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Chemical Demulsification of Stable Crude Oil and Bitumen
Emulsions in Petroleum Recovery—A Review

Chandra W. Angle
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porous rocks are recovered by drilling. Emulsions in these
oils form mainly through contact with formation water. As
crude oil is pumped through various pipes, valves, chokes,
etc., under high pressure and/or high temperature, fine
water droplets are formed, producing macroemulsions.

The recovery of heavy oil requires stimulation for flow.
Flow is often achieved by reducing the viscosity of the oil
by heating, as in steam-assisted gravity drainage (SAGD)
and fire floods, or by the addition of viscosity-reducing
agents. The recovery of water-wet bitumen from oil sands
begins with a low-energy process of mining followed by
conditioning with process water to release the bitumen.
After release, the oil is separated in a series of process
stages. Flotation of the bitumenous froth from the mid-
dlings and tailings is followed by removal of solids and ex-
cess water by dilution, demulsification, and centrifugation.
The froth invariably contains 30-60% water before dropout.
After dropout, the bitumen product contains 2-3% water
which must be dehydrated. Bitumen production from a hot-
or cold-water extraction process invariably entails a high
degree of emulsification of water and air in the oil. The
froth (oil-rich phase) must be treated to remove water,
solids, and entrapped air.

Generally, in all recovery processes, if saline water is in
contact with the oil, then the salts present in the W/O emul-
sion droplets must be removed. A washing process is used
to remove the salts from the oil after pumping from the

I. INTRODUCTION

The presence of emulsions in petroleum recovery opera-
tions is generally undesirable. Dehydration of the oil is de-
manded for various reasons. Among the foremost reasons
are the high costs associated with transportation, corrosion,
and heat demands, in addition to the problems caused by
the presence of water/ solids in the refining of crudes or in
the upgrading of heavy oils and bitumen. This chapter re-
views the chemical dehydration of crudes, heavy oils, and
bitumen. First, we present a brief introduction on the ex-
traction processes and the emulsions involved, followed by
an outline of the scope of this review.

Emulsions formed in crude oil and bitumen during ex-
traction operations are usually water-in-oil (W/O)
macroemulsions (>0.1 to 100 µm in diameter). Macroemul-
sions are kinetically stable, unlike microe-mulsions, which
are thermodynamically stable. In conventional oil recovery
(high-energy process), the crude is often in contact with
formation water or injection water, as in secondary recov-
ery. In tertiary or enhanced oil recovery, surfactants are
used purposely in water floods to make microemulsions for
enhancing the flowability of the crude. Crude-oil
macroemulsions are produced when two immiscible liquid
phases such as oil and water are mixed via the input of me-
chanical or thermal energy into the processes. Conventional
crudes held under high pressures and temperatures amidst
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processes.
This is followed by a description of the chemicals used

as demulsifiers in practice and in research. The agricultural
and petroleum sources of the basic chemical building
blocks are indicated. The typical responses for selected
types of chemicals are discussed, in terms of published re-
search findings to date.

Lastly, the impact of demulsifier choices and chemistries
on petroleum recovery operations are discussed. We con-
clude with identification of the need for cooperation be-
tween research providers, petroleum operations, and
chemical suppliers geared towards an effort for full scien-
tific understanding of demulsifica-tion. Examples of crude-
oil properties and demulsifica-tion are drawn from over
three decades of published results of researchers world-
wide. Examples of demul-sification of bitumen W/O emul-
sions are excerpted from work performed in the author’s
own laboratory at CANMET.

II. PROPERTIES OF CRUDES, BITUMEN,
AND WATER

A. General Properties of Crudes and
Bitumen

The world’s fossil fuel resources consists of natural gas,
liquids (oil sand bitumen and petroleum), and solids such as
coal and oil shale. Petroleum represents associated gas,
crude oil, and heavy oil (4). The appearance of crude oil
ranges from watery white to black liquid. The thin nearly
colorless liquid is mobile and flows easily, and the almost
black liquid is viscous and thick. Light oils have a low boil-
ing point and heavy oils a high boiling point. Petroleums
are fairly balanced systems in terms of the interactions of
their components in forming a smooth “solution” while oc-
curring “in situ”. Crude oil and bitumen are mixtures of or-
ganic compounds normally separated by fractionation
through boiling-point differences in the components. Bitu-
mens have a higher proportion of higher-boiling-point con-
stituents than conventional crude oil.

Unlike coal, which is solid and whose surface properties
and characteristics are reflections of a Cretaceous (5, 6) or
Carboniferous (7, 8) geologic period corresponding with
depth of burial, etc., crude oil does not bear such a clear
correlation. The fluidity of crude oil made it highly mobile
during diagenesis and maturation. The crude moved from
its source fossil biomass location. In oil sands the heavy bi-
tumens were integrated in loosely held fine rocks consisting
of clays and silica. Crude-oil properties are more closely

reservoir and before transportation. In all these processes
W/O emulsion formation is prevalent.

Spills of crude oil on the sea quickly form a W/O emul-
sion known as “chocolate mousse” which contains approx-
imately 80-90% water. Wave action supplies the mixing
energy. These must be demulsified (1) as well.

The crude-oil market demands that water in crudes from
all these processes must be removed to a level of less than
0.5% BS&W (bottoms, solids, and water) (2, 3). In order to
remain competitive, emulsions must be resolved economi-
cally. The available treatment options are mechanical, ther-
mal, via electrotrea-tors (electrocoalescers), chemical, or a
combination of physical and chemical methods. Chemical
demulsifica-tion is one of the most economical means of
dehydrating oil.

A. Scope

The following review presents the chemical demulsifi-
cation of W/O emulsions by first introducing crudes and
bitumens in terms of the diagenetic diversity and
chemistries of their components. Based on the premise that
a full appreciation of demulsification must be preceded by
an understanding of the basics of the field and laboratory
emulsions, we have reviewed demulsifica-tion and some of
the characteristics of light crude, heavy oil, and bitumen
emulsions researched globally. Thus, in this work the com-
position and behavior of the natural emulsifiers present in
the crudes and some factors responsible for emulsification
in the field and laboratory are addressed first.

The second approach is understanding how the emul-
sions’ natural stabilizers and their environment can be mod-
ified to augment destabilization. This is addressed by a
description of the interfacial architecture of the emulsions
in terms of how the structure may be first understood and
then destabilized by probing the pseudostatic film behavior.
This is followed by a description of dynamic properties of
the interdroplet lamella, and thin-film behavior with and
without demulsifiers. In all these systems the modification
of the chemistries of the indigenous surfactants at the inter-
faces together with the dispersed water chemistry are sug-
gested as tools that may be used toward destabilization. The
effects of temperature and heat are addressed briefly.

Thirdly, a fourth section discusses chemical demul-sifi-
cation processes. Flocculation, creaming/sedimentation,
and coalescence and the lamella drainage model are cov-
ered. The fifth section discusses the expected performance
demanded of demulsifiers for various systems and
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of normal and branched-chain paraffins and monocy-
cloparaffins. Heavy oils and bitumens have boiling points
higher than those of conventional crudes. The high degree
of isomerization in organic chemicals found in all crudes
and bitumens accounts for some of the complexity and vari-
ability of crudes of similar elemental analytical C, H, N, O,
and S composition.

Crude oils have the same elemental make up globally.
The carbon content of crude oils is relatively constant, but
the varying quantities of hydrogen and heteroatoms are re-
sponsible for the major differences between the petroleums.
The elemental composition ranges are carbon (83-87%),
hydrogen (10-14%), nitrogen (0.1-2%), oxygen (0.05-
1.5%), and sulfur (0.05-6.0%). Metals such as vanadium,
nickel, and iron occur as metalloporphyrins, which add
polar character to the oils. In petroleum refining the metals
also poison catalysts. In refining, the nitrogen decreases the
yield, and the presence of sulfur not only demands extra
processing, but also indicates a lower quality product.
These elements constitute a mixture of organic molecules
classified as saturates, aromatics, resins, and asphaltenes
(SARA), and waxes. The classification is empirically based
on distillation fractions and solubility in alkanes (9).

Data published on crude-oil composition are often based
on SARA components. This is illustrated in Table 1. Vari-
ations arise from the sources and the methods of extraction.
Although the major components of crude oil are the same
throughout the geologic origin, the proportions of the

linked to the rocks through which they moved (9, 10). Thus,
the composition of the oil varies, depending on the precur-
sors, i.e., the nature of the biomass sediment, the under-
ground environment, the temperatures and pressures
experienced under the maturation conditions, and the nat-
urally occurring migrations or separation processes involv-
ing inorganic catalysts (11).

Experience has shown that crudes from adjacent wells
can be different in composition. The surface, physical, and
chemical properties of associated emulsions can be ex-
pected to be as diverse and complex as the source crudes
and water. The variances in the elemental C, H, and N com-
position of components such as asphaltenes of crudes from
various geologic origins as compiled (10, 12) show no ap-
parent pattern emerging from the data as was the case with
coal (5, 7). Sharma et al. (13) have shown the use of bitu-
men asphaltenes as thermal maturation indicators.

B. Chemistries of Crude Oils and Bitumen

1. Chemical Characteristics

In a series of published works (4, 9), Speight has shown the
distribution of various organic structures in conventional
crudes relative to heavy oil and bitumen. Heavy oils and
bitumens have the largest proportions of polynuclear aro-
matics and polycycloparaffms, and the lowest proportions
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Figure 1 Schematic of petroleums. (From Ref. 14.)
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it by dilution (20). Wax is completely hydrophobic and is
not surface active. However, the waxes are believed to at-
tach themselves to the nonpolar ends of polar surface-active
components of crudes (21). In this form they contribute to
emulsion stability by participating in the interfacial film ar-
chitecture. Their contribution to increased oil phase bulk
viscosity assists in preventing coalescence by decreasing
the mobility of the droplets (22, 23).

Aromatics in crude, on the other hand, are similar in
structure to saturates, but contain many condensed aromatic
rings instead. Low concentrations of oxygen and nitrogen
are found in some polycyclic aromatics. Increased amounts
of condensed rings of napthenics are attached to the aro-
matic rings. Molecular weight increases with increased
condensation (4).

The polars describe mainly the resins, asphaltenes, and
the poryphyrins, as well as the trace nitrogen found in
bases, the nonbasic poryphyrins, the oxygen in the phenols,
the napthenic acids and esters, and the sulfur in sulfide and
disulfide bonds. The polars and the metalloporphyrins are
indicated as emulsifier species involved in stabilizing the
emulsions (24, 25). Resins, which will be discussed later
with asphaltenes, contain O, N, and S in the form of car-
bazoles, fluor-enones, fluorenols, carboxylic acids, and sul-
foxides. These are attracted to water interfaces.

2. Crude Oil Acidity

The relative acidity of the crude is an indicator of the pres-
ence of polar acidic species such as phenols, napthenics,
heterogeneous organic species, and anionic surfactants in
the sample (26).

The acid numbers (mg KOH/g crude needed for neutral-
ization) are indicative of the corrosivity of the crude and so
suggest a value detrimental to crude (27). Jennings studied
164 crudes from 78 fields to determine an overall view of
acidity (28). Worldwide crude oil acid numbers vary from
less than 0.01 to as high as 3 (29). Relative to this, values
for Canadian heavy oil (0.3-2.8) and bitumen (3.7) appear
on the high side, closer to 3 (30, 31). There have been at-
tempts at correlating acid numbers with the stability of
emulsions, and using this as an empirical means of select-
ing demulsifiers for treating Venezuelan crudes (32). How-
ever, the correlations have not been tested on other crudes.

A polarity indicator was developed by Bruning, using
inverse gas chromatography for 98 Brazilian and 5 foreign
(Far East and Russia) crudes (33). The APIO gravities
[crude oils are classified by the American Petroleum Index
(APIº) gravity, which is a number derived empirically
(141.5 divided by specific gravity at 15ºC minus 131.5)]

SARA components and their chemistries differ from source
to source. Figure 1 shows a schematic of petroleum as rep-
resented by Pfeiffer and Saal (14).

Saturates describe paraffinics and cycloparaffmics or
napthenics which are alkyl (methyl, ethyl, isopropyl) sub-
stituted cyclopentanes and cyclohexanes. The normal or
branched alkanes and cyclic structures consist of one to five
rings and various degrees of alkylation. According to
Mackay (15), cyclic structures dominate in degraded oils.
The saturates are the solvents for the higher-molecular-
weight components.

If an oil is described as highly paraffinic and waxes are
identified, these are usually “paraffinic waxes” which have
basically straight- and branched-chained hydrocarbons
(C18H38 to C40H82). Wax contents up to 50% (Altamount
Utah) and as low as 1% in Louisiana can be found (16).
Wax solubility in the crude oil is dependent on the chemical
composition of the crude, as well as the pressure and the
temperature the waxes experience (17, 18). Wax crystal-
lizes out as an equilibrium temperature and pressure is
reached around the cloud point of approximately 77ºC.
Leontaritis (19) describes the wax deposition envelope as
the thermodynamic point in the pressure, temperature,
phase composition diagram where crystallization occurs.
Wax crystals are partially responsible for increased crude-
oil viscosity and some of the changes in flow behavior from
Newtonian to nonNewtonian. As temperature decreases
crude becomes very viscous (pour-point range 16.5º-
51.5ºC). Thus, the viscosity of the waxy crude will depend
on both the oil viscosity and the aggregation of wax crys-
tals, whose sizes depend on the rates of cooling. Methane
prevents wax crystal agglomeration, while butane decreases
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Figure 2Viscosity decreases with increasing temperature for con-
ventional crudes compared with heavy oils and bitumens. (From
Ref. 4.)
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The highest viscosity values at each temperature were at-
tributed to bitumen, followed by heavy oils and conven-
tional crudes [4] (see Fig. 2).

Waxy crude oils, such as those found in the North Sea
(20), would not produce a smooth decline in viscosity with
increases in temperature. Wax as fine particles would con-
tribute to a high viscosity and when heated between 50ºC
and 65ºC would melt or solubi-lize in low-molecular-
weight components, producing a more homogeneous fluid
(17, 18). The properties of crude oils and bitumen are listed
in Table 1.
b. Molecular Weights and Micellar Sizes

As determined by vapor-pressure osmometry (VPO), the
average molecular weights (MWts) of Canada’s heavy oil
from Norman Wells, Countess, and Cold Lake were re-
ported to be 197, 334, and 585 g/mol, respectively (37).
Relative to other feedstocks the range appears as given in
Table 2.

were correlated with these numbers. Low APIº corre-
sponded to high polarity. Crudes of extra high polarity
(above 500) appeared to be highly degraded or to have high
heteroatomic content and a propensity to form very stable
emulsions that would require demulsification for more eco-
nomic processing. However, according to Bruning, high
numbers do not necessarily indicate degraded crude (34).
Tests must be done to confirm such degradation or oxida-
tion. In most cases the number reflected high asphaltenes
and resin contents. Crudes with polarities between 300 and
400 have emulsion separation problems, while low-polarity
crudes (from 200 to 300) appear to have no treatment dif-
ficulties. These characteristics of crude oils are indicative of
the possibility of the formation of tight (very stable) or
loose (not very stable) emulsions that require demulsifica-
tion treatments. Demulsifiers are often selected on this
basis as well.

3. Physical Characteristics

a. Specific Gravities and Viscosities

The specific gravities of crudes and bitumen vary from
0.75 (57APIº) to 0.95 (17APIº).APIº gravity indicates the
relative categorization of the crude as light (>30), medium
(15-30), and heavy (<15). A high APIº indicates lighter
products that are saleable. Bitumen and heavy oil are of
low APIº with densities closer to water. This presents dif-
ficulty in gravity separation techniques. However, viscosity
differences are large between crudes and water. Table 1 de-
scribes some physical and chemical properties of bitumen
and crudes from various sources (35, 36).

The increase in APIº has been correlated with increased
reservoir depth (synonymous with increased temperature),
which results in an increased fraction of compounds with
less than 12 carbons (more paraffmic) in the crudes (9).
HighAPIº is normally associated with low asphaltene con-
tent and high sulfur content (9). The major physical differ-
ences between bitumens, heavy oils, and conventional oils
reside in the specific gravity and the viscosity. These are
very high in bitumen and heavy oils due to a preponderance
of high-molecular-weight aromatic components such as
resins and asphaltenes. Bitumen has the highest viscosity,
followed by heavy oils, and then conventional crudes, at
all temperatures. In a comparison of viscosity with increas-
ing temperature for conventional crudes, heavy oils, and
bitumen, there is an almost parallel asymptotic decrease in
viscosity as temperature is increased.
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by resins which are the alkane-soluble fraction. Figure 3a-
c illustrates a few of the various chemical models devel-
oped for asphaltenes from structural and chemical analysis.
Resins make up the outer protective coating of asphaltene
micelles or clusters (43-45). The resins are dissolved in the
oil, are also surface active and polydisperse with a range of
polarities and aromaticities. Figure 4 illustrates the chem-
istry for a typical resin molecule (46). Resins sometimes
from reversible micelles. The resins are less polar and of
lower MWt than asphaltenes and appear as dark sticky
semisolid liquids in n-alkanes. Manek (23) characterized
the asphaltenes and resins of three Canadian heavy oils, one
Texas heavy oil, and one California heavy oil to show the
relative surfactant-enhanced dispersibility of asphaltenes
in resins.

The insolubility of asphaltenes causes deposits in pipes,
wells, and valves, and in the formations. Dubbed as the col-
loids of crudes (47, 48), the asphaltene chemistry has re-
ceived considerable attention. Asphaltenes are considered
as major polar species with high aromaticity and are known
as the major building blocks of the mechanical barriers or
interfa-cial films formed at the W/O interface. Increased
MWts is consistent with high aromaticity and greater num-
bers of incorporated heterocyclic structures containing the
heteroatoms. Their structures have received considerable
attention of late.

