
ISSN 1061-933X, Colloid Journal, 2010, Vol. 72, No. 4, pp. 569–573. 

 

 
 

 

 

 

Instability of Highly Concentrated Emulsions with Oversaturated 
Dispersed Phase. Role of a Surfactant1

 

N. N. Tshilumbua, E. E. Fergb, and I. Masalovaa 
a Department of Civil Engineering, Faculty of Engineering, Cape Peninsula University of Technology, 

PO Box 652, Cape Town 8000, Republic of South Africa 
b Department of Chemistry, NMMU, PO Box 77000, Port Elizabeth 6031, Republic of South Africa 

Received October 12, 2009 

 
Abstract—Instability of highly concentrated emulsions of the water-in-oil type which were investigated in 
this work is related to the existence of the internal phase as an oversaturated salt solution in water. The prin- 
cipal features of crystallization of these systems were studied by as earlier. This study is devoted to the devel- 
opment of this investigation and based on involving different surfactants and various concentrations of sur- 
factants. It was shown that the originally proposed mechanism of crystallization, which suggested that grow- 
ing crystals break through interfacial layers, was valid for all highly concentrated emulsions under 
investigation. Moreover, the Kholmogorov–Avrami kinetic equation with an unusually high exponent value 
equal to 6 is also applicable to different systems. It was proven that the general relationship between the 
growth of the yield stress and the degree of crystallization can be formulated for all surfactants studied in the 
work. The role of a surfactant consists in varying the characteristic time constant for the rate of crystallization. 
This time constant is much lower for a low-molecular-weight surfactant compared to oligomeric surfactants. 
This constant noticeably increases with an increase of concentration and the decrease of the average droplet 
size. 
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INTRODUCTION 

Highly concentrated emulsions represent a rather 
specials class of colloids. As with any other emulsion, 
they are a mixture of two incompatible liquids stabi- 
lized with a surfactant. But in contrast to standard 
emulsions and suspensions, the concentration of a dis- 
persed phase in highly concentrated emulsions 
exceeds the limit of the closest packing of regular 
spheres (app. 0.74), which is possible due to the “com- 
pressed” state of droplets that have a polyhedral shape. 
Figure 1 illustrates the structure of such highly con- 
centrated emulsions. 

The result of this structure is that such emulsions 
have rather unusual rheological properties (for liquid 
mixtures). Their characteristic features include the 
transition from a fluid to a visco-plastic medium with 
solid-like elastic behavior at low deformations; exist- 
ence of yield stress and strong non-Newtonian behav- 
ior at higher shear stresses [1–8]. 

This solid-like elastic behavior of highly concen- 
trated emulsions was basically explained by the Prin- 
cen conception concerning the increase of the surface 
storage energy in droplet compression by osmotic 
pressure [10] that was supported by further publica- 
tions [11–13]. According to these ideas the interfacial 
tension is the dominating factor determining stability 
and   elasticity   of   highly   concentrated   emulsions. 

 
 

1 The article is published in the original. 

Meanwhile, it was found that there are some experi- 
mental findings which show that this approach, possi- 
bly, is insufficient in describing rheology of such emul- 
sions; it is especially true for the dependencies of the 
yield stress and elastic modulus on the droplet size [5– 
8, 14, 15]. 

In the current work, this problem has been investi- 
gated from the other side, discussing the stability of 
highly concentrated emulsions with different surfac- 

 
 

 
 

Fig. 1. Microscopic image depicting the emulsion with 
average droplet size 15 µm (×500). 
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Properties of fuel oils 
 

Fuel oil Parprol 32 Mosspar H 

Manufacturer 

Manufacturer’s 
description 

Boiling range, °C 

iso-paraffins, % 

n-paraffins, % 

Cycloparaffins, % 

Aromatics, % 

Density at 20°C, 
kg m–3

 

Density at 22°C, 
kg m–3 (measured) 

Viscosity at 40°C, cSt 

Viscosity at 30°C, 
mPa s (measured) 

Refractive index, n
D

 
20 

(measured) 

Engen Chemicals 

Solvent dewaxed light 
paraffinic distillate 

 
 

70 
 
 

26 

4 

866 or 874 

 
863 

 
28–33 

42.9 

 
1.478 

PetroSA 

Isoparaffinic 
solvent 

290–300 

80–90 

1–10 

10–15 

<0.1 typical) 

790–820 
(792 typical) 

794 

 
2.5 

2.9 

 
1.443 

 

tants. The objects of the investigation were emulsions 
of the water-in-oil type used in industry as “liquid 
explosives”. Their composition and structure are 
described below in the Experimental section. 

