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This paper summarizes studies of water-in-oil emulsions, their stability, and modelling of their formation,
Studies show that water-in-oil emulsions might be characterized into three categories (stable, mesostable
and unstable), These categories were established by visual appearance, elasticity and viscosity differences.
It was also shown that water content was not an important factor. A fourth category of water-in-oil exists,
that of water entrainment, which is not an emulsion, Water-in-oil emnlsions made from crude oils have
different classes of stabilities as a result of the asphaltene and resin contents, The differences in the emulsion
types are readily distinguished both by their rheological properties, and simply by appearance. The
apparent viscosity of a stable emulsion at 2 shear rate of one reciprocal second, is at least three orders-
of-magnitude greater than the starting eil. An unstable emulsion usually has a viscosity no more than one
order-of-magnitude greater than that of the starting oil. A stable emulsion has a significant elasticity,
whereas an unstable emulsion does not. Stable emulsions have sufficient asphaltenes (> ~7%) to establish
films of these compounyds around water droplets. Mesostable emulsions have insufficient asphaltenes to
render them completely stable. Stability is achieved by visco-elastic retention of water and secondarily by
the presence of asphaltene or resin films. Mesostable emulsions display apparent viscosities of about
80600 times that of the starting oil and true viscosities of 20-200 times that of the starting oil. Mesostable
emulsions have an asphaltene and resin content greater than 3%. Entrained water occurs when a viscous oil
retains larger water droplets, but conditions are not suitable for the formation of an emmulsion. Entrajned
water may have a viscosity that is similar or slightly greater (~2-10 times) than the starting oil. It was
found that emulsion formation occurs at a threshold energy, however this energy has not been accurately
defined. Emulsions from many oils have been characterized. This information is used to describe how this
physical process. The modelling of emulsions is reviewed, A new modelling scheme based on the new
physical findings, is suggested. © 1999 Elsevier Science Ltd. All rights reserved

Keywords: Water-in-oil emulsions, oil spill modelling, emulsion {ormation, stable emulsions, mesostable
emulsions, unstable emulsions

Introduction
—_——— Emulsification is the process of the formation of
*Corresponding author. Tel: +1-613-998-9622; Fax: +1-613.99]. water-in-oil emulsions often called ‘chocolate mousse’
9485; E-mail: fingas.merv@etc.cc.ge.ca). or ‘mousse’ among oil spill workers. These emulsions
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change the properties and characteristics of oil spills to
a very large degree. Stable emulsions contain between
55 and 85% water thus expanding the volume of
spilled material from two to five times the original
volume. The density of the resulting emulsion can be
as great as 1.03 g/ml compared to a starting density as
low as 0.80 g/ml. Most significantly, the viscosity of
the oil typically changes from a few hundred Centi-
stokes (cSt) to about one hundred thousand ¢St, a
typical increase of 1000. This changes a liquid product
to a heavy, semi-solid material. Emulsification is felt
by many to be the second most important behavioural
characteristic after evaporation. Emulsification has a
very large effect on the bebaviour of oil spills at sea. As
a result of emulsification, evaporation slows by orders-
of-magnitude, spreading slows by similar rates, and
the oil rides lower in the water column, showing dif-
ferent drag with respect to the wind (Mackay, 1980).
Emulsification also has significant effects on other spill
aspects; spill countermeasures are quite different for
emulsions. Emulsions may be hard to recover me-
chanically, treat or burn.

The most important characteristic of a water-in-oil
emulsion is its ‘stability’. The reason for this impor-
tance is that one must first characterize an emulsion as
stable {or unstable) before one can characterize the
properties. Properties change very significantly for
cach type of emulsion. Until recently, emulsion sta-
bility has not been defined (Fingas et al., 1995b).
Therefore, studies were difficult because the end points
of analysis were not defined. Relationships used m
carly models simply presumed one type of emulsion
which was the result of a first-order water uptake.

It has been noted that the stability of emulsions can
be grouped into three categories: stable, unstable and
mesostable (Fingas et al., 1997). These have been
distinguished by physical properties. The viscosity of a
stable emulsion at a low shear rate has been shown to
be a particularly easy discriminating factor between
various emulsions. The study of elasticity, a related
property to viscosity, has also been shown to be very
useful because stable emulsions show high elasticity
and vice versa.