Even in dilute solutions they associate (49, 50). Pub-
lished sizes of the micelles vary from 2 to 4 nm. Sophisti-
cated analytical techniques such as small-angle X-ray
diffraction (SAXS), small-angle neutron scattering
(SANS), and NMR were used to study the asphaltene par-
ticle or “micelle” sizes (51). MacKay (15) reported that a
MWtof 10,000 g/mol would correspond to a 2 to 4-nm
cluster. This is very much smaller than a l-µm water
droplet, and considered to be 1/100 to 1/1000 the droplet di-
ameter. This topic is worthy of a review on its own. How-
ever, the colloidal properties of asphaltenes, micelles, and

For additional data on crude oils withMWt around 300
g/mol the reader is referred to Speight (4). High asphaltene
content is synonymous with higher MWtin oils. In VPO
determinations all asphaltenes in heavy oil tend to have
higherMWtthan their resin counterparts (4, 38). The resins
are generally of lower MWtthan the asphaltenes. Ferworn
et al. (39) have published data on the average MWt(300-
500) of some of Alberta’s crude oils and their properties
and their distributions in various solvents (37). The agglom-
eration (40) of the asphaltene components and the bitumen
behavior with paraffinic solvents are also discussed by
Funk (41).

Extensive data on the chemical and physical properties
of asphaltenes have been published in several texts. The
MWtof asphaltenes in various solvents and at various tem-
peratures are reported by Speight (42). The MWts range
from 2000 to 7000 g/mol based on geologic period (Creta-
ceous, Carboniferous, Devonian) and depending on the
methods of precipitation. For the pentane-precipitated as-
phaltenes, when solubi-lized in benzene, theMWt reported
was 5120 g/mol; when solubilized in pyridine the MWt
was 13,390 g/ mol. Asphaltenes extracted by 3-pentanone
showed higher MWts of 18,000 g/mol. For the heptane-pre-
cipitated asphaltenes, when dissolved in benzene, the re-
ported value forMWtwas 8500 g/mol, and when dissolved
in nitrobenzene, the MWt was 2880 g/mol. The reported
MWt of asphaltenes appeared to decrease with polarity of
the solvent and increase with concentration in the solvent,
suggesting that the association structures or micellar sizes
are influenced by thermodynamic solubility-parameter dif-
ferences between the asphaltenes and the solvent. Resins
appear to have a MWt close to 700 for pentane solubles
and 1050 for heptane solubles. The MWts of resin are less
affected by solvents and are generally significantly lower
than those of the corresponding asphaltenes (4).

Thus, asphaltenes (43) are high MWt pentane- or hep-
tane-insoluble fractions of crudes and are readily peptized
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Figure 3Models of asphaltene chemical structures: (a) California;
(b) Venezuela; (c) Athabasca. (From Refs 4,42, and 43.)
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solvent effects are compiled and reported by several authors
(52, 53).

From data obtained by SANS analysis, Sheu and Storm
(48) reported that the sizes of asphaltene micelles in a good
solvent such as toluene/pyridine fall in the range 3.0-3.2
nm.

Although asphaltenes have been extensively studied in
terms of colloidal (47, 54-56) and fractal properties (37, 57)
they are not yet fully understood in terms of their interac-
tions with other components of crudes, solubilities in vari-
ous solvents and crudes, precipitation, and micellization
(58). Asphaltenes appear to be the key component, together
with resins, in forming a mechanical skin often described as
structurally rigid, viscoelastic, or a deformable interfacial
film - and the barrier to coalescence. Much of emulsion sta-
bility research which focussed on the film stability de-
scribed the films in terms of mechanical or rheological
behavior with varied characteristics of the system. Figure 5
shows a schematic of these fractions arranged about the in-
terface of a water droplet. The natural surfactants are illus-
trated with the head group in the water phase and tails in the
oil phase. As time progresses the organization of the sur-
face-active species changes in the interfacial region. The
changes, which lead to more concentration of species at the
interface over time, will be discussed later in this chapter.
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Figure 4A model of resin chemical structure. (From Ref. 46.)

Figure 5 Schematic of droplet of W/O emulsion with per-troleum
fractions arranged in the interfacial layer or skin around the droplet
at early stage of formation. Solids and waxes are not indicated.

Figure 6 Schematic of components of crude oils and bitumen to
be considered in an emulsion droplet and the interfacial layer.
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and, most importantly, the formation and process water
chemistry and composition. All these determine the stabil-
ity and the sizes of the emulsion droplets.

All formation or extraction water differs in ionic compo-
sition and pH. Generally, formation water for the North Sea
crudes is far more saline than that for the heavy oils and bi-
tumen. Table 3 compares typical water compositions found
in emulsions (59-61).

Thus, the W/O emulsions reflect the complexity of the
above factors. Since the natural chemistries of crude oils
or petroleum contain the stabilizers of the W/O emulsions,
the chemical destabilization or demul-sification requires
knowledge of not only the emulsion interfaces, but also the
physicochemical characteristics of the oil and water.

Parts of this complexity are addressed in published infor-
mation on chemical destabilization of crude W/O emul-
sions. Examples include studies on California (62), Salem

Figure 6 describes other components that may be present
inside and outside the droplets.

C. Water

In the petroleum industry, not all W/O emulsions are the
same. The nature of emulsions formed in crude oil often
depends on many factors: the geologic source and the en-
gineering processes utilized in the crude oil recovery, the
chemical and physical characteristics of the crudes and their
thermal history, the type of mixing and energy introduced,
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are therefore more difficult to demulsify (94, 95). Finer and
more stable emulsions occur with prolonged high-energy
input in these systems.

In a destabilization scheme, one first assesses the degree
of stability of the emulsion. There is a need to know how
much time and energy are crucial for the process, the phase
compositions, and the emulsifier(s) chemistry. For the ex-
perienced engineer, this information then allows some de-
ductions on the configuration of emulsifiers around the
droplets, and the rheological properties of both the interfa-
cial film on the droplet and the interphase lamella between
droplets. The viscosities of the emulsions and continuous
oil phase are also important for decisions on destabilization
(96).

In production the quantities of water in emulsions vary
from 30% W/O formed in oil sands extraction processes to
80 or 90% in the form of “chocolate mousse” during an oil
spill at sea (97, 98). Real systems are more complex and
heterogeneous than the ideal systems. The W/O droplets
are fine, well dispersed, and very stable. Asphaltene content
is around 17% in bitumenous emulsions and around 2% for
North Sea crudes. Figure 7 shows a confocal photomicro-
graph of a bitumen froth emulsion freshly extracted at
CANMET. The solids present are shown as white specks;
the dark spots are emulsion droplets in a bitumen continu-
ous phase. The composition is 41% bitumen, 44% water,
and 15% solids.

Some emulsions exist for a few minutes; others can stay
in suspension for years. The life/death cycles are dependent
on the stability and the destabilizers. The sizes of the
droplets and the rigidity of the surface film barrier deter-
mine the lifetime of the emulsion droplets. For convenience
in treatment, the terms for definition of stable emulsions

(63), Texas (64), Louisiana (65), North Sea (66, 67),
Kuwait (68), Assam (69), Indian (70, 71), Boscan and other
Venezuelan (72, 73), Velden (74, 75), Bavarian (76), Hun-
garian (22), Egyptian (77, 78), Norwegian (79-81), and
Canadian (82-88) heavy oils and bitumen. The crudes,
heavy oils, and bitumens differ geographically, and hence
in their diagenetic histories. Their physical and chemical
properties reflect their diversity not only in the W/O emul-
sions formed in them, but also in the response of their emul-
sions to demulsifiers. Because of the water and electrolytes,
petroleum W/O emulsions translate into high processing
heat requirements, corrosion problems, and increased trans-
portation costs. Demulsification is a necessity.

III. FORMATION AND STABILITY OF
CRUDE OIL AND BITUMEN EMULSIONS

A. Production Emulsions and Stability

In the process of crude oil extraction and transportation the
formation of emulsions is inevitable. As the immiscible
fluid mixtures pass through piping valves, porous rocks,
etc., and experience turbulence, especially at high pressure
and/or high temperature, breakup and deformation occur.
If the ionic composition or pH of the water is favorable,
and surface-active agents are present, emulsion formation
is enhanced (89-92). The degree of emulsification depends
on several factors: the energy of the process, the amounts
of surface-active components in the crude oil, the physi-
cochemical properties of crudes, water, and surfactants, and
the residence time, as emulsions age. Aged crude-oil inter-
facial films become more resilient over time (74, 93) and
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Figure 7 Confocal photomicrograph of freshly extracted bitumen
froth - Dark spots are water droplets, white specks are solids par-
ticles. Composition by weight is 41% bitumen, 44% water, 15%
solids.
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emulsions are undesirable. The exceptions are “orimulsion”
fuels (103), made in Venezuela, and/ or emulsions espe-
cially tailored in formulation for transportation in pipelines
(104, 105). These must be destabilized on delivery (106,
107).

Much of the early literature published on chemical
demulsification involved emulsions of crudes from offshore
operations and other conventional land-extracted light oils.
Thus, much of the knowledge acquired about crude-oil
emulsion stability was based on paraffinic crudes of low
asphaltene content. It is essential to be aware that results
for crudes of the North Sea operations were based on a high
wax content, and low asphaltenes and resins content (108)
(see Table 1), when compared with results for highly aro-
matic and asphaltenic heavy oils and bitumen, which are
low in wax, and higher in resins. The latter emulsions
would be those of Canadian (Alberta) bitumen, heavy oils
from Boscan (Venezuela), and Canada and California
crudes, which are all highly aromatic and asphaltenic.
These W/O emulsions are known to be very stable or
“tight” (23).

Generally, oilfield emulsions are most often W/O with
the surface-active emulsifiers residing in the crude-oil con-
tinuous phase. According to the Bancroft rule (109) the
phase for which the emulsifiers are most soluble is the con-
tinuous phase. The emulsifiers possess some degree of po-
larity which attracts them to the water phase. Solid
emulsifiers would be very fine particles in a state of incip-
ient flocculation (110). The emulsifiers may be one or more
of the following: solids which are partially hydrophobic
with contact angle (θ≥90°), polar asphaltenes and resins
with some partial insolubility induced by solvents which
dilute the crude oils, or metalloporphyrins integrated within
the asphaltenes (24, 25).

A knowledge of solvents and solubilities is crucial for
understanding the (in)stability. The solvent power is a func-
tion of the molecular structures. Aromatics have the greater
dispersion forces and higher solution energies and thus su-
perior solvent power. For Athabasca bitumen (111) the sol-
vencies are as follows: paraffins < olefins < napthenes <
cyclo-olefins < condensed napthenes < aromatics < con-
densed aromatics. This is also true for other crude and
heavy oils (50) to various degrees. Thus, the choice of sol-
vent can determine the degree of emulsion stability.

The structures of asphaltenes, as first deduced by Pfeif-
fer and Saal (112), showed them as fine aggregated parti-
cles solubilized in resins (14). Later, the solvent effects on
their colloidal natures and their roles in the resiliency of the
interfacial film formed at the boundary between the water
droplet and the oil phase became important in the destabi-
lization models (113, 114).

are determined by their persistence in the process time
scale, and thus are categorized kinetically only in opera-
tional terms. Planned studies on emulsions should consider
operational conditions in the experimental design.

It has been found that the finer the emulsions the more
stable they are in terms of resistance to coalescence, as the
fine emulsions behave as hard nondeform-able spheres
(99). The increased ratios of the dispersed water phase to
continuous oil phase determine the packing factor. Most
often a packing density of 0.74 tends to be critical for desta-
bilization (100) for ideal monodisperse spheres in a hexag-
onal arrangement in the systems (101). This packing factor
increases considerably for polydisperse systems such as
crude oil emulsions. With creaming there is increased pack-
ing and some deformation occurs in the more elastic sys-
tems; the emulsions may appear as foams, with phase ratios
between 0.8 and 0.9. Any increase in the critical packing
factor can cause instability of the emulsions. Thus, valuable
information on stability or instability (102) can also be ob-
tained by varying the volume fraction of the dispersed
phase under flow conditions. Here, the emulsion bulk rhe-
ological responses are a function of imposed external
stresses and constraints and can be signatures to the system
stability in a process.

The period of time in which the droplets do not coalesce
without mechanical, electrical, or chemical aids has be-
come the kinetic guideline for stable emulsions. In the ex-
traction of oil in the petroleum industry very stable
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Figure 8 Photomicrograph of two water droplets showing the in-
terfacial skin and the interdroplet lamella.
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Often the actual field system is used to test conclusions
arrived at on model systems. In many cases the behaviors
of several crude oils are compared under similar conditions
for rigor. It is therefore important that representative crude
oil samples from a process be obtained.

In the following discussions the published experimental
findings are presented interrelatedly first in terms of inter-
nal oil chemistry at the interface and instabilities based on
its composition, secondly in terms of effects of water chem-
istry, and thirdly in terms of demulsifier interaction. We in-
clude the activity of interfacial components involved in the
structure of the protective skin, the behavior(s) of this struc-
ture with changes to water chemistry or solvency, or the ef-
fects of changes in film structure itself due to modification
of relative proportions of interfacially active components.
In some examples, developments in interfacial rheology,
which is both a tool for understanding stable films and a
means of rationalizing the effects of demulsifiers in demul-
sification, are discussed interrelatedly. Films may be sensi-
tive to crude oil type, gas content, aqueous pH, salt content,
temperature, age, and the presence of demulsifiers. Demul-
sifier performance is also influenced by many of these vari-
ables.

We distinguish first between the adsorbed skin at the
W/O interface and the gap or lamella between approaching
drops, which may be described as: W/I-interface/O/I-
interface/W. Here, “1” is the boundary layer of the interface
on the droplet surface, and O is crude oil or dilute bitumen
between two water droplets, interfaces. Figure 8 is a pho-
tomicroph of two bitumen-stabilized water/oil droplets
showing the interfacial skin and the interdroplet lamella.
Figure 9 is a photomicrograph of several water droplets

The role of waxes in emulsion stability has been studied
in great detail for paraffinic crudes, especially for crudes
that were spilt in the sea (115, 116). Waxes are believed to
interact hydrophobically with the asphaltene and resin mi-
celles present in the crude oils (18, 20, 21) and become part
of the emulsion film. Waxes were hypothesized to adhere to
the asphaltenes and resins, since waxes are oil soluble and
not srrface active. With such emulsions, the temperature
prehistory and cooling rates have a greater impact on the
emulsion stability. The rate of cooling influences the wax
crystal sizes (17, 18). Thus, the type and history of emul-
sions must be considered before a demulsification treat-
ment is selected.

Generally, the less soluble, surface-active materials tend
to accumulate at the water/oil interface building the film
structure. The thickness and concentration of these materi-
als around the droplet periphery build over time until the
layer becomes a structural barrier against coalescence with
other droplets.

B. Emulsions on a Bench Scale

Emulsification and demulsification of bench emulsions
have been reviewed extensively in the past (89-92). The
reader is referred to these publications for a more detailed
fundamental background on theories and developments in
laboratory measuring techniques for stable emulsions
(117). To determine a destabilization program for emul-
sions it is often advisable to seek to understand first the in-
terfacial properties in the emulsions (118). Most of this
understanding is derived from bench studies.

Often, in bench studies aimed at understanding emul-
sion-stabilization mechanisms, a hypothesis is devised.
Most often the components of crudes are first separated,
and a model emulsion is prepared from various combina-
tions of the components in a model oil and in water of qual-
ity similar to that of formation or process water. The
stability or instability is traced either by water resolution
or by observing the interfacial film properties under some
form of externally applied stress over time. The stress may
include temperature increases or solvent changes. The sys-
tem may then be modified by the demulsifier and the
changes in behavior are compared to that without the
demulsifier. Deductions are then made about the film me-
chanics of the system in response to the variables.

When actual crude oil is studied, comparisons of the re-
sponses of the components in crude are usually made with
those of the whole crude oil under similar conditions.
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Figure 9 Photomicrograph of water in bitumen emulsion distri-
bution with interfacial layer shown as the dark ring around the
white droplet.
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the kinetic instability. After 24 h there are differences in the
final appearance of the emulsion for each sample of water
used. The growth of droplets is due to Oswald ripening. It
is expected that the interfacial film would differ in strength.
Note the increasingly finer emulsions initially formed as
the water changed from deionized to NaCl to synthetic
pond water under identical experimental conditions. After
24 h the same trend is still observed.

C. Emulsions’ Interfacial Film Structure
and Instabilities

Undertaking first to achieve an understanding of the build-
ing blocks of the mechanical film could lead to the detec-
tion of surface weaknesses at which a demulsifier can be
targeted. We illustrate this with examples from the litera-
ture.
In a review on formation and stability, Mackay (15) has
suggested that the most stable emulsions have water parti-
cles in the 1 to 5 λm range, with a film thickness of 1/100
the diameter of the droplet. For bitumen W/O emulsions
we have found in our laboratory that these are typical av-
erage droplet sizes (see Figs 7, 9 and 10). If we deduce the
film structure from the components of crudes, then droplets
are much larger than the components in the film. Mackay
and Mason (119) have reported that asphal-tene clusters
can be about 2-4 nm in diameter and Neumann and
Paczynka-Lahme (120) reported that asphaltenes were re-
tained on filters of pores of 35 to 10 nm, while resins were
retained on pores of 5 nm. Speight (4) reported that the as-
phaltene sheets are 10-15 Å by 6-15 Å. Bhardwaj and Hart-
land (74) reported that on an emulsion droplet the average
cross-sectional interfacial area occupied by surface-active
species from crude oil was experimentally shown to be 366
Å2, while that for the asphaltenes in toluene was 253 Å2.
Larger water droplets (>10 µm), which will cream faster,
tend to have a thinner film of between 1/100 and 1/1000 of
the droplet diameter, on crude oil emulsions according to
MacKay (15).