 

EXPERIMENTAL 

The objects of this work were highly concentrated 
emulsions used as “liquid explosives”. The main fea- 
tures of these materials are described in detail in 
former publications [5, 7, 16]. Therefore, only their 
basic characteristics will be briefly mentioned here. 

These emulsions belong to the water-in-oil (W/O) 
type  systems.  The  concentration  of  the  dispersed 
phase is 90–96 wt %. This phase is a super-cooled 
aqueous solution of mainly ammonium nitrate salt in 
water. Water comprises (< 20%) by mass of this phase. 

The oil phase is a solution of emuisifier (surfactant) 
in hydrocarbon oils. 

Four surfactants were used in this work: 

1. Poly(isobutylene succinic) anhydride (PIBSA) 
reacted approx. 1 : 1 with monoethanolamine to an 
uncondensed amide/acid head group (this surfactant 
will be called PIBSA-Amide). The overall molecular 
weight was expected to be about 1109. 

2. PIBSA-Imide. PIBSAwascondensedtoan N-sub- 
stituted pyrrolidinedione (succinimide) structure, as 
below. The overall molecular weight was 1091. 

3. PIBSA-Urea. Its end group was a ring including 
NH radical. Its molecular weight was 1047. 

4. Sorbitan mono-oleate (SMO). This is an ester 
formed by sorbitan and oleic acid. Its molecular 
weight was 428. 

The first three surfactants therefore belonged to the 
same type of chemical compound, though with differ- 
ent end groups, and can be treated as oligomers, while 
SMO was a monomeric product. 

In addition, mixture of PIBSA-Amide and SMO 
(taken in the ratio 10 : 1) was used in some cases. 

Samples were provided by Lake International 
Technologies as surfactants dissolved in hydrocarbon- 
based oils at various concentrations. When originally 
synthesised, the surfactants were dissolved or dis- 
persed in Parprol 32, paraffinic petroleum oil with no 
additives. Further dilution with another hydrocarbon- 
based oil, named Mosspar-H was used to achieve the 
desired concentration and viscosity. The properties of 
these materials are given in table. 

The important aspect for the goals of the research 
was the rather close values of interfacial tension of all 
these surfactants. 

Measuring the size of dispersed particles was car- 
ried out with the Mastersizer-2000 device (Malvern 
Instruments  Co.).  The  procedure  for  measuring  is 
based on sample dispersion under software control and 
the measurement of angle dependence of the intensity 
of scattering of a collimated He–Ne laser beam. With 
this, particle sizes in the range from 0.26 to 1500 µm 
can be measured; this range is much wider than the 
droplet sizes in the real samples used in this work. The 
size distribution calculations were based on the rigor- 
ous Mie theory and using the standard software appli- 
cable to the instrument. The regulation of droplet size 
was achieved in the technological process of emulsion 
preparation. This size depends on the conditions of 
mixing in a vessel: speed of rotation of a stirrer and 
time of stirring (deformation). By varying these fac- 
tors, one can obtain emulsions with different droplet 
sizes. This method was used for preparing all samples. 

The size of dispersed particles ranged from 1 to 
approx. 40 µm, and the average diameter of particles in 
different samples varied from 8.2 to 20.5 µm. It is also 
worth mentioning that the droplet size distributions 
for all samples under investigation were Gaussian and 
practically did not depend on the nature of the surfac- 
tant that was used. 

The internal phase was formed by an oversaturated 
aqueous solution of inorganic salts. In preparation of 
the emulsions, the granulated ammonium nitrate was 
added to distilled water at 80°C. The concentration of 
a salt was kept 80 wt %. The equilibrium crystallization 
temperature of the solution with the chosen concen- 
tration of a salt was approx. 63°C. 

All experiments were carried out at 28 ± 2°C. We are 
therefore dealing with super-cooled solutions. They 
could be stored for several weeks only because of the 
small size of the droplets. Earlier, it had been found 
that  the  critical  droplet  size  which  should  not  be 
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Fig. 3. Emulsion microscopic image. Age—17 weeks. Sur- 
factant—8% PIBSA-Imide. Average droplet size equals 
10 µm (×500). 