The present authors have studied emulsions for
many vears (Bobra et al., 1992; Tingas et al.,
1993a,b,c, 1994a, 1995a,b, 1996, 1997; Fingas and
Fieldhouse, 1994) The findings of these studies are
summarized bere and related to spill modellng.
Studies in the past three years have shown that a class
of ‘very stable’ emulsions exists, characterized by their
persistence over several months (Fingas et al., 1995b,
1996, 1997). These stable emulsions actually undergo
an increase in viscosity over time. Monitoring of these
emulsions has been performed over a period of weeks.
“Unstable’ emulsions do not show this viscosity in-
crease and their viscosity is less than two orders-of-
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magnitude greater than the starting oil. The viscosity
increase for stable emulsions is at least three orders-of-
magnitude greater than the starting oil. It was con-
cluded, both on the basis of the literature and exper-
imental evidence above, that certain emulsions can be
classed as stable. Some (if not all or many) stable
emulsions increase in apparent viscosity with time (i.e.
their elasticity increases). The stability derives from
the strong viscoelastic interface caused by asphalienes,
perhaps along with resins. Increasing viscosity may be
caused by increasing alignment of asphaltenes at the
oil-water interface (Fingas et al., 1996).

Mesostable emulsions are emulsions that have
properties between stable and unstable emulsions
(really oil/water mixtures) (Fingas et af., 1995b). It is
suspected that mesostable emulsions lack sufficient
asphaltenes to render them completely stable or still
contain too many de-stabilizing materials such as
smaller aromatics. The viscosity of the oil may be high
enough to stabilize some water droplets for a period of
time. Mesostable emulsions may degrade to form
layers of oil and stable emulsions. Mesostable emul-
sions can be red in appearance or black. Mesostable
emulsions are probably the most commonly-formed
emulsions in the field.

Unstable emulsions are those that decompose
(largely} to water and oil rapidly after mixing, gener-
ally within a few hours. Some water may be retained
by the oil, especially if the oil is viscous.

The most important measurements taken on emul-
sions are forced oscillation rheometry studies. The
presence of elasticity clearly defines whether or not a
stable emulsion has been formed. The viscosity by it-
self can be an indicator (not necessarily conclusive,
unless one is fully certain of the starting oil viscosity)
of the stability of the emulsion. Colour is not a reliable
indicator. All emulsions which test as stable were
reddish. Some mesostable emulsions had a reddish
colour and unstable emulsions were always the colour
of the starting oil. Water content is not an indicator of
stability and is error-prone because of ‘excess’ water
that may be present.

Extensive literature reviews have been carried out
and summarized in the literature (Fingas ef al., 1995b,
1996, 1997). The consensus of the literature is as
follows:

stable and less-stable emulsions exist,
 emulsion stability results from the viscoelastic films
formed by asphaltenes,
3. asphaltenes produce more rigid films than do resins,
4. stable emulsions might be classified by their dielec-
tric and viscoelastic properties,

5 water content does not appear to relate to stability,
however, very low or very high water contents
(< 30 or > 90%) will not vield stable emulsions,
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6. most researchers use visible phase separation to
classify emulsions as stable or not and most con-
cede that this is not an optimal technique.

Several other authors have published relevant pa-
pers and reviews (Aveyard er al., 1991; Breen et al.,
1996; Ferdedal and Sjoblom, 1996; Ferdedal er al.,
1996a,b; Friberg, 199i; Friberg and Yang, 1996;
Sjoblom and Fardedal, 1996).

Experimental

Emulsions have been studied extensively in the
laboratory by the present authors and results reported
in the literature (Bobra er al., 1992; Fingas and
Fieldhouse, 1994; Fingas et al., 1993a,b,c, 1994a,
[995a,b, 1996, 1997). It is not the intent of this paper
to provide details on all the experiments, but to pro-
vide a summary of these and relate these to spill
modelling.

Water-in-oil emulsions were made in various agi-
tators or devices and then the rheometric character-
istics of these emulsions studied over time. The relative
energy only of the devices was characterized. Difter-
ences were noted in the emulsion formation tendency
of oils at different energy levels. Compared to other oil
phenomena such as dispersion, the energy required to
make an emulsion might be characterized as high.
Work is now in progress to quantify the energy in
these apparatuses.