1. Observations of Destabilization of the
Pseudostatic Film

The thick protective interfacial skins are considered as
largely responsible for the stability of crude oil emulsions.

showing thick bitumen interfacial skins as dark circles
around the bright water droplet. The continuous phase is
the diluted bitumen.

Emulsion formation mechanisms are not the reverse of
demulsification mechanisms. Crude-oil emulsion formation
may involve one or more mechanisms based on the process
of immiscible phases interacting, in time, with energy. To
date, the detailed mechanisms are not yet understood com-
pletely, especially for petroleum emulsions.

In the laboratory, very reproducible W/O emulsions of
monodispersed size distributions can be prepared when all
the variables for emulsification are controlled. The vari-
ables for a bench laboratory study are: emul-sifier type and
concentration, energy of mixing, time of mixing, method
of mixing, volume fractions of oil and water phases, type
and viscosity of oil, quality of water, and temperature. The
mixture is blended in specific vessels, usually with rest in-
tervals to control the rigidity of the film. The conditions are
reproduced from batch to batch. In real production this is
not often the case. The immiscible phases are subject to
variable high shear for 2-8 min in offshore production and
40-50 min in the oil sands extraction process. Emulsion size
distributions therefore vary with different systems.

Several bench-scale model emulsions were prepared
from bitumen in toluene, by varying only the water quality
to observe the basic differences in the emulsions.

Figure 10 (a,c,e) shows a series of photomicrographs of
model bitumen emulsions freshly prepared with deionized,
1 mM NaCl and synthetic pond water. Figure 10 (b,d,f)
shows that emulsions become larger with age, supporting
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Figure 10 Photomicrographs of model bitumen W/O emulsion made with 13% synthetic pond water in a 30% bitumen-in-toluene solution.
Left - droplets immediately after preparation; right - droplets after 24 h of aging. Deionized water (a,b); 0.001M NaCl (c,d); synthetic water
(e,f). (Courtesy of C.W. Angle, in house research, CANMET.)
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rized them as A,B,C, and D. The differences are based on
the mass of adsorbed materials, the sizes of head groups,
and the charged ions present. Crude oils mostly match cat-
egory C which has no coulombic contributions. By using
the retraction of sessile drops of water/oil/ water, Roberts,
as early as 1932 (123), made the observation of a thick film

This has been established in the past half a century in early
studies (121). Hunter (122) offered a description of various
types of interfaces where he considered two bulk phases
separated by a planar phase or skin containing a structure
of adsorbed materials and a liquid-like film phase. Based on
the complexity of composition and curvatures he catego-
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Figure 11 Schematic of a pendant drop with a condensed film of
surface-active material on retraction, and expanded film during
expansion. (From Ref. 74.)
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conducted by Strassner (113, 127). A pendant drop is illus-
trated in the schematic of Fig. 11. Strassner studied asphal-
tene and resin films as the interfacial area of the drop was
varied. He described the films as either mobile and/or as
transition films. The mobile film was a semisolid skin
which, under compression, momentarily distorted. The
transition films showed no distortion under drop contrac-
tion. Pendant-drop retraction experiments were conducted
on medium to light crude oils of varied asphaltene-to-resin
ratios for which he categorized film rigidities. Since heavy
Venezuelan crude oil of high viscosity could not be meas-
ured by this technique, he extracted the resin and as-
phaltenes from this crude. He then varied the
asphaltene-to-resin ratio in both the emulsions and in the
films. He showed that the resins contributed to mobile films
and the asphaltenes to more rigid incompressible films. He
concluded that asphaltene and resin interactions were
mainly responsible for the film properties of crude oil. The
rigid films had high interfacial viscosity and the mobile
films low interfacial viscosity.

Further examination of the films by changes in pH of
the brine phase led to the conclusions that the rigid films
formed by asphaltenes were stronger in acidic pH, became
intermediate at neutral pH, and were mobile at basic pH.
This behavior was characteristic of the asphaltenes’ ampho-
tericity. In addition, stronger oil wetting of silica occurred
at acidic pH. The mobile resin films were stronger in basic
pH, and weaker in acidic pH. This was also an indication of

of oil at the crude oil/ water interface.
In 1948, Lawrence and Kilmer (124) indicated that both

good and poor solvents affected the surface viscosity of the
film. Poor solvents such as the aliphatics showed higher
surface viscosity, while a good solvent such as toluene con-
taining 1% asphaltene in hexane had lower surface viscos-
ity with a plastic film behavior.

In 1954, Blakey and Lawrence indicated that asphaltic
components were responsible for the stability of sea water
in admiralty fuel oil (125). In 1956, Reisberg and Doscher
(126) showed that crude oil films existed at temperatures
close to 90°C, indicating the importance of the rigid
oil/water interfacial films in stabilizing emulsions.

In 1960, Blair (94) published findings obtained on an
elastic membrane, which when compressed, developed
wrinkles and thick striations about the point of disturbance
for several crude oil/water interfaces. He found that in time
the striations disappeared by an annealing process, and the
interface then finally assumed a more uniform appearance.
After using a surface film balance to measure the spreading
forces (from 16 to 31 dyne/cm) for several crude oils on
water with and without demulsifiers, he concluded that sta-
bility arises from the formation of a condensed and viscous
interfacial film of adsorbed soluble material from the petro-
leum phase. Specific demulsifiers have spreading pressures
sufficient to displace the petroleum film, leaving a thin film
with little resistance to coalescence.

Since then, many studies were undertaken to understand
the nature, strength, and weaknesses of the mechanical bar-
rier or surface film on a droplet relative to emulsion reso-
lution. Often these studies used a combination of
microscopic observation of droplets formed and resolved,
and interfacial rheological studies.

Thus, the discussions that follow include several impor-
tant factors. These are that: (1) the activity of interfacial
components is involved in the structure of the protective
skin; (2) the behavior of this structure changes with water
chemistry or solvency due to mass transfer and interfacial
dissipation effects; (3) the changes in structure may be due
to modification of the relative proportions of components;
and (4) for understanding stable films and as a means of
measuring demulsification, one may adapt the new devel-
opments in interfacial rheology as tools. These are all fac-
tors considered in past studies and which are described in
the following sections.

2. Measuring Instability of the Film by
Pendant-drop Retraction

Pendant-drop retraction experiments on 10 crudes were
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were deemed to be structural components of Hungarian
paraffmic-based crude-oil emulsions. They attributed sta-
bility of the interfacial emulsion film to a solid hydrophobic
paraffin derivative or organocolloid of lamellar structure
containing polar end groups. Together with asphaltenes,
resins and oleophilized solids as components of the film
structure, they deduced the formation of a cohesive three-
dimensional film structure. The interfacial film had me-
chanical stability and flexibility. The increased viscosity of
the crude oil also increased the coherent structure of the
paraffin particles or waxes. They found that toluene soft-
ened the structure containing the paraffin particles and
caused an increase in viscosity.

Mackay and coworkers (15, 132) performed emulsi-fica-
tion studies, using wax and asphaltene mixtures as stabiliz-
ers. They showed that waxes are not stabilizers on their
own but, together with asphaltenes at a high ratio and
proper blending, form stable emulsions. They tried to quan-
tify stability by indexing it to the proportion of mass ratios
of each crude oil component to total oil mass. The number
was indicative of a strong or weak mechanical film barrier.
They claimed that asphaltenes alone form a strong interfa-
cial film, resins make the asphaltene barrier less rigid and
more easily deformed, and wax aids in film rigidity. All
these findings suggest that the internal chemistries of the
crude oil components or solvents may be a few of the con-
trol parameters useful for selection of demulsifiers.

Bridie et al. (1) found that asphaltenes are two to five
times more effective than waxes as stabilizing agents. In a
stable emulsion containing 6.6% asphaltenes and 9.8%
wax, the emulsion was still stable if 90% of asphaltenes
were removed. Waxes as crude oil stabilizers for North Sea
crudes have been investigated by Thompson et al. (133,
134) who showed that waxes melt as the temperature in-
creases, and separation efficiency increases at 60°C, which
is above the wax melt temperature.

The roles of interfacially active fractions of crude in
emulsion stability were confirmed by Felian et al. (135) and
Sjöblom et al. (136). According to Sjöblom et al., when dis-
cussing the impact of chemical destabilization, there must
be a strong basis for understanding the stability mechanism.
The interactions between the destabilizer and the active
components of crude oil will dictate the sequence for desta-
bilization in the system. They studied 10 Norwegian crudes
of various SARAand wax contents. Some had high ratios of
resins to asphaltenes. They found palmitic acid as an active
stabilizer. When compared with heavy oil standards, as-
phaltene contents in North Sea crudes are extremely low,
which suggests that other factors must enter into forming
the stable interfacial films. Sjöblom et al. (136) indicated
that palmitic acids, which they identified in their crudes,

the resins weakly acidic nature.
Strassner (127) examined a third component, “waxes”.

He showed that resin and waxes do not oil-wet silica.
Waxes had no significant effect. He concluded that the
waxes only contribute to increased viscosity of the oil
phase. At low salt concentrations asphaltenes plus resins
will oil-wet silica at acidic pH, but will water-wet silica at
basic pH. He examined Venezuelan crude oil and distilled
water, and found the most breakout of water occurred at pH
10. In this case there was a transition to a mobile weak film,
and interfacial tension was still high. However, when the
water was changed to a bicarbonate solution, this transition
occurred at pH 6, where maximum water breakout was ob-
served at the high interfacial tension. The role of interfacial
tension is discussed later in this text.

MacLean and Kilpatrick (21) recently confirmed that the
integrity of the films was sensitive to solvency parameters
such as aromaticity and asphaltene-to-resin ratios, as well
as polar functional groups. They confirmed Strassner’s
findings, using North Sea crudes (113). They suggested that
modifying the state of dissolution of asphaltenes should de-
crease the ability to stabilize the emulsions, and that as-
phaltenes are solu-bilized with resins and can only stabilize
in a state of incipient flocculation. They inferred that as a
molecular solution asphaltenes do not stabilize emulsions.
The state of dispersion of asphaltenes (molecular versus
colloidal) is critical to the strength or rigidity of the inter-
facial films and hence the stability of petroleum emulsions
(48, 52). The balance of acidic to basic groups in its struc-
ture, and with that of resins, determines the degree of asso-
ciation for film formation. Earlier, Fordedahl et al. (128) in
studies of crude oil emulsions in high electric fields by di-
electric spectro-scopy showed the influence of interaction
between indigenous surfactants. They claimed that resins
alone are not stabilizers, and that asphaltenes are the stabi-
lizers even though resins have high interfacial activity. A
mixture of 1% asphaltenes and 1% resins gave the critical
ratios required to give the necessary film rigidity for a sta-
ble emulsion. However, these emulsions were still less sta-
ble than the original crude from which the fractions of
asphaltenes and resins were derived (129).

Cottingham et al. (130) destabilized and restabilized
shale oil emulsions by adding proportions of pentane sol-
ubles (resins) to shale oil emulsions, thus quickly separat-
ing the phases. They stabilized the emulsions indefinitely
by adding both solubles and insolubles to the emulsions.
These factors among others can be considered in demulsin-
cation.

Recently, Puskas et al. (131), using FTIR, Raman,
VPO, X-Ray, rheology, SAXS, and UV techniques, con-
ducted an extensive characterization study of fractions that
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Figure 12 Schematic showing transitions of a typical surface pres-
sure/area(Π/A) isotherm for a compressed mono-layer of surfac-
tant myristic acid spread on 0.1M HC1 in a Langmuir-trough
apparatus. (From Ref. 141.)
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incompressible relaxing film to become a compressible re-
laxing film. The Magnus crude made a weak compressible
film which became rigid and nonrelaxing and insensitive
to temperature increases even in low bulk phase, when the
light ends were evaporated. They suggested that high inter-
facial viscosities can be obtained by compressing the inter-
facial film, showing how the rate of thinning of these films
can be greatly reduced based on their responses to com-
pression. The kinetics of the relaxation process would de-
termine the extent of the dynamic barrier to coalescence.
Demulsifiers would change this.

By observing the responses of the films to two demulsi-
fiers, they found that the ethoxylated phenol was a film dis-
placer and inhibitor for aged films and that the carboxylic
acids containing alkoxylated ester were film inhibiting if
added to crude oil before contact with the water. They also
found that Ca2+ ions rendered the film incompressible and
this resulted in a more stable emulsion. They also suggested
that pendant-drop retraction could not be used to distin-
guish between relaxing compressible films and incompress-
ible relaxing films. They suggested that viscous buildup

would adsorb very readily at the W/O interface and, be-
cause of their nonbulky nature, may tend to pack efficiently
depending on the concentration. On the other hand,
Acevedo et al. (52) attributed surface activity of the inter-
facial film partially to carboxylic acids, which they were
able to extract from asphaltenes of Venezuelan heavy
crudes. They concluded that carboxylic acids were inte-
grated within the asphaltene micelles at the W/O interface.
Other studies (137), conducted on Russian crudes, show
the influence of the components on emulsion film strength
(138, 139).

3. Surface Pressures Used as Measure of
Film Instabilities with Demulsifiers

A Langmuir balance was adapted for studying the interfa-
cial films of crude oil/water by Kimbler et al. (140). They
plotted the surface pressures, ∏, versus area as the film was
compressed and observed the normal pattern of phase tran-
sitions such as gaseous (flat slightly rising), expanded
(rise), and condensed liquid (change in slope of rise)
phases. Figure 12 shows a schematic of the typical surface
pressure/area isotherm for a simple surfactant, a monolayer
of myristic acid measured in a Langmuir apparatus (141).
Variations in the shapes of the curve indicate the state of
the film. Collapsed films were identified by observation of
the changes in the shapes of the isotherm.

Kimbler et al. (140) studied the addition of a desta-bi-
lizer such as Triton X-100, which produced only expanded
crude-oil films. It was noted that a drop in film pressure at
a constant compressed area might be indicative of film dis-
solution or reorientation of structural elements. Changes in
temperatures may change the adsorption rate and the
buildup of interfacial film, and decrease the bulk viscosity.
Temperature may change the rate of the relaxation process
at constant compressed area (fall in film pressure), or
change the rate of buildup of resistance to film compression
(142).

Jones et al. (59) used a similar Langmuir-like trough for
studying crude oil/water interfaces. They examined crudes
such as Kuwait, Iranian, Ninian, Forties, and Magnus.
Using the changes in the shapes of the ∏-area curves and
the fall in pressures (relaxing), they distinguished three
types of film behavior: incompressible nonrelaxing (Iranian
heavy and Ninian), incompressible relaxing (Forties and
Kuwait), and compressible relaxing (Forties freshly added
to water). On heating, the temperature increase caused the
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panded states was reached by the lowest-molecular-weight
species. Films, in this case, were more condensed as the
temperature increased. At constant pressure, the changes in
the surface pressure were monitored over time for each
film. The time for relaxation was 60 min for the low-mol-
ecular-weight fraction, and 320 min for the high-molecular-
weight fraction. Distilled water in the subphase showed
decreased specific area for the same film, and a pH of 2.6
caused a shift to higher specific area. Salt had no significant
effects.

According to Taylor and Mingins (142) a drop in film
pressure at constant compressed area may be indicative of
film dissolution or reorientation of structural elements. If
there is no resistance to compression, an unstable emulsion
results. Changes in temperature may change the adsorption
rate and the buildup of the interfacial film. A decrease in
the bulk viscosity may change the rate of the relaxation
process (fall in film pressure) at constant compressed area
and change the rate of buildup of resistance to film com-
pression.

D. Destabilization and Interfacial Film
Rheology

Developments in measurement techniques for monitoring
interfacial changes occurred for the purpose of understand-
ing emulsion stability. However, the techniques were
equally useful in measuring destabilization induced by
changes to the internal natural chemistries of the system or
with addition of chemical demulsifiers. The adaptation of
the Langmuir film balance was only one tool for a pseudo-
static system. However, as the fluid dynamics in the films
and interphase (or lamella) of two approaching droplets or
in a highly concentrated emulsion dispersion was discov-
ered to be more complex and bore similarity to the polyhe-
dral structures of foams, the need to study the emulsion
interfacial films under stresses became apparent. Much was
learned from foam studies.

A detailed treatise on the fundamentals and applications
of thin films, i.e., lamella plus surface film, is found in
Ivanov (147). The two major forces involved in the lamella
behavior are thermodynamic (disjoining forces) and hydro-
dynamic. Further in-depth studies on the thermodynamics
are presented in de Feijter (148) and Hirasaki (149) and on
the hydrodynamics in Maldarelli and Jain (150). Because of
the complexity of this topic, which is not within the scope
of this chapter, the following discussions will be limited to
the understanding that this research brought about concern-

should be shown; otherwise, interpretations based on the
pendant-drop experiments can be misleading.

The Langmuir-balance technique was adapted for the
study of Indian crudes by Singh and Pandey (69). They sep-
arated the crudes into anionic, cationic, and nonionic frac-
tions and studied the effects of electrolytes and pH on their
film properties. Maximum film pressure was observed for
films made with the anionic fraction and minimum film
pressure for the cationic fractions. Increased electrolyte
concentrations caused increased viscosity and less resolu-
tion of emulsions. Film pressures were maximum at pH 12
and more stable emulsions resulted. The electrolyte also
had an adverse effect on the demulsifier.

Singh (143) followed up this study to understand the per-
formance of unidentified demulsifiers with a change in sol-
vent properties. By noting the relative decrease in surface
pressures resulting from added demulsifiers in various sol-
vents, he found that benzene was the best in that it helped
the demulsifier to lower the surface film pressures. The
lowering of interfacial tension was measured at the same
time and the results suggested that rapid adsorption oc-
curred. It was concluded that structure, orientation, and film
pressures were the most important factors in demulsifier
performance.