Fig. 2. The kinetics of crystallization of emulsions pre- 
pared  with  (1,  2)  PIBSA-Imide  and  (3)  PIBSA- 
Amide/SMO. Droplet size equals (1, 3) 15 µm and (2) 
10 µm. Solid lines show results of calculations using Khol- 
mogorov-Avrami model. 

 
 

exceeded  in  creating  stable  emulsions  is  close  to 
40 µm. 

However, the internal phase was a meta-stable sys- 
tem and visible crystallisation started after 12 to 14 
weeks of storage (at room temperature). This effect 
was studied for different droplet sizes and different 
volume fractions using a single surfactant by X-ray dif- 
fraction and published in earlier publications [7, 16, 
17]. 

The X-ray diffraction analysis to determine the 
emulsions' crystallinity was done on a Bruker D8 
Advance powder diffractometer using Cu radiation. 
Conventional Bragg–Brentano geometry was used 
with a Ni filter and a 2θ scan range of 10° to 60° at 
0.02° step intervals and at a scan rate of 1 s/step. The 
emulsion samples were placed in a standard top-load- 
ing polycarbonate sample holder and supported on a 
horizontal rotating sample stage. Structural informa- 
tion obtained from the literature of the various solid 
phases of ammonium nitrate was used to do Rietveld 
refinement of the complete diffraction pattern and 
determining the degree of crystallinity was done using 
the Topas 3.0. 

 

RESULTS AND DISCUSSION 

The basic idea of the work was the clearing up of the 
role of a surfactant in the kinetics of crystallization of 
an oversaturated (supercooled) internal phase. Two 
starting arguments had to be discussed. On one hand, 
the surfactants used had the same surface tension, the 
droplet size distributions were analogous in all cases 
and, bearing in mind the basic conception of the Prin- 
cen–Mason model of highly concentrated emulsions, 
the behavior of the samples should be expected to be 

 

similar. However, the study of the mechanism of crys- 
tallization has shown that the process does not take 
place inside individual droplets but is processed by 
breaking trough droplet boundaries and the growth of 
crystalline structures in several droplets simulta- 
neously. Therefore, the role of the surfactant’s nature 
might be richer than could be expected from the basic 
model. 

An example illustrating the changes of the relative 
degree of crystallinity, X, as a function of time, t, is 
shown in Fig. 2. This figure also illustrates the influ- 
ence of the droplet size. 

All experimental curves can be successfully fitted to 
the standard Kholmogorov–Avrami kinetic equation: 

 
X = 1 − e

−(t θ)n

 

, 

where θ is some characteristic time constant and n — 
is a parameter of the model. 

Instead of θ, the half-period of crystallization θ1/2 

as the characteristic kinetic constant can be also used. 

It is interesting that the constant n in all cases can 
be assumed to be equal to 6, as obtained in earlier pub- 
lications [7, 16, 17]. This is an unusually (for the posi- 
tion of the Kholmogorov–Avrami kinetic models) 
high value because, in all geometrical schemes of 
homogeneous crystallization taking place on individ- 
ual sites and treated in the frames of the Kholmog- 
orov–Avrami growth of crystals, n should not be 
higher than 4. Actually, it reflects the special character 
of the mechanism of crystallization in the present 
case, because—as was mentioned above—crystals in 
the observed cases grow not from different indepen- 
dent centres but by the breaking of single crystals 
through boundaries of droplets involving several sepa- 
rate droplets. This mechanism of crystal growth is 
clearly seen in Fig. 3 (the droplets of emulsions are 
much smaller than the suspended crystals). 
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The following figures (for droplets with the average 
size of 10 µm) demonstrate the role of a surfactant’s 
nature: 

experimental data obtained in this current work allow 
us to answer the question about the general character 
of the correlation between the yield stress (as the most 
evident rheological parameter of emulsions) and the 

Surfactant 
PIBSA- 

Imide 

PIBSA- 

Amide/SMO 
SMO

 
relative degree of crystallinity assumed in [7, 16, 17] 
for different surfactants. 

for an 8% concentration of a surfactant: 

Characteristic time, θ, hr 5040 3700 840 

for a 14% concentration of a surfactant: 

Characteristic time, θ, hr 6380 6700 1000 

The role of the droplet size is illustrated by the follow- 
ing figures (surfactant: PIBSA-Imide. Concentration of 
a surfactant 8%): 

The answer to this question is presented in Fig. 4, 
which summarises the results obtained for all recipes 
of emulsion studies in this work. It can be seen that the 
degree of crystallinity in the aging of emulsions really 
is a unique measure of the rheology of these emulsions. 

