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A number of research groups have investigated the formation and stabilization of water-in-oil emulsions. A
variety of compounds and mixtures have been shown to promote and stabilize these emulsions, including sea
water particulates, as well as fractions or compounds found in crude oil. Asphaltenes, resins and waxes in
crude oil contribute to the formation of stable oil-in-water emulsions. Within the asphaltene fraction, the
nickel porphyrins appear to play an essential role in emulsion formation. The vanadium porphyrins, al-
though more abundant than nickel porphyrins in most crude oils, do not play an important role in emulsion
formation, possibly because of their higher polarity. It appears that compounds with higher solubility in the
oil phase than in the aqueous phase are the emulsifying agents that can promote stable water-in-oil
emulsions. Crude oils that form very unstable emulsions, e.g. Gullfaks crude oil from the North Sea, re-
quire weathering as well as the addition of nickel porphyrins before a stable emulsion will form. The
weathering may cause the formation of colloidal asphaltene particles and highly polar compounds that
contributes to emulsion stabilization. Essential to the formation of stable water-in-oil emulsions are suf-
®cient amounts of certain polar compounds. If there are insu�cient amounts of these compounds, then even
the presence of particles and waxes will not lead to the formation of stable emulsions. Ó 1999 Elsevier
Science Ltd. All rights reserved
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Introduction

Certain crude oils when mixed with seawater form
water-in-oil emulsions which consist of droplets of
water dispersed in the oil (Fig. 1). Mixing energy, re-
quired to form emulsions, is provided in the ocean by
wind or wave induced turbulence. Stable water-in-oil
emulsions are characterized by a high water content
(50 to 90% ), high viscosity, small water droplets and
higher density than the original oil (Brandvik and
Daling, 1991; Fingas et al., 1994) Stable emulsions
have been de®ned by Fingas et al. (1994) as emulsions
in which the water persists for 5 days or longer. The
high viscosity of stable emulsions results in a semi-
solid or gel formed from the liquid crude oil. Brandvik
and Daling (1991) found that water uptake was ®rst

order during the formation of a water-in-oil emulsions
and most oils had taken up the maximum amount of
water after 10 h of mixing.

Stable emulsions are characterized by properties
which prevent the coalesce of their small water drop-
lets (1 to 10 lm), while in unstable emulsions the larger
water droplets quickly coalesce (Fig. 1). The size of
water droplets in water-in-oil emulsions has been in-
vestigated by light and electron microscopy (Mikula,
1992). Crude oil from the Norwegian continental shelf
formed emulsions containing water droplets with di-
mensions in the 10 to 30 lm range (Sj�oblom et al.,
1990a). An emulsion of North Sea crude oil had water
droplets with an average diameter of 10 lm (Thomp-
son et al., 1985).

A stable emulsion is composed of an aqueous phase,
an oil phase and an emulsifying agent. Particles and
surfactants found in crude oil can act as emulsifying
agents and thus can promote and stabilize water-in-oil
emulsions (Bobra, 1990, 1991; Brandvik and Daling,
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1991; Canevari, 1987; Christopher, 1993; Durell et al.,
1994; Eley et al., 1976, 1988; Fingas et al., 1993, 1994,
1995; Gelot et al., 1984; Graham, 1988; Isaacs and
Chow, 1992; Johansen et al., 1989; MacKay, 1987;
MacKay et al., 1973; Payne and Phillips, 1985; Sj�oblom
et al., 1990a). If the concentrations of particles and
surfactants are su�ciently high, then water droplet
coalescence is prevented, leading to stable emulsions
(Fig. 2). Particles in the ocean can enter an oil slick and
act as emulsifying agents. Particles found in crude oils
include waxes and asphaltenes, while particles found in
sea water include suspended sediments and/or partic-
ulates. Dissolved surfactants which accumulate at the
water±oil interface include metallic salts, organic acids,
organic bases and organometallics.