Viscosities were characterized by several means. For
characterization of apparent viscosity, the cup and
spindle system was used. This consisted of the Haake
Roto visco RV20 with M5 measuring system, Haake
Rheocontroller RC20 and PC with dedicated software
package Roto Visco 2.2. The sensors and vessels used
were the SVI spindle and SV cup. The shear rate was
one reciprocal second. The viscometer was operated
with the following ramp times: one minute to target
shear rate 1/s; one minute at target shear rate (1/s).
The temperature was maintained at 15°C. Fifteen
minutes was allowed for the sample to thermally
equilibrate.

The following apparatuses were used for rheological
analysis: Haake RS100 RheoStress rheometer, IBM-
compatible PC with RS100-CS Ver. 1.28 Controlled
Stress Software and RS100-OSC Ver. 1.1.4 Oscillation
Software, 60 mm 4°cone with corresponding base
plate, clean air supply at 40 ps.i., and a circulation
bath maintained at 15°C. Analysis was performed on a
sample scooped onto the base plate and raised to the
measuring cone. This was left for 15 min to thermally
equilibrate at 15°C.

Forced oscillation — A stress sweep at a frequency of
one reciprocal second was performed first to deter-
mine the linear viscoelastic range (stress independent
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region) for frequency analysis. This also provides
values for the complex modulus, the elasticity and
viscosity moduli, the low shear dynamic viscosity, and
the tan(§) value. A frequency sweep was then per-
formed at a stress value within the linear viscoelastic
range, ranging from 0.04 to 40 Hz. This provides the
data for analysis to determine the constants of the
Ostwald-de-Waele equation for the emulsion,

Water content - A Metrohm 701 KF Titrino Karl-
Fischer volumetric titrator and Metrohm 703 Ti Stand
were used. The reagent was Aquastar Comp 5 and the
solvent, 1:1:2 methanol:chloroform:toluene.

Observations were made on the appearance of the
emulsions. Some emulsions appeared to be stable and
remained intact over several days in the laboratory.
Some formed mesostable emulsions and broke after a
few days into water, free 0il and emulsion. The time
for these emulsions to break down varied from about
I to 3 days. The entulsion portion of these break-down
emulsions appears to be somewhat stable, although
studies on them have not been performed. Some
emulsions were mesostable at formation ratios of 1:10
and 1:20 (O:W) and broke after about 1 day of sitting
into water, oil and emulsion. Other emulsions formed
at ratios of 1:30 (O:W) and higher were not stable and
broke into water and oil within hours of mixing. It is
suspected that the O:W rafio only relates to the
shaking energy applied to the oil and may not be
meaningful in itself.

Results and discussion on emulsion lab-
oratory studies

The rheometric studies on the emulsions of over
eighty oils shows that there exist large differences in
the viscosities (both apparent and true) of unstable,
mesostable and stable emulsions and entrained water.
Table 1 shows the summary results of the analysis of
over 80 oils. Column 2 of Table 1 is the evaporation
state of the oil in mass percent lost. Column 3 is the
assessment of the stability of the emulsion based on
both visual appearance and rheological properties.
The power law constants, k& and #, are given next,
These are parameters from the Ostwald de Waele
equation which describes the Newtonian (or non-
Newtonian) characteristics of the material. The vis-
cosity of the emulsion is next and in column 7, the
complex modulus which is the vector sum of the vis-
cosity and elasticity. Column & Ilists the elasticity
modulus and column 9, the viscosity modulus. In
column 10, the isolated, low-shear viscosity is given.
This is the viscosity of emulsion at very low shear rate.
In column 9 tand, the ratio of the viscosity to the
elasticity component, is given. Finally, the water
content of the emulsion, after 1 week, is presented.
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WATER-IN-OIL EMULSIONS RESULTS OF FORMATION STUDIES . ;Hm

Table 2 Classes of water uptake in crude and refined oils

Property Unstable emuisions Entrained water Mesostable emulsions Stable emulsions
’ no water uptake

