density of the droplet. The first, second 
and third terms of the right-hand side of Eq. (1) represent electrostatic repulsion, interparticle 
attraction and frictional resistance, respectively. In the previous model,4) the attractive force 
Fa was expressed in the approximate form, but Hamaker’s strict solution for the force6) is used 
in this study, as given by Eq. (2). 
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where  = x/d and A is Hamaker’s constant. 
   In the previous study,4) it was considered as the initial conditions for Eq. (1) that a droplet 
located at point x2 gains a times the kinetic energy of a molecule kT, where k is Boltzmann’s 
constant and T is the absolute temperature, and this droplet begins to move toward another 
droplet. The multiple a is apparently dimensionless, but it has units of the number of 
molecules per number of droplets. To estimate the effect of the type of lipid molecule 
consisting of the droplet on the dispersion stability and to estimate the rate constant for 
coalescence, the activation energy, E, for coalescence was used as an index of the dispersion 
stability. 
   When an oil droplet with diameter d consists of a lipid with molecular mass M, the droplet 

contains lipid molecules of (/6)d 3s/M mol, which can be converted to the number of lipid 
molecules by multiplying the number of moles by the Avogadro number NA. Let us consider 
the situation in which all lipid molecules consisting of the oil droplet simultaneously gain the 
kinetic energy of a molecule, kT, in the direction to migrate toward another droplet. Under 
this condition, the initial conditions for Eq. (1) are given by the following equation: 
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where R is the gas constant and a0 is the multiple of the minimum kinetic energy for the 
droplet to cross over the potential barrier to coalesce with another droplet. a0 can be converted 
to the activation energy, E, by Eq. (4). 

   RTakTNaE 0A0          (4) 

   The activation energy, E, of the droplet with diameter d was calculated using the 

Runge-Kutta-Gill method under the conditions of A = 10-20 J, T = 298 K,  = 6.90 x 10-10 F/m, 

 = 5.0 x 10-3 kg/m·s,  = 1.0 x 10-8 m-1, s = 888 kg/m3, and 0 = 5.0 x 10-2 V, which are the 
same as those used in the previous report.4) The oil droplet was assumed to consist of ethyl 
oleate with molecular mass of 0.310 kg/mol. The solid curve in Fig. 1 shows the relationship 
between the E and d values. The E value was larger for the smaller oil droplet, indicating that 
the emulsion with smaller oil droplets is more stable. The E value for the emulsion having oil 
droplet smaller than 1 μm was roughly in the range of 10 to 103 kJ/mol, which are almost the 
same as the values for many physical and chemical processes. 
   The collision frequencies of oil droplets with and without the potential barrier are denoted 
as G and GV=0, respectively. The stability factor, W, is defined as the ratio of GV=0 to G, and it 
can be calculated by Eq. (5).3) 

   
 
d

kTV
V dr

r

e
d

G

G
W

2

/
0        (5) 

where r is the distance from the center of the fixed oil droplet, and V is the potential barrier, 
which is given by Eq. (6). 
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The W values were numerically calculated using the Simpson’s rule at various d values 
(ranging from 30 nm to 20 μm) under the same conditions as for the hydrodynamic model, as 
shown by the broken curve in Fig. 1. The stability factor was the largest for a droplet of 
~3-μm diameter, and it sharply decreased for droplets with smaller diameters. Verwey and 
Overbeek3) also calculated the dependency of the stability factor on the diameter of the 
dispersion phase, and they showed that the stability factor was maximized at a dispersion 
phase of 100 nm. The difference in the diameter of the dispersion phase between our and their 
results is attributed to the difference in the parameters used. However, the tendency that the 
stability factor increased to a maximum value and then declined sharply as the diameter of the 
dispersion phase decreased was common in both results. This tendency is inconsistent with 
the oil-droplet size dependency of a practical emulsion, where the dispersion stability is 
higher for smaller oil droplets. For example, commercial milk is homogenized to reduce the 
oil-droplet size to ~500 nm to improve the dispersion stability. 
   The hydrodynamic model successfully indicated that an emulsion with smaller oil droplets 
was more stable by incorporating the frictional force with the DLVO theory. Spielman7) and 
Vinuesa et al.8) discussed the stability factor by considering the frictional force and suggested 
the importance of the effect of the frictional factor on the dispersion stability. Therefore, the 
frictional force should play an important role in the dispersion stability of emulsions. 
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Fig. 1.  Effect of oil-droplet size on activation energy (solid curve) and stability factor (broken 
curve). 
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