Oxygenated compounds in the oil are thought to
increase the solubility of water so that after turbulent
mixing, water in the oil is in a supersaturated condition.
This is followed by precipitation of water as small
droplets in the oil (Fig. 1). Surfactants and particles
accumulate at the interfacial ®lm, stabilize the water
droplets and thereby stabilize the emulsion. A sche-
matic diagram by MacKay (1987) features a stabilized
water droplet with associated asphaltenes and wax
crystals (Fig. 3). This paper reviews the literature on
chemicals and particulates which contribute to the
formation and stabilization of water-in-oil emulsions.
A number of review articles have been written sum-
marizing the literature on water-in-oil emulsions. (Bo-
bra, 1990; Bansback, 1970; Canevari and Fiocco, 1997;
Christopher, 1993; Fingas et al., 1993; Friberg, 1991;
Graham, 1988; MacKay, 1987; Payne and Phillips,
1985; Schramm, 1992; Sj�oblom et al., 1996).

Stabilization of water-in-oil emulsions
by sea water particles

High concentrations of sea water particulates occur
in high latitude waters when there is glacial runo�.

Clay particles have been shown to stabilize water-in-
oil emulsions (Menon and Wasan (1988)). An X-ray

Fig. 2 Water-in-oil emulsions. Water droplet in oil showing stabi-
lization by surfactants and particulates. Modi®ed from Christopher
(1993).

Fig. 1 Formation of water-in-oil emulsions. Modi®ed from Lewis
and Walker (1993).

Fig. 3 Schematic diagram showing a water emulsion droplet in oil
which is stabilized by asphaltenes, surfactants and waxes. An un-
stabilized region is shown where there is formation of an incomplete
barrier. Modi®ed from MacKay (1987).
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detector coupled to an electron microscope was used
to show clays at the water±oil interface in a water-in-
oil emulsion (Mikula, 1987). Clays present at the in-
terface were shown by the presence of clay-derived
silicon. Large phytoplankton blooms result in high
concentrations of organic particulates. Clay particles
and the organic-clay particulates found in coastal
ocean waters have both hydrophobic and hydrophilic
regions so that such particles would be located at the
oil±water interface and would be expected to stabilize
emulsions (Tsugita et al., 1983). Menon and Wasan
(1988) have suggested that asphaltene particles after
binding to clay are highly hydrophobic and can better
stabilize water-in-oil emulsions. For particles to act as
emulsifying agents, the particles must be much smaller
than the water droplets, collect at the water±oil in-
terface and have regions which can enter the oil and
aqueous phase (Bobra, 1991). For the particles to
contribute to emulsion stabilization, the particles
should be no more than 1 lm in size, since the size of
the water droplets in stable emulsions are generally
10 lm or less (Graham, 1988). The importance of
seawater particulates in the formation of oil-in-water
emulsions can be seen in the formation of emulsions of
Alaska North Slope crude oil (Fig. 4, Lee, 1995).
Filtered estuary water formed unstable emulsions
whereas un®ltered water formed stable emulsions.
Such results were not found with other crude oils.

Crude oil fractions that promote and
stabilize water-in-oil emulsions

Certain fractions of crude oil have been identi®ed as
contributing to the formation of water-in-oil emul-
sions. These fractions include waxes, asphaltenes and

resins and can exist in both the dissolved and partic-
ulate form. Waxes are high-molecular-weight alkanes.
Asphaltenes are de®ned as the solid material precipi-
tating from crude oil after the addition of a low-
boiling liquid hydrocarbon such as heptane or
pentane. The resins are de®ned as the pentane-soluble
but methanol-insoluble fraction of crude oil.

Since the classi®cation of asphaltenes and resins is
an operational term, i.e. solubility in di�erent solvents,
there is not a clear distinction between the compounds
found in the two fractions. Resin particles are gener-
ally smaller than asphaltene particles and most of the
metal porphyrins are in the asphaltene fraction. As-
phaltenes tend to have higher-molecular-weight com-
pounds and to be more polar than resins (Filby, 1975).