Appearance Same as the oil Large droplets in oil Black to brown Red to brown

Typical water content at formation Little 30-50% 75-85% 75-85%

Water content range at formation Little 0-90% 30-95% 70-50%

Water content in oil after | week Same as the of! 0-30% 0-10 or 75-85% T5-85%

Ratio of apparent viscosity to original Same 43 starting oil Same to slightly xT5-200 »2000-3000

oil (D= i/s) higher (1 or >1)

Ratio of true viscosity to original oil Same as starting oil Same to slightly %20-200 % 300-800

(D=1/s) higher (1 or >1)

Stiffness modulus (frequency of 1 Hz) Same as starting oil Same Increase (x 1900) Greatest increase

(x100,000)

Ratio viscosity/elasticity (tand — forcad Same as starting oii >5 0.5-5 <0.5

oscillation, | Hz)

Non-Newtonian behaviour (exponent Same as starting oil >0.75 0.15-0.25 <0.1

of Ostwald de Waele power law model)

Stability None Short term, hours Mid term, days Long term, vears

Breakage Immediate Oil and Water 2 or 3 phases Not relevant

Stabilizing force None Kinetic {viscosity) Kinetic (viscosity and Natural surfactant
surfactant interaction interaction

Asphaltene percentage Very high or low <3% »3% >7%

Resin percentage Very high or low ? >3% Not highly

correlated
Waxes No correlationn Slight correlation Not correlated Not correlated

Table 2 summarizes the differences between the vari-
ous oil-in-water states studied here. The results pre-
sented are consistent with previous results from the
present authors and the literature (Fingas ez al., 1997).
It was suggested that mesostable emulsions lack suf-
ficient asphaltenes to render them completely stable or
still contain too many de-stabilizing materials such as
smaller aromatics, The viscosity of the oil may be high
enough to stabilize some water droplets for a period of
time. Mesostable emulsions are probably the most
commonly-formed emulsions in the field. It was noted
that stable emulsions derive from oils that have asp-
haltene contents greater than 3-5% and a lower (as vet
undefined) aromatic content. Further work on the
interaction of these components is necessary before
exact prediction of emulsion formation can occur,
however predictions based on the physics noted above
will be much more accurate than those in the past,

Modelling of the process

The early emulsion formation theories were trans-
lated into modelling equations at that time. Unfortu-
nately, the processes described above were not
apparent until 5 years ago and have not yet been
translated into modelling equations. Information on
the kinetics of formation at sea and other modelling
data is less abundant in the past and in recent times. It
is now known that emulsion formation is a result of
surfactant-like behaviour of the polar and asphaltene
compounds. These are similar compounds and both
behave like surfactants when they are not in solution.

Spill Science & Technology Bulletin (1)

When there are insufficient amounts of aromatic
components to solubilize the asphaltenes and polars,
these precipitate and are available to stabilize water
droplets in the oil mass. The minimum mass percent-
age of either asphaltenes or resins to stabilize an
emulsion is about 3%. This will form a mesostable
emulsion. Stable emulsions form when the asphaltene
content of the oil rises above 7%, Emulsions begin to
form when the above chemical conditions are met and
when there is sufficient sea energy. This energy is not
measurable and its relative amount is not known in
terms of emulsion onset. Literatyre indicates that rel-
ative energy required to form emulsion varies, but is
not high.

In the past, the rate of emulsion formation was as-
sumed to be first-order with time, This can be ap-
proximated with a logarithmic (or exponential) curve.
This assumption, although not consistent with the
knowledge of how emulsions formed, has been used
extensively in oil spill models. Most models that in-
corporate the phenomenon use the Mackay and co-
workers (Mackay, 1980; Mackay et af, 1980) estima-
tion technique or a variation of this. Mackay proposed
a differential equation for the formation of emulsions.
Mackay suggested that this equation not be used since
it can only be solved for *2 = 0 ora very large number.
This corresponds to a very stable or unstable emul-
sion. This equation was fitted to some data from sea
experiments and found to fit adequately. A simpler
equation was proposed as well:

AW = K (U + 11 = Ky )As (1)
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where:

AW =ihe water uptake rate

W = the fractional water content

K, =an empirical constant

U =the wind speed

K, =a constant with the value of approximately 1.33
= {ime

This equation is used In most models where emul-
sification is incorporated. Because the equation pre-
dicts that most oils will form emulsions rapidly given a
high wind speed, most users have adjusted the equa-
tion by changing constants or the form slightly.