Mohammed et al. (144, 145), in a series of studies, ex-
amined several aspects of emulsion films with and without
demulsifiers as well as their chemistries. Using the Lang-
muir balance for studying the air/ crude/water interface,
they examined the surface pressure n-area isotherm for
monolayers of Buchan crude’s asphaltenes and resins and
their mixtures, spread on distilled water at pH 6.2 and 25°C.
They found that the asphaltenes upon compression formed
solid films, that could withstand pressures up to 45 mN m-

1 in contrast to the resin films at 7 mN m-1 which thereafter
collapsed. The asphaltenes formed highly stable emulsions
in contrast to the resins alone, which formed the least stable
emulsions. They found that film compressibility and emul-
sion stability decreased as resin content increased. Temper-
ature increases caused no significant effects on asphaltene
monolayer compressibility as was observed earlier by Reis-
berg and Doscher (126) for natural crude oil films.

Nordli et al. (146), using the Langmuir-balance tech-
nique, studied the monolayer properties of the interfacially
active fractions extracted from six North Sea crude oils
over a subphase of distilled water and simulated formation
water. The pH and salinity were varied. They compared ad-
ditives such as butanol, benzyl alcohol, and octylamine,
added to the subphase, to note changes in film compress-
ibilities. A typical phase-change pattern for Langmuir
curves of surface pressure versus area was observed for all
cases. The smallest specific area attributed to the liquid ex-
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Figure 13 Schematic on the physicochemical and dynamic factors
involved in the droplet interaction.

Figure 14 Schematic of shear and dilational forces involved in
measuring the corresponding viscosities at a W/O interface.
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interface to changes in shape of the interface element. Here,
the area is kept constant and the resistance is measured. On
the other hand, the interfacial dilational elasticity, εd, and
viscosity, ηd, describe surface resistance to changes in in-
terfacial area. The interface is expanded without shear and
the resistance is measured. Figure 14 shows schematically
the shear and dilational forces on an interface in determin-
ing shear and dilational viscosity.
The need for the dilational data arose due to the manifesta-
tion of Gibbs-Marangoni effects or surface-tension gradi-
ents occurring during film thinning. The surface-tension
gradients and hence the elastic behavior are influenced by
changes in temperature, concentration of surface-active
agents, and/or compression and expansion of the interface.
Detailed theoretical treatments of the dilational properties
of liquid films can be found in several studies. Kristov et al.
(154) performed a parametric study determining the com-
positional surface elasticity of model systems. Loglio et al.
(155) reported on the dilational viscoelasticity of fluid in-
terfaces modeled for transient processes, Edwards and
Wasan (156) discussed foam dilational viscosity, and Lu-
cassen-Reynders and Van den Temple (157) reported on the
surface dilational modulus caused by variation of surface
tension from a small-amplitude sinusoidal area variation.
Recently, Yeung et al. (158) modeled the expanding pen-
dant drop in their explanation of interfacial mass-dissipa-
tion effects.

2. Measuring Destabilization by Dynamic
Interfacial Shear Viscometry

Dynamic shear measurements may be conducted by using

ing the nature of the films and the process of film thinning
by chemical demulsification.

The interfacial rheology of films has been extensively
discussed by Edwards et al. (151) and briefly by Tadros
(152), and reviewed in relation to emulsions and foams by
Malhotra and Wasan (153). A two-dimensional fluid inter-
face can only be treated as an independent body when it is
highly viscous or highly elastic. It cannot be treated sepa-
rately from the bulk fluid which may provide viscous drag
and influence the direction of flow. Simply, interfacial rhe-
ology describes the flow behaviour in the interfacial region
between two immiscible fluid phases. The adsorbed sur-
face-active components at the crude oil/water interface alter
the hydrodynamic resistance to interfacial flow. As the mo-
lecular weight of the adsorbed species increases, the inter-
face exhibits viscoelastic behavior. This is most likely in
the case of bitumen W/O emulsions. The chemical demul-
sifier interaction alters not only the physical/chemical prop-
erties but the rheologi-cal behavior. Figure 13 is a
schematic of the physico-chemical and dynamic factors in-
volved in droplet interactions.

1. Crude Oil Interfacial Rheology -
Background

There are four rheological parameters which describe the
response to imposed interfacial stresses or deformation. For
a Newtonian interface, the significant rheological proper-
ties that determine interfacial motion are the interfacial
shear viscosity, ηs, the interfacial dilational viscosity, ηd,
and the interfacial tension gradient. The interfacial shear
elasticity, ε and viscosity, ηs, describe the resistance of the
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against brine and water phase, respectively, the resins’ ηs
showed 0.004 and 0.00074 surface poise, while the ηs of
the source crude oil were 0.25 and 0.00043 surface poise,
respectively. Taylor (165) also indicated that the aging of
the Romashkino, Ninian, and Kuwait crudes with an exter-
nal added surfactant can retard the buildup of ηS.
Neustadter et al. (166) used the conical bob torsion pendu-
lum rheometer to study the interfacial rheology of Iranian
heavy, Kuwait, and Forties crude oil-water films. They
showed the same ηs for all crudes, and suggested that one
cannot use only interfacial shear viscosity to predict emul-
sion behaviour and that the compressibilities and elasticities
are not reflected in this viscosity.

3. Destabilization and Dynamic Interfacial
Viscoelasticity

To achieve both shear viscous and shear elastic properties,
oscillatory measurements can be performed where one
movable component of the rheometer is oscillated at given
amplitudes and frequencies, and a sinusoidal wave is prop-
agated. The complex modulus, ε*, is then related to the elas-
tic and viscous vector components, which are the real and
imaginary coefficients of the frequency function.

Mukerjee and Kushnick (167) suggested that the inter-
facial dilational modulus can be obtained by a Fourier-
transformed pulsed-drop technique similar to the method
used by Clint et al. (168) in which the Langmuir trough was
used in studying the interfacial tension (γ) variation with
periodic variation in interfacial area. The frequency-depen-
dent complex modulus, ε* (f), is equated to a real elastic
modulus, ε(f) (dilational elastic modulus), plus an imagi-
nary modulus iε (f) (dilational viscosity modulus), and set
equal to (dγ/dA/A). The dilational elastic modulus is the
interfacial tension gradient which is in phase with the area,
A, change. The dilational viscosity modulus is 90° out of
phase with the area change.

Mukerjee and Kushnick (167) showed that at low fre-
quency the demulsifier behaves as a soluble mono-layer,
and at high frequency as an insoluble monolayer. Variation
in interfacial tension from a local change in area is virtually
instantaneous. This gradient is short circuited when the
demulsifier molecule moves to and from the surface to bulk
or is sufficiently soluble in the bulk phase.

Mukherjee and Kushnick’s definitions were as follows:
the interfacial tension increment, dy, per unit fractional area
change, dA/A, is equated to the complex modulus, ε* (f);

several interfacial rheological instruments. A detailed refer-
ence list on these is found in a treatise by Malhotra and
Wasan (153). Among those specially used for interfacial
shear viscometry are a ring visc-ometer, a disk viscometer,
a knife-edge viscometer, a deep-channel surface viscome-
ter, and various modifications to these as described by Ed-
wards et al. (151) and Boyd and Sherman (159). The
majority of these are for interfacial shear measurements.

Cairns et al. (160) gave a detailed description of interfa-
cial shear viscometry of crude oil/aqueous 1 % NaCl sys-
tems. Kuwait crude had a low ηs and produced unstable
emulsions, while Iranian heavy had a high ηS and stable
emulsions. They showed that ηs decreased with increases in
pH and NaCl, and ηs increased with aging. The aging ef-
fect invariably is a result of interfacial material build up
over time, recently described by Neumann and Paczynska-
Lahme (120) for crude W/O emulsions. Cairns et al. (160)
concluded that the stability of emulsions was favorable
when there was a rapid adsorption of surface-active agents
(detected by a fall in interfacial tension), followed by a
rapid rise in ηs, and that maximum emulsion stability oc-
curred when pH and & #951;s were highest. When compar-
ing Zakum and Murban (0.08% asphaltenes) with Tia Juana
(3.05% asphal-tenes) in the pH range 2-11 a high asphal-
tene content did not correspond with high ηs. With Ca2+, ηs
was high and interfacial tension fell rapidly, leading to in-
termediate emulsion stability; yet with Na, ηs was low, in-
terfacial tension fell slowly, and emulsions were unstable.

Grist et al. (161) provided a detailed critique of the bi-
conical bob tension pendulum viscometer in interfacial
shear viscosity measurements of Forties water/ crude oil
systems. They reported that a highly viscous interface re-
duces oil film drainage and is responsible for the high water
content of “chocolate mousse” in oil spills as well as in-
creased emulsion stability. Graham et al. (162) showed re-
duced ηs with demulsifier and methanol, and that
overdosing led to both increased ηs and emulsion stability.
Wasan et al. (163) in their study of Salem crude/brine,
measured the ηs responses with a deep-channel interfacial
viscometer with and without a petroleum sulfonate demul-
sifier. The demulsifier activity was enhanced with a cosur-
factant such as hexanol. They reported that as ηs increased
coalescence decreased. Later Pasquarelli and Wasan (164),
using a viscous traction shear viscometer, showed that, with
Salem crude and demulsifier TRS 10-80, the emulsion be-
came more stable at high ηs. On examination of the ηs of
the fractionated crude (one high-asphaltenes fraction and
one high-resin fraction) against brine and alkaline water,
they found that ηs was highest in the high-asphaltene frac-
tion film against first brine and then water, giving 7.1 and
6.7 surface poise, respectively. Under similar conditions,
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This is the dilational elastic modulus or the interfacial
tension gradient which is in phase with the area change.

At low frequency they found that the demulsifier be-
haved as soluble monolayers and the tension was governed
by the bulk concentration and did not change with change
in area. At high frequency the demulsifiers behaved as in-
soluble monolayers and the change in interfacial tension re-
sulting from area change was instantaneous:

This is the dilational viscosity modulus which occurs
when the demulsifier is soluble in the bulk liquid. Area
compression and expansion produce a tension gradient,

Angle560

which is diminished by the periodic transfer of demulsifier
to the bulk from the surface and vice versa. The viscosity
component amplitude is 90° out of phase with the area
change.

This technique was used to show that demulsifica-tion
effectiveness can be correlated with a low dynamic interfa-
cial tension gradient, especially at low interfacial shear vis-
cosity and this is evidenced by a sharp rise in interfacial
tension at low frequencies for ineffective demulsifiers.

Alternatively, interfacial tension can also be measured
continuously with area changes, with an expanding or con-
tracting pendant-drop instrument adapted to oscillatory
measurements as described by Bhardwaj and Hartland (74).
Dilational data are obtained without introducing shear as
the interface is expanded and contracted. This is also often
achieved with an expanding drop volume or bubble-pres-
sure tensiometer (65). Nikolov et al. (170) have recently
developed this technique and an instrument to study
oil/water systems.

Tambe et al. (171) used model systems of colloidal-
laden interfaces of emulsions made up of 2 wt% graphite,
20 ml deionized water, and 30 ml decane. They modeled
the system to understand factors that control the colloid-
stabilized emulsions as was studied previously by Wasan
and Menon (172, 173). They showed that, for viscoelastic
films of finite dilational elasticity, interfacial rheology plays
a dominant role in film-drainage rates. They suggested that
the characteristic relaxation times are related to the ability
of a demulsifier molecule to diffuse to the interface in re-
sponse to a concentration gradient while minimizing the
Marangoni flows, which retard film drainage. They sug-
gested that the film-drainage rate is sensitive to the dila-
tional elasticity of the interfaces. For viscous interfaces
(zero dilational elasticity) the drainage rate is independent
of interfacial dilational viscosity.

Neustadter et al. (166) earlier measured interfacial dila-
tion elasticities, εd, and viscosity, ηd, for Iranian crude
oil/water and deduced that the extent of the relaxation
process was not a function of time due to the lack of change
in viscosity, ηd, at fixed frequency. However, as frequency
changed, ηd decreased, indicating that the relaxation in-
volved the interchange of bulk material to and from the in-
terface. The increased elas-ticy, εd, with time suggested that
there was irreversible adsorption of high-molecular-weight
species.

Nordli et al. (146) later found larger relaxation time for
the films with the higher-molecular-weight surface-active
species derived from North Sea crude. For crude W/O
emulsions, Neumann and Paczynska-Lahme (120) con-
curred that the emulsions are stabilized by thick films with
Gibbs elasticity, and the more the interfacial activities of

Where ε′(f) and ε”(f) are the real and imaginary compo-
nents at a frequency f.

For an air/liquid system a measure of the surface-tension
variation resulting from the imposed periodic area variation
in the Langmuir trough is performed. If both dilational vis-
cous ηd = ε (f) and dilational elastic εd = ε′ (f) data are
needed, and if a Langmuir-type trough is used, then one
barrier can be oscillated and another barrier can be used to
adjust the extent of the interfacial area. The calculation of
the complex modulus, ε*, requires complete scans at differ-
ent frequencies.

There are many difficulties associated with this tech-
nique when applied to crude oil systems according to
Mukherjee and Kushnick (167). They by-passed these dif-
ficulties by using the method developed by Neustadter and
coworkers (168, 169) for crude oil systems by following
the dynamic interfacial tension with step changes in inter-
facial area. A complete frequency spectrum is obtained by
Fourier transform (FT) of the dynamic interfacial tension
data:
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tent. At the same time the decreased interfacial tension cor-
responded with increased film compressibilities and this
was explained as a displacement of asphaltenes from the
interface by the dispersant.

They adapted an interfacial shear rheometer (plate/ rod)
to measure the shear viscoelasticity of the system with and
without dispersant. At an applied shear stress, creep curves
for the system were monitored. There were no instanta-
neous elasticity and viscosity for the Kuwait and Tia Juana
crudes with and without dispersant. They attributed this to
a network structure of flocculated asphaltenes in the films.
They found that there was some dilatancy in their crude oil
films, described as a “stick/slip” flow in their flow curves.
However, this flow was attributed to thick films of asphal-
tene particles building up at the interface. Using creep
measurements, they examined a model system of as-
phaltenes/n-heptane/toluene. They found a retarded elastic
deformation, which was different from the response of the
crude oils. This suggested to them that there was a different
type of interfacial structure formed with the model oil, and
this may be attributed to the solvency of the medium and
not to the lower asphaltenes content in the model system.

Further details of interfacial rheology of crude-oil emul-
sion films are discussed extensively by Menon et al. (174),
Neustadter et al. (166), Mohammed et al. (175), Tambe et
al. (176), and Mukherjee and Kushnick (167). They dis-
cussed the effects of demulsi-fiers on the interfacial prop-
erties governing the crude-oil demulsification.

Neustadter et al. (166) first discussed the crude-oil in-
terfacial film in terms of pseudostatic film compressibility
when the Langmuir balance was used for studying the liq-
uid/liquid interface. This technique showed less variation in
adsorption and showed that all but the most surface-active
species were squeezed out during compression. The whole
interphase region was then probed using a biconical bob
torsion pendulum device suitable for high interfacial shear
measurements. It responded to small changes in adsorption
in the interphase region.

Highly viscous interfacial films retarded the rate of film
drainage during coalescence of water droplets. They found
that a highly viscous film at pH 6 led to maximum stability.
They also suggested that to increase the interfacial viscosity
of a low interfacial viscosity film, one should compress it.
Interfacial shear viscosities were investigated with all three
crudes, Iranian heavy, Kuwait, and Forties, which had sim-
ilar interfacial shear viscosities.

Interfacial rheology should be used with care as a predic-
tive tool for emulsion stability/instability. Graham et al.
(162) showed that there was reduction in interfacial shear
viscosity of Forties crude oil/water interface with demulsi-
fier added in methanol. Cairns et al. (177) revealed for

the components differ from each other the higher the elas-
ticity modulus of the multicomponent films.

During compression and expansion, a molecular relax-
ation process occurs for that time scale. It is expected that
there will be characteristic relaxation rates (times). It is ex-
pected that the molecular relaxation process will include:
(1) increased packing by surface diffusion of low-molecu-
lar-weight species; (2) molecular conformational changes
of irreversibly adsorbed high-molecular-weight species; (3)
deso-rption; and (4) readsorption of low-molecular-weight
reversibly adsorbed molecules. These may occur during the
compression and expansion stages. The response can also
be interpreted as solvent losses from the molecular films.

Neustadter et al. (166) indicated that, if the frequency of
the longitudinal wave is varied, the bulk-to-interface inter-
change occurs during compression/ expansion of the film.
There may be a short-circuiting of the interfacial tension
gradient, and then information on the relaxation rates and
dilational properties may be obtained. In this interchange
one may observe a low apparent compression modulus. A
phase shift between the imposed strain (change in area) and
resultant stress (change in interfacial tension) would occur.
Different interfacial tensions with compression/expansion
would be produced with molecular reorientation of irre-
versibly adsorbed species. With the increase in frequency of
oscillation there is less bulk to interface interchange. Only
for species of greater solubilities and shorter chain length
would diffusional interchange be important. For the long-
chain irreversibly bound components, which are almost in-
soluble, slower reorientation will occur. Neustadter et al.
(166) emphasized that relaxation plays an important role in
the behavior of the crude oil/water interface. With age, low
dilation elasticities increase and no change in dilation vis-
cosities occur.