A number of studies have demonstrated the
importance of asphaltenes, resins and waxes in
promoting and stabilizing water-in-oil emulsions.
Brandvik and Daling (1991) found that the stability of
a water-in-oil emulsion was positively correlated with
the resin, wax and asphaltene content of the original
crude oil. Removal of asphaltenes from crude oils by
silica columns produced oils that did not form water-
in-oil emulsions (Ebeltoft et al., 1992; Sj�oblom et al.,
1990b, 1992; Urdahl et al., 1992). Bridie et al. (1980)
found that after the removal of asphaltenes from
Kuwait crude oil, very unstable emulsions were pro-
duced. When wax crystals and asphaltenes were added
back to the treated oil, a stable water-in-oil emulsion
was formed. Waxes cannot act as emulsifying agents
by themselves but can act in combination with resins
or asphaltenes to produce stable oil-in-water emul-
sions. Thus, a concentration of 0.01 g/ml of asphalt-
enes did not produce a stable water-in-oil emulsion,
but when waxes were added (0.05 g/ml), stable emul-
sions were formed (Bobra et al., 1992). An asphaltene
concentration of 0.03 g/ml, with no wax added, pro-
duced a stable emulsion. Bobra (1991) found that
resins alone could act as e�ective emulsi®ers, but the
most stable emulsions were formed when both as-
phaltenes and resins were present. It was suggested
that waxes could interact with asphaltenes and resins
to stabilize emulsions.

Bobra et al. (1992) has suggested that asphaltenes,
resins and waxes must be in the form of ®nely divided
submicrometer particles to act as emulsifying agents.
Several studies support the importance of wax, asp-
haltene, and resin particles in emulsion formation and
stability. Centrifugation of a North Sea crude to
remove wax crystals resulted in an oil which formed a
less stable emulsion (Graham, 1988). It should be
noted that such centrifugation could also remove some
colloidal asphaltene particles. Electron micrographs of
frozen water-in-oil emulsions showed granules on the
oil side of the droplet interface and these were sug-
gested to be composed of ®nely divided asphaltene

Fig. 4 E�ect of seawater particulates on formation of water-in-oil
emulsion by Alaska North Slope crude oil. Seawater (300 ml) either
®ltered (0.45 lm ®lter) or un®ltered was mixed with 30 ml of oil on a
rotating apparatus and the water content of the emulsion formed
was noted at the di�erent times.

AGENTS WHICH PROMOTE AND STABILIZE WATER-IN-OIL EMULSIONS

Spill Science & Technology Bulletin 5(2) 119



particles (Eley et al., 1976, 1988). In emulsions made
with Brega crude, which is high in waxes, wax crystals
were observed along the oil±water interface (Eley et al.,
1976). Wax particles were also found in microscope
studies of emulsions produced by North Sea crude oil
(Thompson et al., 1985). The asphaltenes are soluble
in aromatic solvents, e.g. xylene, and insoluble in al-
kane solvents. Thus, the alkane/aromatic ratio in an
oil is important in determining the size of the asphal-
tene particles. If the alkane/aromatic ratio is high,
then the asphaltenes will be in the form of particles in
the oil, with the size of the particles determined by the
ratio. After weathering, lighter hydrocarbons are lost
and the weathered oil generally forms a more stable
emulsion than the one formed with the original crude.
The formation of stable emulsions with weathered oil
may be due to the formation of more asphaltenes
particles because of the loss of solvents (low-weight
aromatics).

The solubility behavior of asphaltenes and their
precipitation in crude oil has been described by Bobra
et al. (1992) and Gri�th and Siegmund (1985) using
the solubility theory described by the Hilderand±
Scatchard equation. Oil is assumed to be composed of
a solute (asphaltenes) and solvent (compounds in oil
other than asphaltenes). Thus, the lighter weight aro-
matics, e.g. toluene, xylene, of crude oil act as solvents
for the heavier asphaltenes. The application of the
Hildebrand±Scatchard equation for describing asp-
haltene solubility is as follows:

RT ln
Aa

Xa

� �
� Ma/

2
s

qa

ra ÿ rs� �2

where

When the amount of asphaltenes present in the oil
exceeds Xa, the excess asphaltenes precipitate. As-
suming asphaltenes are homogeneous and A� 1, the
equation can be rewritten in terms of maximum
amount of asphaltenes soluble in oil:

ln Xa � Ma/
2
s

qaRT
ra ÿ rs� �2

The amount of asphaltenes soluble in oil, Xa, is con-
trolled by the solubility parameters of the asphaltenes
(ra) and the oil (rs). As (raÿrs)

2 increases, the amount
of asphaltenes soluble in oil decreases and the excess
asphaltenes precipitate.

