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ABSTRACT :

This paper summarizes studies to determine the stability of water-in-oil
emulsions of over 100 oils, including one emulsion from the ERIKA spill. Emulsions
were analysed after one year of storage to examine the change in properties after that
time.

These studies have confirmed that the stability of emulsions can be grouped
into three categories: stable, unstable and meso-stable. Water can also reside in oil as
‘entrained water’, in which larger droplets of water are temporarily suspended by
viscous forces. These have been distinguished by physical measures as well as visual
differences. The viscosity of a stable emulsion at a shear rate of one reciprocal
second, is at about three orders-of-magnitude greater than that of the starting oil. An
unstable emulsion usually has a viscosity no more than about 20 times greater than
that of the starting oil. A stable emulsion has a significant elasticity, whereas an
unstable emulsion does not. A meso-stable emulsion has properties between stable
and unstable, however breaks down after a few days of standing. The usual situation
is that emulsions are obviously either stable, meso-stable or unstable. Entrained
water, water suspended in oil by viscous forces alone, is also evident. Very few
emulsions have questionable stability. Analytical techniques were developed to test
these observations.

The properties of the starting oil are the important factor in determining what
type of water-in-oil state is produced. Composition and property ranges are given for
the starting oil to form each of the water-in-oil states. Important property factors are
the asphaltene content, resin content, and starting ol viscosity.

1.0  Introduction

The most important characteristic of a water-in-oil emulsion is its “stability”.
The reason for this importance is that one must first characterize an emulsion as
stable (or unstable) before one can characterize the properties. Properties change very
significantly for each type of emulsion. Until recently, emulsion stability has not been
defined (Fingas et al. 1998). Therefore, studies were difficult because the end points
of analysis were not defined. This paper continues studies of the stability of water-
in-oil emulsions and define characteristics of different stability classes. Four ‘states’
that water can exist in oil will be described. These include: stable emulsions, meso-
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stable emulsions, unstable emulsions (or simply water and oil) and entrained water.
These four ‘states’ are discriminated by visual appearance as well as by rheological
measures.

Mesostable emulsions are emulsions that have properties between stable and
unstable emulsions (really oil/water mixrures) (Fingas et al. 1998). It was 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 fora
period of time. Mesostable emulsions may degrade to form layers of oil and stable
emulsions. Mesostable emulsions 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, generally within a few hours. Some water (usually less than
about 10%) may be retained by the oil, especially if the oil is viscous. Entrained
water may persist in viscous oils for a period of time. This ‘entrained’ stage has 2
short life span, but again residual water typically about 10% water may persist fora
long time.

The most important measurements to characterize emulsions are forced
oscillation rheometry studies. The presence of significant elasticity clearly defines
whether or not a stable emulsion has been formed. The viscosity by itself 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 an indicator, but may not be
definitive. This laboratory’s experience is that all stable emulsions were reddish.
Some meso-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. It should be noted however that
stable emulsions have water contents greater than 70% and that unstable emulsions or
entrained water-in-oil generally have water contents less than 50%. Water content
after a period of about one week is found to be more reliable than immediate water
content. This is because separation will occur in those emulsions that are less stable.

This paper reports on studies of the states of new oils from a previous study
(Fingas et al., 1998) and reports on the analysis of some of the water-in-oil states
over one year after their initial formation. Over 100 oils have been studied to date.

2.0 Experimental

Water-in-oil emulsions were made in a rotary agitator and then the rheometric
characteristics of these emulsions studied over time. Over 100 oils were used. Oils
were taken from the storage facilities at the Emergencies Science Division.
Properties of these oils are given in standard references and will be summarized later
in this paper (Jokuty et al., 1999). A sample of the oil spilled from the ERIKA, a
sample of the emulsion formed in a test tank and a sample of the cmulsion recovered
at sea, approximately two weeks after the spill, were provided by CEDRE, Brest,
France.

Emulsion Formation - Emulsions were made in an end-over-end rotary mixer
(Associated Design). The apparatus was located in a temperature controlled cold
room at a constant 15 degrees Celsius. The mixing vessels were 2.2 L FLPE wide-
mouthed bottles (Nalge). The mixing vessels were approximately one-quarter full,
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with 600 mL salt water (3.3% w/v NaCl) and 30 mL of the sample crude oil or
petroleurn product. The vessels were mounted into the rotary mixer, and allowed to
stand for several hours (usually four) to thermally equilibrate. The vessels were
placed in the rotary mixer such that the cap of each mixing vessel follows, rather than
leads, the direction of rotation. The rotary mixer was kept in a temperature controlled
cold room at 15°C. The vessels were then rotated for a period of 12 hours at a rate of
55 RPM, or at the specified rate of rotation for the specified time. The vessels are
approximately 20 cm in height, providing a radius of rotation of about 10 cm. At the
conclusion of the mixing time, the emulsions are collected from the vessels for
measurement of water content, viscosity and the complex modulus. The emulsions
were stored in the cold room at 15°C for one week, then measured again. The
emulsions continue to be stored until measured at a time greater than one year from
the time of formation..