Here the relative change of the yield stress, Y, is 
expressed as 

τt   − τ0
 

Y = 
Y Y   , 

τmax  − τ0 
Y Y 

t 0 

These data are rather representative. Firstly, they 
show that the concentration of a surfactant does not 
play a key role. At least, the changes in characteristic 
times are less than changes in the surfactant concen- 
tration in a continuous phase. It is explained by the 
fact that the surfactant molecules do not form inter- 
face layers only, but are partly dissolved in a continu- 

where τY is the current value of the yield stress, τY is its 

initial value, and τmax 
is its maximal value at the end of 

the crystallization process. 

The averaged fitting curve on this figure can be pre- 
sented by the empirical equation 

ous oil phase forming the reverse micelles [19, 20]. 
=  

τt − τ0    

=
 0.51  0.46(1− X ) 

Secondly, the droplet size only lightly influences the 
kinetics of crystallization increasing the rate of crystal- 
lization with the increase of the droplet size. And, 
thirdly, the nature of a surfactant finally does influence 
the kinetics of the crystallization. That is especially 
evident in transition from an oligomeric to a low- 
molecular-weight surfactant (SMO). It is worth noting 
that, after 6040 hours of aging, emulsions prepared by 
using PIBSA-Amide or PIBSA-Urea are still fresh for 
all surfactant concentrations and all droplet sizes. The 
changes in the rate of crystallization (the changes in 
the emulsion stability) are much more strongly 
expressed than any possible changes in the interfacial 
tension. 

The last fact is considered as rather important. It 
seems reasonable to assume it to be proof of an active 
role of a surfactant, not only as a compound responsi- 
ble for surface tension but also as creating physical 
interaction between interface layers of different drop- 
lets (because, as has been said, crystallization develops 
by the interaction of neighboring droplets) and physi- 
cal interaction of a droplet surface layer with the mat- 
ter of a droplet. 

The main objective of this work was the investiga- 
tion of the influence of a surfactant’s nature on the 
kinetics of crystallization of the internal phase provid- 
ing instability of highly concentrated emulsions. It was 
impossible, however, not to pay attention to the corre- 
lation between the instability of emulsions and the 
evolution of an emulsion’s rheological properties. This 
effect has already been described in [7]. However, the 

Y Y Y X e . 

τmax  − τ0 

One can see that this fitting equation is equivalent 
to one obtained in our earlier publication [7] for a sin- 
gle surfactant. This equation therefore is of general 
value for the description of the evolution of rheological 
properties for different highly concentrated emulsions 
in their aging. 

This equation allows one to predict rheological 
behavior on the basis of the kinetics of crystallization 
and vice versa. 

 
 

CONCLUSIONS 

The nature of the surfactant plays an important role 
in the kinetics of crystallization of the internal phase, 
being oversaturated aqueous solutions. The most 
noticeable changes take place in the transition from an 
ologomeric to a low-molecular weight surfactant. The 
kinetics of crystallization for all systems under investi- 
gation is well fitted by the standard Kholmogorov– 
Avrami equation, but with an unusually high value of 
the exponent, which appeared to be equal to 6. In 
addition, the general relationship between the increase 
of the yield stress and the degree of crystallization pro- 
posed earlier for several emulsions has been proven to 
be valid for all systems under investigation. The special 
role of a surfactant is presented by the characteristic 
time constant of the crystallization kinetics, which 

Average droplet size, µm 10 12 15 

Characteristic time, θ, hr 5040 4030 3700 
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Fig. 4. Relative growth of yield stress vs. relative crystallinity of emulsions prepared with (4–8) PIBSA-Imide in oil1, (1–3, 12, 
13) PIBSA-Imide in oil2 and (9–11) PIBSA-Amide/SMO in oil1. Surfactant concentration (1–6, 9–11) 8% and (7, 8, 12, 13) 
14%. Droplet size (1, 4, 7, 9, 11, 12) 10 µm, (2, 5, 8, 10, 13) 12 µm and (3, 6, 11) 15 µm. 

 

depends on the nature of a surfactant, its concentra- 
tion and the size of droplets in the internal phase. 
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