A study of the structure of asphaltenes may give
some insight into why asphaltenes play such an im-
portant role in promoting and stabilizing emulsions.
The structure of asphaltenes is not well understood,
but several possible structures have been proposed to
explain the composition and properties of the asp-
haltene fraction. In addition to carbon and hydrogen,
other elements found in asphaltenes include nitrogen,
oxygen, sulfur and metals (primarily vanadium and
nickel). Asphaltene properties include high molecular
weight, solubility in aromatic solvents and very low
solubility in n-alkane solvents. One proposed structure
for asphaltene is shown in Fig. 5 which accounts for
the nitrogen, sulfur and oxygen in asphaltenes, but
does not include the organometallic compounds.
Figure 6 shows an asphaltene micelle showing a ¯at
central region consisting of fused aromatic rings with a
corrugated periphery made up of naphthenic rings and
aliphatic chains. An organometallic complex is also
shown which is assumed to complex other asphaltene
compounds in the micelle. Such asphaltene sheets

Aa � activity coe�cient of asphaltenes
Xa � mole fraction of asphaltenes
Ma � molecular weight of asphaltenes
/s � volume fraction of solvent
ra � Hildebrand solubility parameter of the as-

phaltenes
rs � Hildebrand solubility parameter of the sol-

vent
qa � density of asphaltenes
R � gas constant
T � temperature

Fig. 5 Hypothetical structure of a petroleum asphaltene. Modi®ed
from Speight and Moschopedis (1981).
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appear to be regularly stacked in lamellar structures
and such structures, which are found in other
surfactant systems, are known to enhance emulsion
stability (Johansen et al., 1989).

There is not always a direct correlation between the
concentration of asphaltenes in a crude oil and the
formation of a water-in-oil emulsion. For example,
while Kuwait crude oil is 1.4% asphaltenes and
TiaJuana crude oil is 3.1% asphaltenes, the Kuwait
crude forms a more stable emulsion than the TiaJuana
crude (Lee, 1995). Jenkins et al. (1991) found that one
crude (identi®ed as crude A) had 1.6% asphaltenes
and formed a very stable emulsion while a second
crude (crude B) had 1.03% asphaltenes and did not
form stable emulsions. Thus, certain components of
the asphaltenes may play a critical role in emulsion
formation. The amounts of these emulsifying agents in
asphaltenes are likely to vary for asphaltenes from
di�erent crude oils. Asphaltenes are composed of
neutral, acidic and basic components. Si�ert et al.
(1984) found that stable emulsions were formed with
crude oils containing asphaltenes with an imbalance
between the proportion of acidic and basic groups.
Much more work will be necessary to better de®ne
which compounds in asphaltenes and resins make
major contributions to emulsion stability.

Promotion and stabilization of water-in-
oil emulsions by photo-oxidation prod-
ucts of oil

Klein and Pilpel (1974) found that photo-oxidation
of oil resulted in stabilized water-in-oil emulsions.
Bocard and Gatellier (1981) found that emulsions
formed with fresh crude were unstable, while after

exposure to light, these crudes formed stable emul-
sions. Thingstad and Pengerud (1983) found that a
Norwegian crude oil (Statfjord crude) did not form
stable water-in-oil emulsions in the dark. When this oil
was illuminated for 3 to 4 days before mixing with
seawater a stable emulsion was formed. Crude oils
exposed to simulated sunlight produced stable water-
in-oil emulsions, and the suggestion has been made
that photo-oxidation products with surfactant prop-
erties acted as emulsifying agents (Brandvik and
Daling, 1991). Lamathe (1982) found that carboxylic-
sulfonated acids, produced during the photo-oxida-
tion of asphaltene fraction of oil, were important in
the formation of water-in-oil emulsions. It seems likely
that some photo-oxidation products of asphaltenes
have surfactant properties.

The addition of a model photo-oxidation product,
tetradecanal (n-C14 aldehyde), to a Statfjord crude
produced a stable emulsion. The tetradecanal was re-
quired to be above 10% in the oil before water was
taken into the emulsion. Beta-carotene, an inhibitor of
photo-oxidation, prevented the formation of water-in-
oil emulsions during light exposure. Thus, Thingstad
and Pengerud (1983) concluded that some of the
products of oil photo-oxidation, e.g. acids, aldehydes,
were surfactants that facilitated the formation of
water-in-oil emulsions. In general, tertiary free radi-
cals are more stable than those formed from primary
or second carbons, so that isoprenoids with tertiary
carbons are more susceptible to photo-oxidation than
n-alkanes. Thus, there should be a predominance of
products derived from tertiary carbons after photo-
oxidation.