Rheology - The following apparatuses were used for rheological analysis:
Haake RS100 RheoStress rheometer, IBM-compatible PC with RheoStress RS Ver.
2.10 P software, 35 mm and 60 mm parallel plates with corresponding base plates,
clean air supply at 40 p.s.i.; and a circulating bath maintained at 15.0 degrees Celsius.
Analysis was performed on a sample spread onto the base plate and raised to 2.00
mm from the measuring plate, with the excess removed using a teflon spatula. This
was left for 15 minutes to thermally equilibrate at 15 degrees Celsius.

Viscosity denoted as “RS100" was measured on an RS100 RheoStress
rheometer using a 35 mm plate-plate geometry. The shear rate was nominally 1
reciprocal second, and corrected by the Weissenberg equation: corrected viscosity =
measured viscosity * (3+n)/4 where n is the power-law exponent, determined by a
frequency sweep in the oscillation mode.

Viscosity denoted as “RV20" is measured on an RV20 with RheoController
and M5 measuring head. The concentric cylinder geometry is used, specifically the
SV and SV cup and spindle combination, at a controlled shear rate of 1 reciprocal
second.

Forced Oscillation - A stress sweep at a frequency of 1 reciprocal second was
performed first to determine the linear viscoelastic range (stress independent 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(d) value.
A frequency sweep was then performed 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. The specific method used was as
follows: standardize the titre and blank the solvent. Stir the sample emulsion to geta
relatively homogeneous mixture. Fill 2 | mL plastic syringe with emulsion, trying to
avoid free water pockets present in the sample. Ejcet all but 0.1 mL; this should
remove most of the free water from the more viscous emulsion. Weigh the sample
syringe and inject into the reaction vessel, being careful the sample goes into the
solution and not onto the vessel walls. Reweigh the syringe and enter the difference
into the titrator. Initiate titration. Weight percentage of water is displayed.

Complex Modulus - The complex modulus is a measure of the overall



APR 13'8@ 87:83 FR EC ETC,_\ESD B13 991 9485 TO MULLIN J - MMS P.B85736

resistance of the material to flow under an applied stress, in units of force per unit
area. This combines the elements of viscosity and elasticity for a viscoelastic
material such as water-in-oil emulsions. Since crude oils generally do not possess
significant elasticity, it has been found that dividing the complex modulus of the
emulsion by the viscosity of the fresh oil is a useful indicator of the stability of the
emulsion, as a value greater than 200 generally indicates a stable emulsion.

The complex modulus was measured on an RS100 RheoStress rheometer
using a 35 mm plate-plate geometry. A stress sweep was performed in the range 25
to 1,000,000 mPa in the oscillation mode at a frequency of 1 Hz. The resulting
complex modulus in the linear portion of the range was reported.

4.0 Results and Discussion

The emulsions and mixtures formed in a previous study (Fingas et al., 1998)
were stored in a cold room and the rheological properties were re-measured after at
least one year had passed. The rheological data for over 100 oils are given in Table 1.
The second column of the table is the evaporation state of the oil in mass percent lost.
The third column is the assessment of the stability of the emulsion based on both
visual appearance and rheological properties. The fourth column is the viscosity of
the emulsion and the fifth column is the complex modulus which is the vector sum of
the viscosity and elasticity. Column 6 is the tan delta, the ratio of the viscosity to the
elasticity component. Finally, the water content of the water-in-oil state is presented.
This is repeated for the measurements taken at one week and for those taken at least
one year later.

Observations were made on the appearance of the emulsions and were used to
classify the emulsions. All of the stable emulsions appeared to be stable and remained
intact over seven days in the laboratory. All of the meso-stable emulsions broke after
a few days into water, frce oil and emulsion. The time for these emulsions to break
down varies from about | to 3 days. All entrained water appeared to have larger
suspended water droplets and broke down within hours to an oil and water layer, with
some retention of some water. The appearance of non-stable water in oil was just
that, the oil appeared to be unchanged and a water layer was clearly visible.
Observations were also made in another study on the formation of emulsions (Fingas
et al., 2000). These show that the emulsions are formed fairly rapidly and that there is
not a continuum of formations.