E. Further Studies on Shear and Dilational
Viscosity of Crudes

In 1987, Eley et al. (72) used the pendant-drop retraction
method in the study of film compressibilities of crude
oil/water interfaces for three crudes. These varied in asphal-
tene content. Libya (Brega) had 0.46 g/L, Kuwait 3.7 g/L,
and Tia Juana (Venezuela) 5.94 g/L. They added a disper-
sant containing a nonionic oil-soluble surfactant, and ob-
served increased film compressibilities. The concentration
of effective dispersant correlated with the asphaltene con-
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bridging between the electrodes.
Malhotra (180), in a parametric study, showed that in-

terfacial mobility and the rate of film drainage depend on
the interfacial shear viscosity when the viscosity is in the
range 10-5 to 10-3 Pa.ms. Outside this range the interfacial
viscosity had no effect. Interfacial viscosity as low as < 10-

5 Pa.ms can lead to stable emulsions (181).
The reported information on film rigidity, compressibil-

ity, and other aspects of interfacial rheology indicates that
the highly viscous and elastic films are stable. In most of
the compressibility studies on crude oil films, the films
were made with the various surface-active components of
crude oil and/or the crude oil itself. The drop-retraction,
Langmuir-type trough, and pendant drops pulsed at various
frequencies of expansions and contractions were tools for
studying the mechanics and fluid dynamics of the dilating
interfacial films. In addition, sophisticated shear rheome-
ters, including oscillatory and creep measurements, were
used to obtain shear viscosity, elasticity, and film relaxation
data. Typically, these measurements were made with and
without demulsifiers, with changes in water quality, pH, or
solvent properties when demulsifiication was investigated.

Wasan and coworkers (63, 65, 174) extended techniques
for studying film rheology of the foam lamella to studies of
crude-oil emulsion lamella. Using a capillary balance tech-
nique and light interferometry, the film thinning of foams
was studied with and without chemical demulsifiers, with
solvent properties changed, etc. (182). They confirmed that
there were two contributions to emulsion stability - a struc-
tural component that originates from the nature of the bulk
phase, and an adsorbed-layer contribution to film stability
(170). This will be covered in another chapter in this se-
ries.

F. Destabilization and Interfacial Tensions

The equilibrium interfacial tension between water and oil is
a measure of the adsorption of surface-active components
to the interface and can be related to surface excess by the
Gibbs equation (183). However, in crude oil systems the
activity/concentrations of the surface-active components
are not easily determined. Indirect measures are applied. In
most process conditions with short resident times, it is the
dynamic inter-facial tension gradient that is important. In-
terfacial tension also tells whether or not the demulsifier is
surface active, and as will be shown later, this is important
for demulsification. The interfacial tension gradient is the

Zakum, Murban, and Tia Juana crudes/water systems, that
interfacial shear viscosity, ηs, decreased with increased pH,
and ηs decreased with increase in electrolyte NaCl. Also, ηs
increased over time. This did not correlate with the as-
phaltenes content.

Wasan et al. (163) used a deep-channel viscometer in
studying the interfacial shear viscosity of Salem
crudes/water with and without the addition of petroleum
sulfonate and salts, as well as Illinois crude/brine with pen-
tadecyl benzenesulfonate. They showed a decreased coa-
lescence time with decreased shear viscosity. A viscous
traction shear viscometer was used for fractionated crude
oil/brine by Pasquarelli and Wasan (164), who showed that
increased interfacial shear viscosity is correlated with de-
creased coalescence. Later, Wasan correlated interfacial
shear viscosity with film-drainage time to determine effec-
tive demulsifiers (178).

Taylor (165) observed that surfactants used as destabiliz-
ers retard the build up of material at the oil/water interface
for aging Ninian, Romaskino, and Kuwait crudes. Mo-
hammed et al. (144) studied the theological behavior of the
North Sea Buchan crude oil/double-distilled water interface
by oscillatory interfacial shear rheometry, using the bicon-
ical bob the-ometer in the oscillation and creep modes.
They used creep measurements to obtain relaxation data.
This crude is known to produce very stable emulsions, yet
its heptane-precipitated asphaltenes were only 0.058 g/ml.
They attributed Newtonian viscosity to the adsorption of
low-molecular-weight components of crude, and the build
up of the interfacial films to high-molecular-weight compo-
nents forming a network structure with viscoelastic proper-
ties. They investigated the effects of temperature and of
demulsifiers Unidem 120 and BJ 18 in xylene on the film
viscoelas-ticity. They found that at 45°C the interfacial film
vis-coelasticity became more liquid-like. The increased vis-
cosity with increase in temperature was a result of loss of
light ends. The Unidem 120 caused a change in the aged
film character from solid-like to liquid-like, and BJ 18 pre-
vented the film buildup. They traced these effects through
the relaxation time from creep curves with and without
demulsifiers, as well as observing a decreased viscous com-
ponent in the oscillatory measurements.

Chen et al. (179) used optical microscopy to study the
same crude-oil emulsions in an electric field. They modeled
the system with a computer simulation based on a hard-
sphere model describing the droplets as stabilized by a rigid
asphaltene film. They identified two different types of co-
alescence. The mobile interfacial films led to low emulsion
conductivities owing to immediate droplet/droplet coales-
cence, and the incompressible interfacial film led to low
emulsion conductivities due to droplet-chain formation and
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Figure 15 Interfacial tension changes with pH, showing the max-
imum for various crudes. (From Ref. 184.)
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asphaltenes (188). Through interfacial tension measure-
ments the critical micelle concentrations of light and heavy
fractions of Ratawi asphaltenes and desorption kinetics in
organic solvents (189) were studied.

In all cases adsorption at the W/O interface is very slow
and time dependent. The rate is lower for acidic and neutral
pH. At basic pH, adsorption is much faster. These are often
reported as aging effects, especially as changes at the in-
terfaces go on for days or weeks. Malhotra (180) discussed
detailed adsorption models and related this to film-drainage
rates.

One can thus offer the conjecture that demulsification
may be enhanced when films are weaker, which may or
may not correspond with a high interfacial tension, since
the film properties/architecture are dependent on many fac-
tors that in turn depend on both the crude oil and the water.
Eley et al. (72) and others discussed earlier have shown
that, at acidic and neutral pH, the films are solid-like and

important factor for rendering the interface immobile. The
interfacial tension gradient is used in a measure of Gibbs
surface elasticity, E, or as an indication of changes in free
energy. When the interface is expanded or contracted, then
E = -dγ/dlnΓ, where γ is the measured interfacial tension,
and Γ is the interfacial concentration or Gibbs surface ex-
cess. This elasticity is an indication of the ability of the in-
terface to adjust the interfacial tension when stressed.

The interfacial tension, γ, in the Gibbs adsorption equa-
tion is used for equilibrium conditions as bitumen compo-
nents are adsorbed. Measurement techniques available are
extensive. Some of these methods are: duNouy ring, max-
imum bubble pressure, drop volume, Wilmhelmy plate, ses-
sile drop, spinning drop, pendant drop, capillary rise,
oscillating jet, and capillary ripples. These and many others
are referenced extensively by Malhotra and Wasan (153).
These authors also showed that there is no correlation be-
tween emulsion stability and interfacial tension. The nature
of the film dominates stability. Some relationships between
interfacial tensions and crude oil properties follow.

The interfacial tension values of crude oil/water or as-
phaltenes-resins/water are strongly dependent on pH and
salt content of the aqueous phase. With toluene as the sol-
vent, bell-shaped γ-pH curves were observed for heavy
Venezuelan crude/brine systems (125), distilled-water
washings of diluted bitumen/air (11), and light crudes
(126). Luthy et al. (184) showed similar results for heavy
southern Californian, light Arabian, and waste petroleum
oil/brine systems. Figure 15 illustrates the interfacial ten-
sion pH effect of crude oil/water systems (184). A bell-
shaped γ-pH curve with a maximum at pH 6 was observed
for all crudes. Similar findings were observed for Zakum,
Murban, and Tia Juana medium crude oil/water interfaces,
with pH changes showing a maximum interfacial tension
at pH 6 by Cairns et al. (185). They suggested that in-
creased emulsion stability is expected to occur at very high
and low pH only because of adsorption of surface-active
components at these pH values. The interfacial tension in
these cases reflects only the adsorption of interfacially ac-
tive components at the interface. Acevedo et al. (186) found
similar results for Venezuelan crudes and explained that, at
low pH (< 7), the adsorption of basic groups is dominant.
At high pH (>8), ionized carboxylic acids integrated in the
adsorbed asphaltenes micelles are dominant, and an acid-
base pair is adsorbed in the neutral region (pH 6-8). Xu
(187) showed that the dynamic interfacial tension of the bi-
tumen/water interface decreased with increased caustic
concentrations as the interface aged. Similar decreases were
noted as the bitumen concentration increased, indicating
that adsorption of natural surfactants after saponification is
time dependent. Similar observations were made for Ratawi
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increased energy into a system there is a higher frequency
of droplet collisions.

The increased temperature of the system may lower the
interfacial shear viscosity, which may lead to an improved
rate of film drainage between adjacent drops. Menon and
Wasan (62) demonstrated the decrease in interfacial viscos-
ity of shale oil/water at increased temperatures and showed
analogous behavior at increased demulsifier concentration.
Thompson et al. (133) reported that, at increased tempera-
tures, some incompressible nonrelaxing films tend to relax
and the rate of buildup of the resistance to film compression
increases. Demulsifiers then reduce the kinetic barrier to
coalescence.

Sometimes heat will deactivate the demulsifier if its so-
lution chemistry is sensitive to heat. The cloud points of
the nonionics occur at specific temperatures based on the
chemical structure and oil-phase chemistry. In aromatic oils
the phase-inversion temperature (PIT) is lower than the
cloud point; in n-paraffins and cyclo-paraffms the PIT is
higher than the cloud point. Phase inversion may result in
some cases (192, 193) as the temperature approaches the
cloud point.

Heating may augment destabilization of stable crude
emulsions in which waxes play a large role. This is more
likely with highly paraffinic crudes found in the North Sea
(20) and paraffin wax crystals melted by heat. With asphal-
tenic or highly aromatic crudes, heating has less effect on
the stability of the emulsions unless the viscosity and den-
sity of the interfacial barrier and continuous phase are re-
duced considerably. Stockwell et al. showed that the
heating prehistory affected the emulsion stability of North
Sea crudes but not the Canadian asphaltenic crudes (17).
This was related to the crystallization sizes of the waxes in
the North Sea crudes and the absence of wax crystals in the
asphaltenic Canadian crudes. Neumann and Paczynka-
Lahme (120, 194) held that, at increased temperatures, the
interfacial films with asphaltenes remain intact but with the
resins, stability increases. At high temperatures, resins form
liquid-crystalline lyotropic mesophases for several crudes
tested at 90°C. Stable films are suggested to have consid-
erable viscoelasticity (195). Breaking emulsions with high
resin contents is not easy because of the formation of either
hexagonal or lamella liquid crystals at the interface at high
temperatures.

Sometimes heating enhances the transport of the demul-
sifier chemicals to the interface as well. A combination of
heating and demulsifiers was found to be synergistic in
breaking stable emulsions formed with Alaskan North
Slope, Bonny Light, and BCF-17 crudes in a simulated
spills study conducted by Stroem-Kristainsen et al. (196).
This synergism with heat was also observed for breaking

highly viscous. Large increases in interfacial viscosity and
elasticity were observed for crude oil/water with a change
in pH from neutral to alkaline (73).

The times for development of an adsorbed layer or the
conditions by which adsorption is minimized are factors
which can be used to improve chemical demul-sification.
There is no correlation between decrease in interfacial ten-
sion and increased coalescence rates (190), notwithstanding
the data showing decreased shear viscosity and increased
coalescence rates (163).

Low interfacial tension is important for decreased en-
ergy requirements in the emulsion formation stage, but it
does not appear to play such a role in demulsi-fication. At
an interfacial tension of 5 dyne/cm, in order to overcome
LaPlace pressure and break up of a drop of 10 µm, one re-
quires an external pressure gradient of 100 psi/cm, and for
a 0.1-µm drop, a gradient of 106 psi/cm. The increase in in-
terfacial energy for changing 10 ml water into droplets of
10 /xm at interfacial tensions of 5 dyne/cm is 3×104

dyne/cm. If we compare this energy with that required to
raise the temperature of the same water by 1°C at an energy
cost of 4.2×108 dyne/cm, then the emulsification process
of producing droplets from a bulk uses significantly less
energy than the energy needed for temperature change or
the energy for breakup of an already formed emulsion
droplet. The smaller droplets behave as hard spheres. Thus,
an easier means of destabilization would be by chemical
demulsification augmented by changes in internal natural
surfactant composition.

G. Effects of Temperature and Heat on
Destabilization

Heat has its own advantages and disadvantages in the
demulsification process (135, 191). Heat may also con-
tribute to the disruption of emulsion film material by the
differential expansion of the water inside the droplets, per-
haps creating higher burst pressures. With increasing tem-
perature the viscosity and density differences between
water and heavy crude oils begin to diverge. The density
of the oil is reduced faster than the density of the water as
temperature increases, showing a larger divergence below
150°C. Since heat increases the density differences between
bulk oil and water droplets it leaves a greater chance of ac-
celerated settling, between 50°C and 125°C.

Also, as heating reduces the bulk viscosity of the oil, it
also reduces the fluid resistance (106). The settling of water
droplets is faster in less viscous oils. Because heating puts
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Figure 17 Photomicrograph of flocculation and coalescence of a bitumen-stabilized W/O emulsion after treatment with an oil-soluble
demulsifier. (From Ref. 82.)

Figure 16 Schematic illustrating the various stages of demulsifi-
cation process.
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Demulsification of emulsions can be summarized by
four phenomena occurring either sequentially or simulta-
neously. These are flocculation and/or aggregation, cream-
ing or sedimentation, coalescence, and phase separation.
The efficiency depends upon the matching of the
demulsiner with the process residence time, the concentra-
tion and stability of the emulsion, the temperature, the
process vessel, and the mixing, all of which affect the ag-
gregates before coalescence occurs. These various stages
are illustrated in Figure 16. The figure shows a schematic
describing four stages of demulsification. It summarizes
the changes as the emulsion is influenced by chemicals, sol-
vents, mixing conditions, size distributions of the droplets,
heat, and the vessel used for separation.

other North Sea (197) crudes’W/O emulsions (66, 198) and
Nigerian (199) crude oil emulsions, when heat alone was
ineffective. Nonionic surfactants performed better as
demulsifiers at elevated temperatures for Hungarian (135)
Algyo crude oil emulsions. If heat solubilizes the stabiliz-
ing surfactants into either the oil or water phase, the inter-
facial film will be weakened, leading to destabilization of
the emulsion.

IV. CHEMICAL DEMULSIFICATION
PROCESS

Emulsification and demulsification are both complex
processes. However, as noted earlier, demulsification is by
no means the opposite of emulsification (200, 201). This is
especially the case in the petroleum industry. In order to
demulsify a crude W/O emulsion efficiently, it has been
emphasized that it is advantageous to understand first the
characteristics of the emulsions, the nature of interfacial
films, and hence the causes of stability. Accordingly, in
choosing a demulsification protocol, one would first iden-
tify key factors responsible for the stability, find the target
properties to modify toward destabilization, introduce suf-
ficient energy to promote coalescence, and find the best
conditions to allow phase separation.
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Figure 18 Photomicrograph of bitumen W/O emulsion before and after treatment (after 10 s and 24 h clockwise) with a demulsifier
showing the aggregates of larger droplets with smaller droplets attached. (From Ref. 82.)
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the field and/or as part of a laboratory study. Here, effi-
ciency is defined as the rate of coalescence and water res-
olution, by tracing the fraction of water resolved over time
and using an initial slope of the curve as an efficiency factor
(202). The second approach is more complex and is most
often used in research. It includes fiocculation, coalescence,
and film-drainage phenomena. In the second approach,
monitoring the growth of droplets over time or the disap-
pearance of droplets into the bulk phase provides data that
have been used in the development of many models on co-
alescence kinetics (203-205). However, obtaining experi-
mental data to test these models relies on techniques such
as microscopy and image analysis, light scattering, or tur-
bidimetry (62, 76, 206, 207). Many theories (208, 209)
have been developed for the droplet growth or disappear-
ance over time as a measure of emulsion stability (90, 210)
and instability (211). Droplet growth through water attrac-
tion by holes developed in the interface, or by Oswald

Figure 17 is a photomicrograph of flocculation and co-
alescence of a bitumen-stabilized W/O emulsion after treat-
ment with an oil-soluble demulsiner. The large droplet
approaches the smaller droplet and they eventually coa-
lesce. In this case, coalescence is the rate-determining step.
Figure 18 shows bitumen W/ O emulsions droplets before
and after treatment with a demulsifier in the oil phase. The
aggregates of larger droplets, after treatment, indicate that
coalescence occurs during or before fiocculation. Note the
change in the distribution of finer droplets from 10 s to 24
h after treatment.

In industry, if crude oil emulsions do not coalesce and/or
phase separate in a given time frame, and persist throughout
the process, the emulsion is deemed stable or tight. Demul-
sification can be monitored by bulk phase separation over
time and/or by a more fundamental approach of examining
the interfacial dynamics which provides some understand-
ing of the demulsification mechanisms. The first is used in
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where N0 = the number of particles at time zero, N = the
number of particles at time t, a = rate-determining constant
= 8πDr, D = diffusion coefficient = kT/6πηr, r = droplet di-
ameter, k = Boltzmann constant, T = temperature, η = the
viscosity, and the half-life of an emulsion becomes 1/aN0.
A plot of 1/N versus t gives the rate constant a, which ap-
proximates to a = 10-11 cm3s-1.
In a flocculating concentrated emulsion, aN0p K, and the
contribution of unreacted primary particles is negligible. A
rapid flocculation rate relative to the rate of coalescence is
given by Van den Tempel (216):

Here, K = coalescence rate constant, and T= absolute
temperature. When the rates are equal for both coalescence
and flocculation, a=10-12 to 30×10-11 cm3s-1. When coales-
cence is slow the collision frequency and the duration of
collisions are more important. In this case, mixing enhances
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211) describes these theories in some depth. He stated that
demulsifieation is the most important and the most com-
plete example of emulsion stability. There is a distinction
between a dilute emulsion system and a concentrated sys-
tem. In the dilute system it is expected that the rate of floc-
culation is much lower than the rate of coalescence. As the
droplets increase in number (or volume fraction), there is a
much faster increase in the rate of flocculation and a slower
increase in the rate of coalescence. In highly concentrated
emulsions, coalescence can be rate determining. Over a cer-
tain range of concentrations the two processes can be the
same order of magnitude.