Compounds that promote and stabilize
water-in-oil emulsions

Few studies have demonstrated that pure com-
pounds isolated from crude oil can promote and sta-
bilize water-in-oil emulsions. Compounds with
surfactant properties in crude oil can be expected to
promote and stabilize water-in-oil emulsions since
surfactants are associated with the water±oil interface.
As shown in Fig. 2, surfactants surround the water
droplets and the polar-hydrophilic end is in the
aqueous phase while the hydrophobic end is in the oil
phase. To form stable water-in-oil emulsions, the
surfactant should have a large hydrophobic region
and a smaller hydrophilic region. The surfactants are
likely to in¯uence the viscosity of the emulsion.
MacKay et al. (1973) concluded that each water
droplet was encapsulated in an envelope of surfactants
with a plastic nature that prevented coalescence of the
water droplets due to altered interfacial oil±water
tensions.

Fig. 6 Asphaltene micelle. Metal porphyrin (M) is a coordination
center for several clusters. Modi®ed from Yen (1981) and Speight
and Moschopedis (1981).
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Canevari (1987) extracted high-molecular-weight
surfactant residues from various crude oils and the
amount of surfactant residue correlated with the
emulsion forming tendency of the crude oil. The rel-
ative amount of surfactant residues found in various
crude oils included 19.5% in Kuwait crude, 1.1% in
Eko®sh, 2.8% in South Louisiana and 16.8% in La
Rosa. Examples of compounds found in crude oil
having surfactant properties include carboxylic acids
and porphyrins. Porphyrins in crude oil contain
four indole nuclei and a metal, generally nickel or
vanadium (Fig. 7). Fingas et al. (1994) noted that most
stable emulsions are reddish in appearance. The ad-
dition of nickel porphyrins to non-emulsion-forming
crude oils followed by mixing with seawater resulted in
the formation of a stable reddish-brown water-in-oil
emulsion (Lee, 1995). Based on studies with Kuwait
crude oil, it was suggested that porphyrins and metal
porphyrins play a major role in the emulsi®cation of
oil (Canevari, 1982). These porphyrins are thought to
orient at the oil±water interface forming a ®lm which
is a barrier for coalescence of water droplets.

Following up on the work of Canevari (1987), we
added asphaltene bases and nickel porphyrins isolated
from an emulsifying crude (Monterey crude) oil to

South Louisiana crude, a crude oil which does not
form strong water-in-oil emulsions (Fig. 8, Lee, 1995).
While vanadium porphyrins are in higher concentra-
tions than nickel porphyrins in most crude oils (Baker
and Louda, 1986; Filby and Van Berkel, 1987; Hirner,
1987), vanadium porphyrins are generally not e�ective
emulsifying agents (Fig. 9, Lee, 1995). Strong emulsi-
fying agents in water-in-oil emulsions should have a
large hydrophobic region and a smaller hydrophilic
region. The oxygenated vanadyl moiety found in va-
nadium porphyrins is more polar than the nickel ion
found in nickel porphyrins, so vanadium porphyrins
are more hydrophilic than nickel porphyrins and
presumably vanadium porphyrins are less able to
stabilize emulsions. The emulsifying properties of
porphyrins were in the order of nickel porphyrins,
non-metal porphyrins and vanadium porphyrins
(Fig. 9). The structure of these porphyrins are shown
in Fig. 7. An interesting experiment was carried with
Gullfaks crude oil where an emulsion was not formed
by itself or after the addition of nickel porphyrins, but
only after the Gullfaks oil was ®rst weathered by ex-
posure to sunlight for 2 days (Fig. 10). Two-day-
weathered oil without nickel porphyrins did not form
stable emulsions. These results suggest that nickel

Fig. 7 Porphyrins from crude oil tested as emulsifying agents in the formation of water-in-oil emulsions.
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porphyrins are unable to promote and stabilize
emulsions by themselves but require other surfactants
and/or particulates in the oil. Similarly, adding nickel
porphyrins to fuel oil, which lacks asphaltenes, results

in unstable oil-in-water emulsions (Lee, 1995). Crude
oil with low vanadium and nickel concentrations (less
than 15 ppm) will not emulsify even with extensive
mixing with water (Canevari and Fiocco, 1997).