Table 2 shows the summary of the property changes for the different types of
emulsions over the three time periods. The most obvious, and largest change is that of
water content, and other properties for the meso-stable emulsions between the day of
formation and one week later. These values are highlighted in the table. These
emulsions break down between these two times, thus all properties are drastically
different. The complex modulus stayed about the same or went up for all states
between the one week time period and one year. The value of stability would do so as
well. Other values in the table show changes for the different types as well, for
example, the water content of the unstable mixtures went up between one week and
one year. This latter example is based only on a few values and the standard
deviation is very high. Overall, the water-in-oil states gained viscosity, values of
complex modulus and lost water between each time period. Stable emulsions lost the
least amount of water. Only one oil, Arabian Light, refer to Table 1, appeared to lose
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some stability during the year time period. Its characteristics are now more similar to
that a meso-stable emulsion than a stable, after one year. This is the first and only
case of a high decrease in both stability and water content observed for a stable
emulsion over a one-year time period.

The oils that were reported in the earlier study (Fingas et al., 1998) were re-
assessed and Table 3 summarizes the data on these. Table 3 provides the data on the
oil properties as well as the parameter called *stability’ which is the complex
modulus divided by the viscosity of the starting oil. It is noted from this table that this
parameter correlates quite well with the assigned behaviour of the oils. High stability
parameters imply stable emulsions and low ones imply unstable emulsions.

Table 4 summarizes the data from Table 3. Table 4 shows that all classes of
water-in-oil states (except unstable, which was not included here) increased in
stability over the year time period. All lost some amount of water as well during the
year time period. Stable emulsions showed the least increase in stability and the least
loss of water, probably because these values were bath the highest to begin with.
Water loss, very slight in the case of stable emulsions, is probably due to drainage of
excess water and loss of water during each subsequent analysis procedure. The
Arabian Light emulsions were separated from the stable emulsions in calculating the
data from Table 4 because their stability after one year was in question.

Table 5 shows properties of the oils in various classes and the properties of
the resulting water-in-oil state. Data were averaged from this paper and the previous
work (Fingas et al., 1998). This shows that the factor, stability, is capable of
discriminating among the various states of water-in-oil studied here. Although there
are overlapping ranges, the differences are generally sufficient to act as a single-value
discriminator. It is noted that there are different viscosity ranges for the different :
states. This shows that viscous forces are responsible for part of the stability, but that
after viscosity of the starting oil rises to a given point, about 20,000 mPa.s, that
meso-stable or stable emulsions are no longer produced.

Table 5 shows that the starting oil properties differ somewhat for oils that
form the various states. The oil properties for stable and meso stable are similar.
These are oils of medium viscosity that contain a significant amount of resins and
asphaltenes. Meso-stable emulsions may form from oils that have higher or lower
viscosities than those that might form stable emulsions. Stable emulsions are more
likely to form from those oils having more asphaltenes than resins. Entrained water
is likely to form from more viscous oils with relatively high densities. Oils of very
high or very low viscosities (and densities) are unlikely to uptake water in any form.
These oils typically have no (associated with low viscosity and density) asphaltenes
or resins, or very high amounts of these.

Table 5 also shows that the differences between the four water-in-oil states is
readily discernible by appearance and rheological properties. The reddish or brown
colour on formation indicates either a stable or meso-stable emulsion, however,
stable emulsions always have a more solid appearance. The increase in apparent
viscosity (from the starting oil) on formation averages about 1,100 for a stable
emulsion, 45 for a meso-stable emulsion, 13 for entrained water-in-oil and unstable
show little or no increase. This difference increases after one week. The increase in
apparent viscosity after ane week averages about 1,500 for a stable emulsion, 30 fora
meso-stable emulsion, 3 for entrained water-in-oil and unstable show little or no
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increase. It is noted that apparent viscosity does not decrease after one-week for
stable emulsions only.