One can thus add chemicals in a dilute system such that
the rate of flocculation is unaffected but coalescence is in-
hibited. In some cases, creaming can be ruled out if the den-
sities of the two phases are adjusted closely as in bitumen
emulsions. Becher has noted that tracing the number of par-
ticles as a function of time is more sensitive than the spe-
cific interface method, as a 10% decrease in interfacial area
is accompanied by a 27% decrease in the number of parti-
cles for a fixed size distribution.

Smoluchowski (215) modeled the decrease in particle
numbers over time. In the model there was no distinction
between single droplets, primary particles, and aggregates.
The number of particles diffusing through a sphere sur-
rounding a given particle in a unit time is equal to the num-
ber of particles adhering to a single particle. Therefore, for
fast, irreversible flocculation alone in a dilute dispersion
Smoluchowski’s expression is:

ripening mechanisms, are a few of the reasons behind coa-
lescence. The lamella drainage approach involves the in-
terplay of both surface/interfacial forces and hydrodynamic
forces (212). Interfacial rheology is important in the latter.

A. Creaming and Coalescence

For a simple two-phase system consisting of an upper or-
ganic phase and a lower oil/water emulsion phase, Ostro-
vsky and Good (213) distinguished between the kinetic and
aggregative instability of macroemulsions. The kinetic in-
stability was identified as sedimentation or creaming,
which was distinguished from aggregative instability. They
developed a model in which the system coalescence oc-
curred under agitation, and then traced coalescence and
sedimentation times. The latter arose out of their studies on
drop size versus agitation relationships, the former through
low interfacial tension (range 0.024-0.33 dyne/cm) and co-
alescence-time correlations.

However, according to Vold and Vold (214), creaming
is the separation of an emulsion into a concentrated and a
dilute fraction through centrifugation or gravitational set-
tling. The concentrated part is rich in the dispersed phase
and the remaining dilute phase has finer droplets. The rate
of creaming of noninteracting particles depends on density
differences and the square of the droplet radius. If particles
are interacting and held in a confined space, the rate of
creaming involves complex hydrodynamics, wall effects,
and hindrances. If the particles are aggregated the creaming
rates are higher than the rate with the primary particles
owing to the larger aggregate radius and the relative poros-
ity (tightness or loose nature) of the aggregate. Flocculation
may help to accelerate creaming, as particle concentration
increases. The floc which is sedi-menting more rapidly also
sweeps or intercepts smaller droplets during the mass
movement. Visually, creaming appears as a moving bound-
ary of highly turbid material away from a lesser turbid ma-
terial. This boundary is used to trace separation rates.

If coalescence or rupture of the interdroplet films com-
mon to two contacting droplets occurs during or before
creaming, the destabilization rates are measured by tracing
the changes in droplet size distributions with time, or by
counting the number of droplets of specific diameters over
the same time. In the case where a droplet merges with the
bulk, the times of both approach and merge are measured.

One of the first theoretical interpretations of the coagu-
lation process for hydrophobic sols was developed by
Smoluchowski (215). This was later extended to floccula-
tion and coalescence kinetics (216). Becher (89, 100, 117,
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the number of aggregates is Nv:

and the number of primary particles in unit volume associ-
ated into all aggregates is:

The average number of primary particles in an aggregate
is:

because coalescence has taken place. If M is the average
number of separate particles existing in an aggregate at time
t, then M can be unity if coalescence is fast, and slightly
less than Na if coalescence is slow. The rate of coalescence
is then proportional to M—1, i.e., the number of contacts
between particles in an aggregate. Van den Tempel claimed
that in dilute emulsions a small aggregate consists of one
large particle with one or two smaller ones and these build
up linearly. M increases by adherence of new particles and
the rate of increase in M is caused by flocculation:

where K is the rate of coalescence. Integrating for M=2
when t = 0,

The number of primary particles, whether flocculated or
not, was found by adding the number of unreacted primary
particles to the number of particles in an aggregate:

where N is the number of droplets per unit volume of aque-
ous phase, No is the number of droplets per unit volume at
initial time, K is the coalescence rate constant, and t is the
time in seconds. After the addition of demulsifier, the plot
of number of droplets versus time was not linear and could
not be represented by a first-order rate equation. They used
a rate expression containing both coalescence and floccu-
lation rate constants (211) for the system treated with
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The first term in Eq. (15) is the number of particles found
if each aggregate has been counted as a single particle; the
second describes the number of particles that enter the ag-
gregate and is not found in the classical Smoluchowski
treatment. Here, the composition of the aggregate is taken
into account. When K= oo, coalescence is immediate, and
the expression is reduced to the first term. When K= 0 no
coalescence occurs, and N= N0 for all times t. For 0 < K<∞,
the rate of aggregation changes the particle concentration.

Further reviews of coalescence and flocculation kinetics
were reported by Becher (211), Tadros and Vincent (90),
and Hartland (217). For all practical purposes the above
treatments usually suffice in crude-oil studies. Extensive
treatments of coalescence and flocculation kinetics were
modeled as required for various other emulsion applica-
tions. Borwanker et al. (218) developed a mathematical
model to account for flocculation and coalescence kinetics
occurring simultaneously. They modified Van den Tempel’s
treatment for coalescence to include coalescence occurring
in small flocs. They showed how the rate-controlling mech-
anism could change from coalescence-rate controlling to
flocculation-rate controlling during an emulsion lifetime.
They further extended the model for concentrated emul-
sions.

The disappearance of droplets by counting numbers of
particles in a given field of view is modeled kineti-cally for
most experimental data. Bhardwaj and Hartland (206) have
shown that, with their demulsifier and crude oil emulsions,
coalescence occurred in the first few seconds by a binary
coalescence mechanism, then, after a lag of 7 min, the co-
alescence time was several minutes. The coalescence was
enhanced by gentle mixing to improve collision frequency
(with solids this is called orthokinetic coagulation), in con-
trast to the quiescent approach which relies on Brownian
motion or thermal convection currents for collisions.
Menon and Wasan (62) traced the number of droplets per
unit volume as a function of time for water-in-shale oil
emulsions. They fitted their data to

collision frequency.
Smoluchowski’s theory assumed that coagulation has

been going on for a long time and the system is near steady
state. Flocculation is considered irreversible. Van den Tem-
pel (216) assumed that the rate of coalescence is propor-
tional to the number of points of contact between the
particles in an aggregate. He considers flocculation and co-
alescence to occur simultaneously. The number of primary
particles not yet combined into aggregates is:
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They showed that the coalescence rate constant, K, in-
creases while the flocculation rate constant decreases with
increased demulsifier concentration. Flocculation is high at
low demulsifier concentration. At increased concentration
it breaks the interfacial film and promotes coalescence. A
plot of initial coalescence rate constant versus dosage indi-
cates that the demulsification of this system was in a floc-
culation-rate controlling state, within its environment.
Aggregation is reversible and the drop identity is not lost.

Mixing or agitation has been shown to augment coales-
cence by enhancing the rates of collisions. Menon and
Wasan (62) have shown that the flocculation rate constant
increases to a maximum with increasing speed of mixing. In
order to promote coalescence there is an optimum mixing
speed for every system. Redispersion occurs with excessive
mixing or high rates of mixing.

Mason et al. (219) concurred on system specificity for
mixing, when they showed that aged crude emulsions had
less droplet growth during mixing and that separation was
slow. However, the aged emulsion required increased
demulsifier concentrations and a longer mixing time after
demulsifier addition. This led to larger droplet size and
faster separation. An emulsion mixed for 45 min had a
mean size of 61 µm in contrast with 28 µm for 15 min of
mixing at the same speed. Larger droplet size could pro-
mote boundary coalescence instead of binary coalescence.
They used the half-lives of oil and water (i.e., time required
to generate a clear layer containing one half of the oil or
water initially present in the emulsion) for slowly separating
systems as a measure. They also showed that for the size
range between 25 and 30 µm, separation was a function of
age, demulsifier concentration, and mixing time, and that
mixing time could be optimized with lower demulsifier
concentration, or could provide a measure of demulsifier
efficiency.

Bhardwaj and Hartland (206) showed that binary coa-
lescence improved with demulsifier and with mixing. In-
creasing temperature from 20° to 40°C was significant in
producing increased droplet sizes over time with 100 mg/L
demulsifier. The higher dosages reduced the coalescence
time from 5.2 s (50 mg/L) to 4.2 s (100 mg/L). They found
that initial rapid coalescence was followed by slow coales-
cence. They traced coalescence rates by plotting the natural
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logarithm of interfacial area per gram of dispersed phase
against time, using the slope as a measure of coalescence
rate (fractional decrease of surface area per minute). As a
measure of binary coalescence rate, the droplet diameter
growth was traced with time. Fast coalescence corresponds
to a few seconds of binary coalescence time. Sjöblom et al.
(136) showed that increased speed of mixing over time for
North Sea crude oil emulsion produced decreased droplet
sizes. Thus, the experimenter should be aware that if the
objective of the work is emulsifica-tion, high speeds are
desirable; if demulsification is the objective, then mixing
must be done gently and with great care.

Tracing the resolved volume fraction of the collected
bulk free-water layer over time is also a common means of
measuring destabilization (220). Centrifugal forces cause
the droplets to flocculate and cream faster, facilitating the
drainage of thin liquid films formed between them (221-
230). Void and Maletic (231) indicated an Arrhenius type of
relationship between centrifugal forces and dosage of
demulsifiers for demulsification of an ideal O/W emulsion.

Before coalescence occurs between the primary drop
and the bulk separated phase, or between two or three inter-
acting droplets, increased hydrostatic pressures are devel-
oped in the creamed layer, regardless of whether the
creaming is achieved by gravity or centri-fugation. These
pressures are the driving forces for drainage. Not every col-
lision results in coalescence. This is because coalescence
time depends on the rate of film drainage between the
droplets. Allan and Mason (232) and Hartland (233) pre-
dicted that the film thinning was inversely proportional to
the droplet diameter.

In another view, Vold and Vold (214) suggest that holes
are formed in the interfacial film and this allows the
droplets to merge. Ivanov and Dimitrov (234) indicated that
holes are due to surfactant depletion at the interface. How-
ever, extensive studies conducted to understand the mech-
anism of destabilization of the thin/thick films formed
between two droplets, or between droplet and bulk phase,
indicate that the process is much more complex and may in-
volve more than one mechanism. These are not all fully un-
derstood as yet for crude oil and bitumen systems.

B. Film (Lamella) Drainage - Model of
Coalescence

A model of coalescence via film-drainage phenomena and
flow dynamics has been discussed theoretically and exper-

demulsifier. Here, a is the flocculation rate constant:
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Figure 19 Schematic of a dynamic bitumen film lamella between
two approaching water droplets which are stabilized by an inter-
facial skin.

Figure 20 Schematic of the evolution of a thin liquid lamella be-
tween two approaching droplets (147,151): (a) droplets’ mutual
approach with slight deformation of interfaces; (b) dimple forma-
tion on surfaces; (c) near plane-parallel film; (d) thermal or me-
chanical fluctuations at interface; (e) black (common) film
formation; (f) growth of black film or Newton film to equilibrium
radius.
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The stages of thinning for a simple emulsion system can
be described as follows (see Fig. 20 for a schematic exam-
ple of an ideal foam system for comparison):

1. When two droplets are approaching, the thickness,
<5, decreases rapidly with time, and dimpling (also
corrugations or oscillations) precedes the formation
of a plane parallel film.

2. As the viscous and interfacial resistance forces in
the film increase the film is slowly thinned to a crit-
ical thickness, δcr, for rupture.

3. Rupture occurs when a hole is formed.

Step 2 has the slowest rate of thinning and is thus a rate-
limiting step that determines the film lifetime. The thinning
rates of steps 1 and 3 are fast. If we examine this in terms
of flow we can explain the simple drainage process by what
has been observed under a microscope.

imentally by several investigators over the past decades
(235). From this body of work the belief is that the coales-
cence process of two or more droplets, drop/drop,
drop/bulk, can be divided into three steps: approach, film
drainage, and rupture. Film drainage is a function of bulk
and interfacial fluid rheology in a balance of hydrodynamic
and thermodynamic (sum of all surface forces) interactions.
The hydrodynamic interactions increase rapidly as the gap
width between the droplets decreases. The flow results
from hydrostatic pressures normal to the surface due to the
nature of the interfacial fluid in a given space. The interfa-
cial fluid is affected by the tangential mobility and deforma-
tion of the droplets’ interfaces. Figure 19 is a schematic
which shows the lamella of two approaching water droplets
stabilized by a bitumen film. Some of the forces for the
draining process are illustrated.

Surface forces include both long and short range. The
long-range forces are van der Waals attraction, steric, and,
lately, structural forces (151, 236). The short-range forces
include the chemical bonding to surface groups, dipole in-
teraction, hydrophobic bonding, and Born repulsion. The
short-range forces determine the interfacial structure, and
the long-range forces determine whether the emulsion
droplets are aggregated/flocculated. The surface forces are
lumped together and are also called disjoining
pressures/forces - a term coined by Derjaguin (237). These
are important in very thin films of thicknesses less than 100
nm. A positive disjoining pressure gradient is required to
impart resistance to film thinning, and a negative disjoining
pressure has the opposite effect and increases in magnitude
as the film thins. However, in simpler systems such as soap-
film experiments, Scheludko and Exerowa (238, 239)
showed that the negative disjoining pressure depends on
the inverse third power of film thickness.
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layer of surface-active materials, the temperature, and the
composition of the fluid and its dynamics inside the
droplets. Most theoretical analyses of film drainage de-
scribe the relationship between the coalescing forces
(which are suction forces at the Plateau borders and which
promote drainage), the bulk phase, and the interfacial ef-
fects that resist drainage. Since the film-drainage step is
rate determining, investigations have been focussed on the
kinetics through the many drainage models, the important
effects being the critical collapse thickness and time, bulk
viscous effects, and the interfacial viscosity and elasticity.
Various hydrodynamic models of the film-drainage process
have been developed (241—248).

Several generalized models that account for mobility of
the surface, kinetics of adsorption - desorption of surfac-
tants, surface and bulk diffusion, surface rheological prop-
erties, and flow in both film and bulk phases were
developed by Wasan (236) and Nikolov et al. (249). They
introduced the concept of structural forces resulting from
the narrow size distribution of micelles or colloids forced
into the restricted volume of the film. The thinning process
for these films becomes stepwise through various stratifica-
tion stages as each micellar layer flows out. The approxi-
mate sizes of micelles has been be determined from these
steps as a photocurrent detects the change in the light trans-
mitted (240). There were correlations found between the
number of film-thickness transitions and the increased
chain length of simple surfactants such as N-alkyl sulfates.
Stepwise thinning depends on effective micellar volume,
polydispersity, film size, and film thickness. The driving
force for this drainage is the gradient of the chemical poten-
tial of the micelles at the film’s periphery.

Nikolov et al. (250) derived an expression for multi-lay-
ering of the micelles, relating them to the interaction free
energy. They also integrated disjoining pressures with re-
spect to film thickness in their theoretical model. The reader
is referred to the references for more detail. According to
Nikolov et al., an increase in surface viscosity means a de-
crease in mobility and a longer drainage time. A low surface
viscosity means that the Gibbs-Marangoni effect has more
impact on drainage time and coalescence rate. They re-
ported that the estimated drainage time for a mobile surface
with no surfactant is small in comparison with an immobile
surface having large surface rheological stresses. Thin-film
drainage times of foams were shown to increase with the
increased dilatational modulus and with increased surfac-
tant carbon chain length (248, 251, 252). According to these
authors, drainage is very important in preceding coales-
cence, and is affected by film viscosity, film thickness, sur-
face diffusion, surfactant adsorption, both surface shear and
dilational viscous properties, surface shear, and dilational

Increased capillary forces at the Plateau borders allow
film drainage to occur until the films have thinned to an
upper limit of about 100 nm. The film reaches a metastable
state and may rupture suddenly due to dust particles, ther-
mal or mechanical shocks, or may just reach a critical thick-
ness that it can no longer sustain. A hole in the film may
form as a result of thermal fluctuations of the two expand-
ing droplet surfaces, and at the same time there are forces
working to maintain an equilibrium film thickness. These
forces originate from the surfactant monolayer which is un-
dergoing dilating and shearing deformations, causing
stresses and opposing flow. The tangential bulk stress from
the film liquid causes surface-layer flow. The droplets are
pushed together by external pressures such as buoyant
forces, or other applied forces such as dynamic pressure
gradients in the continuous medium.

Thick films (≈500 nm) before drainage appear as color-
ful interference fringes created by passing a monochro-
matic light beam through the film, and this can be measured
from interferometric patterns (240). The thicknesses would
correspond to the wavelength of the color. As the film thins
down to thicknesses below the wavelength of visible light
(10-100 nm), the film appears to be black. During thinning,
liquid flows out in a radial flow pattern to the Plateau bor-
ders pulled by osmotic or capillary pressures. Very thin
films with negative disjoining pressures, and with low vis-
cosity will follow Reynold’s law for radial flow, where the
change in thickness, D, in time, t, is d(l/D2)/dt = aP, where
P is the hydrostatic pressure, a is a constant ( = 4/3ηr2), r is
the radius of the film, and η is the viscosity of the fluid.
Reynold’s flow expresses the motion of a fluid being
squeezed between two approaching solid surfaces with
fixed interfaces. Detailed treatments of Reynold’s flow are
given by Hunter (122). Emulsion films approximate to type
C in the Hunter categorization of film types.