Fig. 8 Emulsion formation by monterey crude oil and by addition of various fractions of monterey crude oil to south Louisiana crude oil (non-
emulsion forming oil). Sea water (300 ml) was mixed with oil, oil fraction and/or porphyrins on a rotating apparatus and the water content of the
emulsion formed was noted at the di�erent times.

Fig. 9 E�ect of porphyrin additions on the formation of oil-in-water emulsions. Seawater (300 ml) was mixed with 30 ml of South Louisiana
crude oil (non-emulsion forming oil) and 40 mg of one of the porphyrins. The mixture was placed on a rotating apparatus and the water content
of the emulsion formed was noted at the di�erent times.
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Carboxylic acids with surfactant properties are
found in crude oil and include fatty acids, both
straight chain and branched, and naphthenic acids
(Fig. 11). Naphthenic acids are saturated cyclic acids
and can account for up to 3% of some crude oils. A
tricyclic naphthenic acid found in many oils is shown
in Fig. 11 (Green et al., 1985; Koike et al., 1992).
Sj�oblom et al. (1990a) have shown that fatty acids can

stabilize water-in-oil emulsions. Gelot et al. (1984)
produced a model water-in-oil emulsion with water,
toluene, carbon black, bentonite and naphthenic ac-
ids. In our studies, naphthenic acids isolated from
crude oil did not stabilize oil-in-water emulsions (Lee,
1995).

Water-in-oil emulsions formed at sea

Payne et al. (1983) added Prudhoe Bay crude oil to
a large wave tank and found that emulsi®cation did
not occur until a signi®cant amount of evaporation
had taken place to remove lower-molecular-weight
compounds. Payne and Phillips (1985) in a review of
oil spills noted which oils formed water-in-oil emul-
sions. Most of the oils that formed emulsions in real
spill events also formed stable emulsions in the lab-
oratory. Spills involving oils with relatively high
asphaltene concentrations, such as the Torry Canyon
spill, Tanker Arrow, and IXTOC-I, produced stable
water-in-oil emulsions (Payne and Phillips, 1985). In
contrast, the Eko®sh Bravo blowout involving Eko-
®sh crude, which is low in asphaltene (0.03%),
formed very unstable emulsions (Audunson, 1978).
Canevari and Fiocco (1997) have shown that the
extent of emulsi®cation after an oil spill could be
predicted based on the vanadium and nickel content
of the oil.

Fig. 10 E�ect of nickel porphyrin to weathered Gullfaks crude oil. Seawater (300 ml) was mixed with 30 ml of weathered Gullfaks crude oil (non-
emulsion forming oil) and 40 mg of nickel porphyrin. No emulsion was formed when nickel porphyrin was added to non-weathered oil. Oil was
weathered by setting it outside in a beaker for 3 days before use.

Fig. 11 Carboxylic acids found in crude oil.
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Conclusions

Based on the research done to date, stable water-in-
oil emulsions can be produced by a variety of com-
pounds and mixtures. While asphaltenes and resins
clearly play an important role in the formation of
stable emulsions, there are oils with signi®cant
amounts of asphaltenes which do not produce stable
emulsions. Certain types of compounds in the as-
phaltenes and resins with surfactant properties likely
play a major role in producing stable emulsions.
Compounds with higher solubility in the oil phase
than in the aqueous phase are the most likely emul-
sifying agents to produce stable water-in-oil emul-
sions. Waxes and sea water particles, such as clays, can
contribute to the stability of water-in-oil emulsions,
but cannot by themselves produce stable emulsions.
Similarly, surfactants produced during the photo-ox-
idation of oil are assumed to still require the presence
of asphaltenes and resins to produce stable water-in-
oil emulsions. Thus, essential to the formation of
stable water-in-oil emulsion are su�cient amounts of
certain polar compounds, such as nickel porphyrins,
found in the asphaltenes and resins of crude oil. If
insu�cient amounts of these polar compounds are
present in the oil, then the presence of waxes and other
particles will not lead to the formation of stable
emulsions.
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