There are several other features noted in the summary data presented in Table
5. An examination of the wax content shows that wax content has no relation to the
formation of any of these states. There may be some correlation to viscosity but the
specific wax content is not associated with the formation of any state. It is noted that
density is associated with the viscosity and somewhat to the state. It is also noted that
the water content correlates somewhat with the state. The average water content of
stable emulsions is 80 % on the day of formation, of meso-stable - 62, of entrained -
42 and 5 for unstable. One must be cautious on using this as a sole discriminator
because of over-lapping ranges. The water content after one week, as would be
expected, correlates very highly with the state. This, as was noted above, is
accentuated by the fact that meso-stable and entrained water-in-oil have separated to
a significant degree. ;i

These data indicate that there are ‘windows’ of compesition and viscosity
which results in the formation of each of the types of water-in-oil states. The
important composition factors are the asphaltene and resin contents. Asphaltencs arc
responsible for the formation of stable emulsions, however, a high asphaltene content
can also result in a high viscosity, one that is above the region where stable emulsions
form. The asphaltene/resin ratio is generally higher for stable emulsions. In a
previous work by the present author, it was shown that the migration rate of
asphaltenes in emulsions is very slow (Fingas et al. 1996). This indicates that in very
viscous oils, the migration of asphaltenes may be oo slow to allow for the
stabilization of emulsions.

One very important question was whether actual emulsions formed at sea
would fit this scheme. Emulsion, starting oil and an emulsion formed in the recent
ERIKA spill were analysed. The emulsion was stable. The asphaltene content was 7
% and the resin content was 16 %, yielding a asphaltene/resin ratio of 0.4. The data
from this emulsion fit the parameters of Table 5. Thus, this real world emulsion fits
the same parameters as the laboratory emulsions. Further work will be done to
ensure that the laboratory findings are relevant to those emulsions produced at spills
in the real world.

5.0 Conclusions

Four, clearly-defined states of water-in-oil have been shown to be defined by
a number of measurements and by their visual appearance, both on the day of
formation and one week later. The difference between these states and the oils that
form them are summarized in Table 6.

The results of this study indicate that the formation of both stable and meso-
stable emulsions is due to the combination of surface-active forces from resins and
asphaltenes and from viscous forces. There exists a range of compositions and
viscosities in which each type of water-in-oil state exist. The difference in
composition between stable and meso-stable emulsions is small. Stable emulsions
have more asphaltenes and less resins and have a narrow viscosity window.
Instability results when the oil has a high viscosity (over about 50,000 mPa.s) or a
very low viscosity (under about 6 mPa.s) and when the resins and asphaltenes are less
than about 3%. Water entrainment occurs rather than emulsion formation when the
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viscosity is between about 2000 and about 50,000 mPa.s. The formation of stable or
meso-stable emulsions may not occur in highly viscous oils because the migration of
asphaltenes (and resins) is too slow to permit droplet stabilization.

The role of other components is still unclear at this time. Aromatics dissolve
asphaltenes and there is a small correlation observed with the stabilities. Waxes have
no role in emulsion formation. Density of the starting oil is highly correlated with
viscosity and thus shows a correlation with stability.

The state of the final water-in-oil can be correlated with the single parameter
of the complex modulus divided by the starting oil viscosity. This stability parameter
also correlates somewhat with the non-Newtonian behaviour of the resulting water-
in-oil mixture, with the elasticity of the emulsion and also the water content. These
properties are more decisive in defining the state one-week after formation. This is
because all states have largely separated into oil and water except for stable
emulsions. The water content retained one-week after the formation process is a very
clear discriminator of state.

All water-in-oil water states gain some stability after one year. All lose some
water, but generally this is only a small percentage. There appears to be no change in
state after one year, however, Arabian light emulsions lost significant stability so that
the ‘stable’ emulsion may be breaking down.
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Table 6 Typical Properties for the Water-in-Oil States
Stable Meso Entrained Unstable
Day of Formation Appearance brown solid brown viscous liquid  biack with targe dropleis ke ail
Water Content on firstday % 80 62 42 5
Appearanca after one waek brown solid broken, 2 or 3 phases sepamted od end water  like ol
Water Content after week % 79 38 15 2
Stable time days >30 <3 <0.5 not
Starting Oil
Density gm.L  0.85-0.97 0.84-0.98 0.97-0.99 0.8-1.03
Viscosity (mPas) 15-10000 6-23000 2000-60000 2-s.1x10"
Saturates % 25-65 25-65 18-32 23-80
Aromatice % 20-55 2540 30-55 512
Resins % 5-30 6-30 15-30 0-32
Asphaltanes % 3-20 3-17 322 0-32
Asphaltenes/Resins 0.74 047 0.62 0.45
Properties on day of formation
Average Ratio of Viscosity Increase 1100 45 13 1
Properties after one Week
Average Ratlo of Viscosity Increase 1500 30 2 1
Properties after one Year

Average Ratio of Viscosity Increase 1400 15 1
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