Film lifetime is taken as the time taken to reach a given
thickness plus the breaking time at that thickness. When
this critical thickness, δcr, is reached, and if there is an equi-
librium black film, it only persists at an equilibrium or sta-
ble state provided that the barrier of potential energy is high
enough. In foams the first black films, known as the com-
mon films (10-100 nm thickness, and gray or silvery), pre-
cede the second black films known as Newton black films
(5 nm thickness, black). The Newton films are seen to ap-
pear after the colors of the interferometric pattern (created
by the film’s dispersion of the monochromatic light beam)
change into gray, silver, or black. The Newton films may
form spots or holes.

Drainage rates are low for rigid films and high for mo-
bile films. The stability of the films is dependent on the rhe-
ological properties of the interfacial layer, the adsorbed
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Figure 21 Photomicrograph of stabilizing asphaltenes particles in
a 300-µm diameter bitumen film structure between two bitumen-
stabilized water droplets.

Figure 22 2 Photomicrograph of film drainage and thinning of a
300-µm diameter bitumen film (lamella) over time, as measured
by videomicrography, capillary balance techniques, and interfer-
ometry. (From Ref 82.)
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Fig. 22 in frames 1-5. It was observed by Angle et al. that,
generally, for a stable bitumen film, a typical drainage time
to a common film was 25 min and to arrive at a Newton
film was approximately 30 min in a 300-µm film diameter.
Film thicknesses were measured by interferometry, using
a capillary balance technique for plane parallel films (A.D.
Nikolov and D.T. Wasan, personal communication, 1998)
(253).

In Fig. 22, the multiple colors (frame 1 - dark gray) de-
pict a thick film before drainage. The plane white/gray de-
picts a drained stable bitumen film closely resembling a
common film (frame 4) or stable Newton black film (frame
5). A close-up photomicrograph shows the uniformly sized
and distributed particles of asphaltenes and resins at the in-
terface of the water droplet, but held in the confined space
within the lamella (frame 6). These uniformly sized aggre-
gates are responsible for providing a structural component
of disjoining pressure in a coherent stable bitumen film ac-
cording to Wasan’s structural stabilization model. Angle et
al. (82) showed that an oil-soluble demulsifier increased
film-thinning rates up to a critical film radius and for an
optimum concentration of demulsifier. Not all emulsion
systems would follow this drainage process before coales-
cence. Although stepwise thinning may occur, the diluted
bitumen and crude oil/water interfaces are more networked
and require chemicals to achieve demulsifica-tion. Other
effects of demulsifier blends on crude-oil film properties,
rheology, drainage, and, lately, film thickness stability for
Louisiana crudes are reported by Kim et al. (65).

The choice of demulsifiers is not an easy process as there
are thousands of patents published on various formulations.

elastic properties, as discussed earlier.
Thus, a demulsifier that would enhance drainage rates

and film thinning may also counteract Marangoni flows
through the demulsifier’s competitive adsorption. Drainage
time is long when the interfacial tension gradient is high,
shear elasticity is high, and both bulk and surface diffusion
of demulsifier cannot counteract the tension gradient.
Demulsifiers can reduce the drainage time by inducing de-
creased interfacial viscosity and lower interfacial film elas-
ticity while promoting high interfacial mobility.

When the interfacial shear elasticity is moderate, at mod-
erate surface viscosity, the thinning velocity will be greater
than the Reynolds velocity. An increased surface viscosity
means decreased surface mobility and a longer drainage
time. These are all factors to be considered in decisions to-
ward positive steps of destabili-zation.

Although stable diluted bitumen films are more complex
than soap films, they appear to follow a classical film-
drainage pattern without demulsifier as shown in a study
by Angle et al. (82) and reproduced in Fig 21, 22.

Figure 21 shows actual droplets of water surrounded by
a film of bitumen. The fine particles forming the structural
barrier component of the bitumen film can be seen around
the bright water droplet. Other stabilizers preventing coa-
lescence are in the film lamella. The drainage of an actual
film of bitumen between two water droplets is depicted in
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been shown to increase the rate of film drainage (254). Ac-
cording to Mukerjee and Kushnick (167, 255, 256) an ef-
fective demulsifier lowers the interfacial tension gradient
and enhances the coalescence rates by rapidly diffusing to
the interface. For fast diffusion, the molecular weight of the
demulsifier becomes important. It may also dampen the
growth of surface waves which alternatively stretch and
compress the film. Thus, as the gradient in the film is cre-
ated, the demulsifier may counter the inward flows. If it
counters the inward flows it may enhance drainage, de-
pending on the flexibility of the film. If it makes the surface
more rigid, the liquid in a film does not drain as rapidly,
but drains more slowly than would a film with a flexible
surface. This leads to both reduced thinning and rates of
coalescence.

When the continuous phase is not compatible with the
demulsifier, carrier solvents are used. Most carrier solvents
are alcohols or benzene derivatives such as glycols and xy-
lene. Carrier-solvent effects were emphasized by
Neustadter et al. (166) with xylene being a good carrier for
the demulsifier. Wasan and coworkers (63, 164, 182)
showed that alcohol not only acted as a cosurfactant but
was also a good carrier solvent. The relative solubility of
the demulsifier is thus related to the organic groups, the
polar groups, the configuration of the demulsifier, and the
molecular weight. Most successful demulsifiers are of in-
termediate molecular weight as is shown in the next sec-
tion. Temperature and solvent effects on the demulsification
of North Sea crude oil emulsions were investigated in some
detail by Sjöblom and coworkers (81, 136). Of the large
number of solvents investigated only three were considered
to be effective destabilizers.

A demulsifier with the ability to destabilize the protec-
tive film around the droplet can create changes to the film
as well as to the natural stabilizers. The demulsifier may
influence the droplet interfacial film material by displace-
ment (98, 115, 257), complexation, changing the solubility
in the continuous phase, changing the viscosity of the inter-
facial film, or through quick diffusivity (65, 258) and ad-
sorption, thus inhibiting the Gibbs-Marangoni effect, which
counteracts film drainage.

An example of film dissolution and displacement is
shown in Fig. 23, which shows the effects of a fast-acting
demulsifier on a diluted bitumen W/O emulsion. The action
is traced clockwise as the demulsifier solution flows in a
capillary in which the stable bitumen emulsion is held
within the confined space but not deformed. At time 5
min:45 sec the system is untreated. At time 6 min:00 sec,
the movement of the demulsifier solution into the emulsion
is initiated as a destabiliza-tion front. The demulsifier con-
tact front causes the interface of the droplets to be broken

V. PERFORMANCE DEMANDS ON
DEMULSIFIERS

A. Basic Behaviors Expected of
Demulsifiers

From this review, it would appear that the basic demands on
demulsifiers are the abilities to have one or more of the fol-
lowing behaviors: (1) strong attraction to the oil/water in-
terface with the ability to destabilize the protective film
around the droplet and/or to change the contact angle of the
solids which may be part of the interfacial film; (2) ability
to flocculate the droplets; (3) ability to promote coalescence
by opening pathways for water’s natural attraction to water;
and (4) promotion of film drainage and thinning of the in-
terdroplet lamella by inducing changes to the interfacial
rheology such as decreased interfacial viscosity and in-
creased compressibility.

It has been shown by Berger et al. (64) and confirmd by
Kim et al. (63) that equal partitioning of demulsifier from
the oil into the water phase appears to be important for an
effective demulsifier. The change in Gibbs free energy for
transfer of surfactant from oil to water is related to the rel-
ative equilibrium solubilities or partitioning coefficient of
the demulsifier in either phase. It would suffice to infer that
partitioning would occur only if the interface barrier’s pores
are opened by adsorption of surfactant. Transfer would also
entail diffusion through the film based on a strong attraction
to the water phase. However, partitioning would not be a
dominant factor when the other effects such as dissolution
of the interfacial material or their flocculation by the
demulsifier (82) occur. The demulsifier’s relative solubility
in oil is important for mass transport to the interface, and
where this is inadequate, carrier solvents have been used.
Demulsification mechanisms include displacement, disrup-
tion by adsorption, solubilization, and competition with the
emulsifier for interfacial sites. The work of desorption of
the emulsifier from the interface would be important for the
process.

Strong attraction to the oil/water interface is often de-
pendent on diffusibility and interfacial activity of the
demulsifier. This also involves speed of migration to the
interface and the ability to compete or interact with the
emulsifier by one or more mechanisms. The demulsifier
must be relatively soluble in the continuous phase yet not
completely soluble, and able to transport itself to the inter-
face. In some cases, if the interface is stretched, the demul-
sifier must get there before the emulsifier can readsorb. The
presence of demulsifier in the dispersed water phase has
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Figure 23 Photomicrograph of a moving front of solvent plus a fast-acting demulsifier dissolving/disrupting the interfacial material on con-
tact, causing instant demulsification. Measurements were in real time.
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fraction of water droplets in the oil, as shown in Fig. 10,
the emulsions are already in close contact and in a state of
readiness for demulsification. In this case the added demul-
sifier must have mass-transport power to be integrated into
the gaps between the droplets. High diffusibility helps with
demulsification and heating may improve the transport. If
the residual emulsions left in the oil are around 3% water
and the droplets are very finely dispersed and widely dis-
tributed, the flocculating ability of the demulsifier is re-
quired to gather up the droplets. This happens more often
in oily effluent treatment and in very dilute systems where
droplet collisions are not frequent. Then, indeed, the high-
molecular-weight and highly branched demulsifier mole-
cules with an affinity for the water droplet provide some
advantage. Here, gentle mixing will provide an additive ef-
fect.

by disruption or dissolution. There is also growth of the
droplets with diffusion of the demulsifier solution into the
sample, as seen in D (time 6 min:09 sec to time 6 min:28
sec). The large droplets are broken, leaving the smaller
more rigid droplets in the solution. It appears that the inter-
facial material is being disrupted by the demulsifier. Note
the relatively large droplet, B, with its attached colony of
fine droplets.

B. Demulsifier with Ability to Flocculate
Droplets

Based on the interparticle distance or tightness of packing
of droplets, the ability to flocculate may not be a necessary
criterion for demulsifiers. When there is a high volume

Copyright © 2001 by Marcel Dekker, Inc.



575Demulsification in Petroleum Recovery

topic warrants a separate section, as a large part of the un-
derstanding of paraf-finic W/O emulsions and demulsifier
chemistry was stimulated by North Sea operations and oil
spills at sea.

In downhole applications where mixing is very thorough
and the temperature is high, reduced viscosity of the oil de-
creases the high lift pressure requirements. The use of
demulsifiers as emulsion inhibitors has been indicated as
an advantage. Sometimes a high concentration of fine mi-
crometer-sized droplets would produce higher viscosity in
some cases than the oil alone. The fine emulsions produced
would consequently counteract the decrease in oil viscosity
caused by temperature increases, and thus inhibition of
emulsification with chemicals is advantageous.

E. Demulsifier Working Together with
Process Equipment

One or more of the above demulsification mechanisms may
be required for fast or slow resolution, depending on the
production process. Generally high-throughput processes
demand more complete chemical treatment and fast resolu-
tion. In contrast, low-volume throughput such as vertical
treaters, or systems where the residence time is longer as
the material travels through pipes in a turbulent environ-
ment and mixing is continuous, demands a slower-acting
demulsifier. If heat is encountered the demulsifier must be
capable of performing at the higher temperature. Synergy is
often desirable to reduce costs of chemicals or heat.

VI. CHEMICAL NATURE OF DEMULSIFIERS
A. The Users’ Dilemma with Available
Information

No single chemical by itself has been found to perform
every destabilization and resolution function required in a
process. This is the main reason why blends of chemicals
are formulated. Each component in the blend addresses the
change of a specific emulsion characteristic.

The most common problems encountered in any appli-
cation of macromolecular surfactants are the matching of
the commercially available products to a required end ef-
fect, according to Hancock (270). Manufacturers have as-
sembled product combinations and provided end-use
categories such as desalting chemicals, oil-slick disper-
sants, oil-well water-flooding viscosity improver, oil-well

C. Demulsifier Creating Surface Changes
to Solid Stabilizers

Lucassen-Reynder and Van den Tempel (259) emphasized
that, in order to develop a strong interfacial film, solids as
emulsifiers require a certain tightness of packing but this
needs material and time to be built. The solids, which are
W/O stabilizers (62, 260), have the correct wettability (261)
or three-phase contact angle at the interface (174, 262-264).
The role of solids as stabilizers is complex (174, 208, 265).
The nature of the solids can be changed by a demulsifier.
The demulsifier may adsorb on to the solids causing them
to be more oil or water wettable. Often wetting agents of
low molecular weights achieve this function. Thus, solids
become more compatible with either the hydrophobic or
hydrophilic phase, and are easily transported into the con-
tinuous phase away from the interface.

The nature of the solids may be variable, and may be
one or more of the following species of minerals encoun-
tered in the petroleum production process: aluminum sul-
fates, calcium carbonates, iron sulfides, clays, drilling
muds, crystallized paraffins, and asphal-tenes. Most often
after association with petroleum, inorganic solids adsorb
the organics and form complexes with improved surface
activity and thus influence the bulk rheology (266). It is
thus desirable for a demulsifier to remove minerals to the
water phase and the paraffins and organics to the oil phase
(which can be treated easily by the refiners), while leaving
a clean, sharp mirror-like interface of oil and water. As-
phaltenes as partially solubilized solids are best recom-
mended to be solubilized into demulsifier micelles in the
oil phase. In fact, Little (267) has suggested that the demul-
sifiers must be such that they form micelles in the oil phase
and do not themselves become stabilizers to the droplets
by creating a more rigid interface stronger than the original
natural emulsifiers.

D. Demulsifier Inhibition of Film Forming
Before Emulsification

In some situations demulsifiers have been used to inhibit
emulsification (97). Demulsifiers used as inhibitors (1) in
emulsification was considered in the prevention of “choco-
late mousse” formation for oil spills (1, 268, 269). This
topic has received considerable attention as increased envi-
ronmental concerns demanded clean up of oil spills. Con-
sequently, technology and chemical demulsifiers have been
developed to address sea spills. However, discussion of this
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Figure 24 Separation of bitumen W/O emulsion in tubes after demulsifier A was added: (top) by centrifugation; (bottom) by gravity sep-
aration. Dosages are indicated at the top.
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tling times, it must be borne in mind that it is only a guide.
It is estimated that 6-8 h of separation time in a bottle test
is equivalent to 24 h in a process (272).

However, to date, it is generally agreed, by both re-
searchers and practitioners that bottle testing is still a good
guide (257). The bottle test is static and does not model
closely the dynamic effects of water droplets dispersed or
coalescing in the actual equipment such as control valves,
pipes, inlet delivery, baffles, water wash, etc. If the point of
injection of chemicals is upstream of the settler, then the
test approximates the situation better. It is, however, still
crucial that the characteristics of the emulsion be under-
stood before the treatment system is selected (273, 274).

A typical laboratory bottle test is indicated in Fig 24 and
25, which illustrate the separations of a model 30% W/O bi-
tumen (Athabasca, Alberta) emulsion at 50°C with two
demulsifiers, A and B. In Fig. 24 (top photograph) the
emulsion was allowed to resolve over 24 h by gravity. This
is compared with the bottom photograph which shows the
same treated emulsion assisted in separation by centrifuga-
tion immediately after demulsifier addition. The difference
illustrates that enhancement of separation with a process
aid such as centrifugation is useful for this system if time
is a factor. The demulsifiers are considered to be effectively

wettability improver, demulsifiers for W/O emulsions sta-
bilized by heavy, light or high-acid-number oils, etc. Most
chemical suppliers, based upon their experience, have put
together application kits consisting of possible combina-
tions of products that may work. Demulsifiers are labeled
fast droppers, desalters, dehydrators, etc. A guide for selec-
tion is usually the relative solubility number (RSN), defined
as the amount of water in milliliters required to reach cloud
point at 25°C for 1 g of demulsifler dissolved in 30 mL of
a solvent system containing 4% xylene in dioxane. The
RSN is normally provided with the product specifications.
It is rare that all basic systematic knowledge of the manu-
facture, composition, and performance trends are disclosed
to the user.

Faced with this applications knowledge gap, the practi-
tioner would first perform conventional bottle tests (271)
to decide which are the most effective “chemical” products
for the application in mind, working with samples that rep-
resent field samples as closely as possible. The screening is
usually done on the spot and its success is aimed at con-
vincing the engineers in the production application. Past
experience then becomes an asset to the chemical-service
representative. Although bottle tests are used for estimating
the ranges of treating temperature, retention times, and set-
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Figure 25 Resolution of water and decrease in oil-phase moisture
traced by changes in each phase of a bitumen W/ O emulsion after
demulsifier B was added at 50°C; middle phase is not visible. Top-
photograph of its separation, showing clarity and optimum dosage.

577Demulsification in Petroleum Recovery

Some studies are not concerned with the chemical identity
of demulsifiers, but only with the effects or the demonstra-
tion of phenomena for developing the theory. It is important
to demonstrate demulsifier relative effectiveness for these
studies.

B. Choosing Demulsifiers

Most of the research laboratories (IIT, University of
Bergen/NTU, Energy Technology of CANMET, Environ-
ment Canada, British Petroleum, and Indian, Egyptian, Pe-
troleum Institutes, among others) characterize and classify
both the emulsions and the demulsifiers to determine some
common factors that may be used in the extraction process.
The test results would act as a prescreening step to the re-
finers when evaluating the crudes, or as a means of prepar-
ing to deal with specific demulsification problems.

Recently, there have been many studies to explore the
selection of demulsifiers by more scientific and/or empiri-
cal means for matching the emulsion or oil with the demul-
sifier properties. Some advances as to what is useful and
what is not have been made. Demulsifiers are required to
have intermediate solubility in the crude oil or bitumen and
not to form strong associations with other components of
the crude. Sometimes the matching of RSN and equivalent
alkane carbon numbers (EACNs) with BS&W are used as
selection tools.