Mackay and Zagorski (1982) proposed two rela-
tionships to predict the formation of emulsions on the
sea. They proposed that the stability could be pre-
dicted as follows with an equation that related
asphaltenes and their activities as well as other factors
such as waxes.

Kirstein and Redding (1988) used a variation of the
Mackay equation to predict emulsification. The major
difference being the addition of a ‘coalescing constant’
which is the inverse of the water constant. All of the
above work is based on the Mackay equations which
were developed before extensive work on emulsion
physics took place. They have not been well correlated
to either laboratory or field results. The present au-
thors suggest that both the tendency and the forma-
tion of emulsions could be predicted with a degree of
accuracy using empirical data (Fingas er al., 1997,
1996, 1995b; Friberg, 1991: Aveyard et al., 1991;
Sjoblom et al., 1992). The formation of mesostable
emulsions is known to occur when the asphaltenic and
resin fraction combined goes over 3% and the amount
of the BTEX (benzene, toluene, ethylbenzene, and
- xylene) is less than this amount. Stable emulsions form
when the asphaltene content is greater than 7%. Since
evaporation on the sea rapidly removes the BTEX
component, predication of formation could be ap-
proximated by predicted evaporative loss and the
weight fraction of the asphaltenes and resins. When
the latter rises over the requisite amount and there is
sufficient sea energy, an emulsion will form. There is
insufficient empirical or theoretical information to
predict the requirement for energy. Observations in
the literature suggest that the energy requirement is
variable, but that some oils will form emulsions at
apparently moderate sca energies, others at higher
turbulent levels. The change in viscosity is indicated as
that of Table 1.

Literature shows that emulsion formation is rela-
tively rapid and in the laboratory occurs fully — at
moderate energies - in 0.1-3 h. A simplified approxi-
mation is that emulsions form immediately given the
correct oil composition and minimum encrgy.
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Conclusions

The stability of emulsions can be classified into three
categories: stable, mesostable and unstable. A fourth
state, that of entrained water, which occurs as a result
of viscosity retention of water droplets, has also been
noted. The differences in the emulsion types are readily
distinguished both by their theological properties, and
simply by appearance. The apparent viscosity of a
stable emulsion at a shear rate of one reciprocal sec-
ond, is at least three orders-of-magnitude greater
than the fresh oil. An unstable emulsion usnally has a
viscosity no more than one order-of-magnitude greater
than that of the starting oil. A stable emulsion has a
significant elasticity, whereas an unstable emulsion
does not. It should be noted that very few emulsions
have questionable stability. Stable emulsions have
sufficient asphaltenes (> ~7%) to establish films of
these compounds around water droplets.

Mesostable emulsions have insufficient asphaltenes
to render them completely stable. Stability is achieved
by viscoelastic retention of water and secondarily by
the presence of asphaltene or resin films. Mesostable
emulsions display apparent viscosities of about 80-600
times that of the starting oil and true viscosities of 20-
200 times that of the starting oil. Past emulsion-for-
mation modelling was based on first-order rate equa-
tions which were developed before extensive work on
emulsion physics took place. They have not been well
correlated to either laboratory or field results. The
present authors suggest that both the tendency and the
formation of emulsions could be predicted using em-
pirical data. The formation of mesostable emulsions is
known to occur when the asphaltenic and resin frac-
tion combined goes over 3% and the amount of the
BTEX (benzene, toluene, ethylbenzene, and xylene) is
less than this amount. Stable emulsions form when the
asphaltene content is greater than 7%. Since evapo-
ration on the sea increases the amount of resins and
asphaltenes by loss of other components, predication
of formation could be approximated by predicted
evaporative loss and the weight fraction of the as-
phaltenes and resins. When the latter rises Over the
requisite amount and there is sufficient sea energy, an
emulsion will form. Observations reported in the lit-
erature suggest that the energy requirement is variable,
but that some oils will form emulsions at apparently
moderate sea energies, others at higher turbulent lev-
els. The change in viscosity 1s predictable using values
reported here.

Literature shows that emuision formation is rela-
tively rapid and in the laboratory occurs fully — at
moderate energies — in 0.1-3 h. A simplified approxi-
mation is that emulsions form immediately given the
correct oil composition and minimum energy.
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