The determination of EACN is based on the minimum
interfacial tension derived from a test surfactant in a series
of hydrocarbon solvents, and then in the crude oil. The
alkane carbon numbers are assigned to the solvent. In its
determination for the crude oil/component, the minimum
interfacial tension (IFT) against the reference surfactant
may match one of the reference hydrocarbon solvent. The
n-alkane with this minimum would be the EACN for the
crude. The demulsifiers are tested in a similar way to the
surfactants and are assigned preferred alkane carbon num-
bers (PACN) in the crude. This appeared to be a way of
predicting their behavior in crude oils from their behavior
in the n-alkanes. However, this process is long and labor
intensive.

Cash et al. (276) and Cayais et al. (277) used EACNs of
crudes and matched the numbers with PACNs of demulsi-
fiers.

De Silva et al. (278) correlated the RSN with perform-
ance information and crude-oil properties to arrive at a pre-
dictive tool for choosing demulsifiers. They attempted to

fast droppers. The dosages are indicated at the top. A
dosage dependence is shown as separation has an optimum
dosage at 70 ppm in Fig. 24. Figure 25 illustrates an im-
provement in emulsion resolution at 50 ppm, showing
water clarity. Overdosing is observed between 70 and 300
ppm, indicated by a turbid water phase, which suggests in-
version to an O/W emulsion. The resolution is represented
graphically by a plot of volume fraction of water resolved,
on the right Y axis and the moisture reduction of the oil
phase on the left Y axis against dosage showing effective-
ness. The interface pad or middle phase is not represented
(275) as it was not apparent.
Researchers first used the bottle tests preliminarily to select
effective potential chemical demulsifiers, then would carry
out further investigative studies on mechanisms for under-
standing demulsification phenomena for the crude at hand.
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Shinoda’s HLBtemperature or phase-inversion temper-
ature (PIT) became an important property of the surfactant-
oil-water system (281). For nonionics, the PIT occurs
below the temperature at which the surfactant preferentially
partitions into the water phases as oil-soluble micelles and
above the temperature at which it partitions preferentially
into the oil phase as water-swollen inverted micelles. The
PITs are affected by salinity, alcohol, temperature, and type
of oil. The PIT indicated the point of emulsion inversion
from oil/water to water/oil type. This was especially true
for nonionic ethoxylated hydrocarbon surfactants, which
obeyed Bancroft’s rule for water solubility at low temper-
ature and oil solubility at high temperature. This behaviour
was illustrated in a linear relationship between HLBand
PIT for ethoxylated hydrocarbon surfactants in cyclo-
hexane and water. A lower HLBof 10 corresponded to a
low PIT of 30°C (282) and a high HLBcorresponded to
higher PITs. Thus, an HLBbalance in the molecules may
be important where solubilities are concerned, but this
property still has conflicting connotations in demulsifica-
tion, especially for polymeric surfactants where branched
configuration and molecular weight of the chemicals are
more important in the changing interfacial environment.
Crude oil and bitumen complexity would present new dif-
ficulties for using this parameter as the sole criterion for
selection of demulsifiers.

Hayes et al. (283) related the EACNmin with the
HLBof ethoxylated alcohols (dinonyl phenols, tride-
canols), in whichHLBis the ethylene oxide percentage di-
vided by 5. They found a simple linear relationship between
HLBand EACNmin. The EACNvalues of 5-20 were in the
range corresponding toHLBs of 11-12, for which the emul-
sion inverts or there is a transition region between oil and
water solubility. However, HLBis still not simple to apply
to demulsification especially with highly branched hy-
drophobes in complex systems such as crudes and anionic
surfactants. Walker et al. (284) emphasized thatHLBs of 7-
9 are effective for demulsifiers of crude oil emulsions, as
they represent emulsifiers of neither emulsion type, but are
effective wetting agents. However, Cooper et al. (285) sug-
gest thatHLBis important in demulsifier efficiency, show-
ing that heavy oil emulsions have optimum demulsification
atHLBs 4-6. On the other hand, Berger et al. (64) found no
correlations.

Aveyard et al. systematically studied phase behavior of
the specific nonionics with varied HLBs to illustrate
demulsification (202). They emphasized that changing the
HLBof the system and not the HLBnumber of the surfac-
tant can promote the demulsification of crude or model
emulsions. The HLBof the system of Forties crude oil
emulsion with ethoxylated phenol-formaldehyde resins was

derive an alternative to the bottle test by considering the
oil, its acidity, associated water, salinity, and demulsifier
RSN and EACN relating the demulsifier affinity for oil and
water. An unstable system was defined as having equal
affinities for oil and water. This surfactant affinity differ-
ence was empirically related to solubility, EACN, and
RSN. Their conclusion was that a less polar demulsifier of
RSN= 8 would be suitable for a more polar crude oil. A
nonpolar paraffinic oil required a polar demulsifier of
RSN= 12. However, most often these empirical correlations
become specific to the laboratory samples, and cannot be
universally applied unless the models are tested globally.

Berger et al. (64) used 2400 field samples in bottle tests
to correlate RSNwith BS&W (water drop). From their
studies they claimed no correlations between
hydrophilic/lyophilic balance (HLB), RSN, and demulsi-
fier performance for crude oil emulsions. They suggest that
in the choice of demulsifiers the demulsifiers can be first
characterized by their PACN and paired with the EACNof
crude. In bitumen or crude oil systems the matching of
EACNof the crude to the actual carbon numbers of the
demulsifiers may be important for compatibility. To date,
extensive studies have not been conducted to validate this.

In the earlier studies, a method of demulsification which
was believed to be reliable was the reversal or inversion of
the emulsion types. High concentrations of hydrophilic
soaps accomplished this. The anionics were among the first
to be used for this purpose. The nonionics were an improve-
ment over the years. Later, a guide to the selection of
demulsifiers was also sought in the HLB originally estab-
lished for emulsifiers.
HLB is a number assigned originally to nonionic sur-

factants based on the hydrophilic head groups and hydro-
carbon tails on an empirical scale, developed as a method
for selecting simple emulsifiers for O/W or W/ O systems.
This was based on the surfactant dispersi-bility in water at
ambient temperature. For demulsification, the HLBscale
suggested that demulsifiers should possessHLBs in the in-
termediate range (8-11), which is neither oil soluble
(O<HLB<6), nor water soluble (HLB > 12) (68). Emulsi-
fiers for O/W systems have high HLBnumbers, wetting
agents have intermediateHLBnumbers, and emulsifiers of
W/O emulsions have low HLBnumbers. The HLBscale
was originated by Griffin (279) and was later modified to
include linear ethoxylated polymeric surfactants (280).
Both solubility and HLBchanged with changes in the hy-
drophilic portion in a series of ethoxylated and propoxy-
lated compounds such as nonyl phenol formaldehyde
resins. However, predicting an emulsifier type from molec-
ular structure alone was not possible.
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demulsification.
Some of these studies indicate that HLBis not the only

property of the chemical which determines the demulsifier
power. Cooper et al. (285) indicated that water reduction
was dependent on the chemical structure of the surfactant
when two surfactants with similarHLBs gave opposite re-
sults. The effects of the interaction of the chemical structure
with emulsion interfaces are the more important factors in
demulsification, as these influence the film rheology of the
system.

C. Types of Chemicals

Chemicals used as demulsifiers may be simple surfactants.
These may be cationic such as quaternary amines
(NR1R2R3R4)+, where R can be any alkyl or aryl group;
anionic such as sodium dodecybenzenesul-fonates (R-
PhSO3Na), petroleum sulfonates (RSO3

-M+) and sodium
di-iso-octylsulfonosuccinates [ROOCC(CH2COOR)H
SO3-Na+, trade name Aerosol OT]; nonionic such as fatty
alcohol ethers [CH3(CH2)10CH2O(C2H4O)nH], fatty es-
ters [(CH3(CH2)10COO (C2H4O)nH], alkyl phenol ethers
[R-Ph-O-(C2H4O)nH], polyoxypropylene glycol ethers,
and fatty amides; and zwitterionic such as alkylbetaine de-
rivatives [RCH2COO-N+(CH3)2], which are pH dependent.
Simple copolymers of EO and propylene oxide (PO) may
be used alone or in combination with a surfactant.

Staiss et al. (288) have summarized the developments in
chemical demulsifiers and their effective dosages used until
1991. They indicated then that the most recent develop-
ments in poly(ester amines) at very low dosages were most
efficacious for crude oils (Table 4). Table 5 extends this de-
velopment to encompass some of the demulsifiers used by
research groups globally to date. Table 5 summarizes some
of the chosen chemistries or products used in published
studies on demulsification of a variety of crude W/O emul-
sions world wide. Aerosol OT is still used today in formu-
lations and is one of the few demulsifiers approved by the
Norwegian environmental authorities (284). Aerosol OT
still appears to be successful in demulsify-ing conventional
crude emulsions. However, it easily partitions into the
water phase and cannot be available for a long time.

However, there are many more combinations of chemi-
cals synthesized to reduce the effective dosages (77, 89).

changed by increasing salt concentrations in the water
phase. Inversion occurred close to the critical aggregation
concentration. Anionic AOT in water/nonane emulsion
showed a similar response, but at lower salt concentrations
in the water. They indicated that the preferred curvature of
the surfactant at the interface is modified by theHLBof the
system.

Israelachvili (286) presented an overview on the phase
inversion of emulsions based on the geometry of adsorbed
surfactants, the sizes of the heads and tails, and the volume
of the surfactants at the interface. W/O emulsions were fa-
vored by smaller less hydrated headgroups, higher ionic
strength, smaller interfacial space occupied by heads,
higher pH for cationics, lower pH for anionics, and higher
temperatures for nonionics. W/O emulsions are favored
also by a shorter length, L, of tails with surfactants occupy-
ing a larger volume, v, into the interface. The tail group
would be either branched unsaturated chains or double
chains. Nonionics at higher temperatures have greater oil
penetration, and often are aided by cosurfactant addition.
On the other hand, O/W emulsions were favored by large,
more hydrated headgroups, lower ionic strength, larger
head diameter/chain length ratio, lower pH for cationics,
higher pH for anionics, and lower temperatures for nonion-
ics, the single saturated chains, shorter chains, less oil pen-
etration, and higher-molecular-weight oils. Intermediate to
this measure is the bicontinous lamella phase where the sur-
factant’s volume/area × length = 1 (V/A×L), the occupied
space is square in geometry at the interface and it corre-
sponds to an HLBof 10.

Sharma et al. (71) used a concept of deformation of
closely clustered W/O crude oil emulsions to explain
demulsification by inversion. This explanation bore some
similarity to the wedge concept used for changes in head
and tail geometry of surface-active agents that adsorb on
the interface of the droplet while promoting demulsifica-
tion.

Marshall (287) investigated the emulsion inversion point
(EIP) as a function of HLBfor simple nonylphe-nol
ethoxylates (NPEx) where × ranged from 3 to 25, in a
paraffin-oil base W/O emulsion. The state of orientation of
the NPEX was modeled to show the change in configura-
tion of the polyethylene oxide chains, from zigzag or fully
extended to meandering in the water phase with changes in
× between 9 and 12. The EIP occurred with eight ethylene
oxide (EO) units at HLB= 12.3. The HLBs in these sys-
tems were also related to the curvature at the interface. A
W/O interface was convex toward oil and concave toward
water. This curvature changed with the stabilizer. This sug-
gested that a change in the stabilizer property can induce
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Table 4 Chemicals Used as Demulsifiers of Crude Oil Emul-
sions

* Chemicals: Selection is of extreme importance in tailoring to the
crudes as well as operating conditions. Examples are: poly-
oxyalkylene (ethylene, propylene) substituted phenols, alcohols,
esters, ketones, aldehydes, amines, nitrocom-pounds,
organometallic salts, solvents.
Physicochemical: combinations of chemical and physical, e.g.,
demulsifier, mixing and heating to high P or Temp, increasing dis-
persed phase by 10-20% by adding very dilute demulsifier.

Most of the bases or intermediates used in the synthe-
sis of demulsifiers are derived from either agricultural or
petroleum sources. Table 6shows examples of the bases
as published by Hancock’s schematic (270). All large-
scale production of EOs and POs are synthesized from
naphtha (a crude-oil distillate feed-stock) or natural gas.
Benzene is obtained from naphtha and, from benzene,
phenol is obtained.

Angle580

The patent literature covers thousands of chemicals. A few
examples for bitumen and heavy oils are indicated in Refs
83-88. Other simpler compounds have also been used and
some of these appear in the footnote.
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Table 6Intermediates for Demulsifiers and Their Feedstocks
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on their chemistries (291). Their properties are as diverse as
the many core molecules with which they can be copoly-
merized.

Table 6 illustrates some of the simple intermediates for
demulsifiers derived from either agriculture or petroleum
feedstocks. In some respects all of the above may be used
as demulsifiers. In addition to these are the final reaction
products of block copolymers of EO/ PO polymerized with
initiators such as glycerol, phenol-formaldehyde resins,
melamine-formaldehyde resins, polyamines, siloxanes, and
polyols. The flexibilities of the backbone structures are de-
signed for function as emulsifying agents, and the molecu-
lar weights range from 3000 to 100,000, and in some cases
higher. Demulsifiers for O/W emulsions will have typically
80% PEO, while for W/O emulsions 20-50% PEO. The
limited W/O solubility is the driving force for attraction to
the interface. These are commonly formulated into multi-
component solutions in aromatic solvents and used at levels
from 5 to 100 ppm. These, however, are inferior as wetting
agents or for deter-gency. The simpler linear surfactants are
more suitable.

To date there are thousands of products appearing in di-
rectories and patent literature. Generally, the compounds
with EO/PO copolymers are exceptionally surface active
and they migrate and spread readily at the interface. The
fatty amines and quaternary cationics adhere to all surfaces
including asphaltenes, resins, naphthenic acids, paraffin
waxes, inorganic clays, carbons, and silica (288).

As the chemistries improved and became more complex
over the years, there was also a decrease in active concen-
trations of demulsifiers required to demulsify crude W/O
emulsions. The efficacious demulsifiers such as the

Any product that includes EO and PO as copolymers are
generally highly surface active. Their oil solubilities are de-
termined by, not only the molecular weight, but also the EO
(hydrophilic) content as well as the PO (hydrophobic) com-
ponents. Generally, experience has shown that for the solu-
tion behavior of nonyphenol ethoxylates, the lower the EO
content the lower the cmc in an aqueous phase, and the
lower the surface tension (290).

Recently, demulsifier chemicals supplied have been
polymerized surfactants containing EO and PO as linear
blocks or random copolymer chains (EOx/POy;/ EOZ;
POy/EOx/POy), added to various polyglycols (289) whose
molecular weight may be varied. Starting with poly(propy-
lene glycols) of selected molecular weight, the EO is poly-
merized sequentially or randomly. Compounds with more
EO groups are more water soluble, and with more PO
groups are more oil soluble. The lower molecular weights
are more water soluble than the high molecular weights,
which are more oil soluble. The solution phase behavior of
these compounds is affected by salt content, increased tem-
peratures, and solvent type at these temperatures. For exam-
ple poly(ethythylene oxide) (PEO) is more readily soluble
in toluene at high temperatures than at room temperatures
(291). Lower consolute temperatures depend on the molec-
ular weights and polymer concentrations.

For demulsifiers of crude W/O emulsions, a low EO
content is preferred, at low molecular weights of 1500-
3500. The random copolymers are usually of lower molec-
ular weights. However, factors such as the concentration,
solvent, and temperature affect the phase behaviors of these
demulsifiers. Because of the wide applications and versa-
tility of these compounds there have been extensive studies
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(0.27, 0.35, and 0.25%) and resin (0.1, 0.15, and 0.1%) and
high wax (11, 5, and 15%) contents. The emulsions were
between 15 and 25% water content and of high salt content.
They introduced a new concept to select the demulsifier by
using the ratio of the number of EO units in the surfactant
over the number of carbon atoms in the surfactant, instead
of the HLBfor demulsifier selection. They found no inter-
action between the demulsifier and natural emulsifiers from
the crude oil emulsions.

Amarvathi and Pandey (289) synthesized and tested sev-
eral demulsifying agents of increasing chemical complexity
starting from the alkoxylated alkyl phenol-formaldehyde
resins. The other compounds were bis(glycidyl ether)
EO/PO copolymers, EO/PO copolymers of amino com-
pounds, and EO/PO copolymers of sulfur compounds. In
using the EO/PO block copolymers for dewatering W/O
emulsions of 34% water in Ramashkino naphtha, they
found that the copolymers of MWt 3500-4500 were best.
These polymeric surfactants were made with 60% EO con-
densed with poly(-propylene glycol) of MWt 1400-1800.
If the EO content was above 60% the product showed de-
creased demulsifying power. For the copolymers of pheno-
lic resin group, the EO/PO block copolymer of
phenol-formaldehyde resin glycidyl ether was best at re-
moving 100% water and salt from the crude oil emulsions
at dosages as low as 25 ppm. A slightly modified bisphe-nol
A - bis(glycidyl ether) EO/PO copolymer at 20-40 ppm
was effective for 42-63% water removal at 30-45°C. The
Saudi Arabian crude-oil emulsions containing 36% water
and 9% salt was dewatered by 94% and desalted to 0.9%
within 30 min by 32 ppm of imino-
bis(polyalkylene)polyalkylene polyester. At an even lower
dosage of 20 ppm, the EO/PO copolymers of hexanetriol
ether and the poly(thioalkylene oxides) of polyethers were
effective as demulsifiers. For the aromatic amine deriva-
tives of EO/PO copolymers, the effectiveness of the di-
amines were not only dependent on the ratios of EO/PO
but also on the isomer. The para-substituted diamine having
28 units of EO to 80 units of PO was best. The ortho- and
meta-substituted diamines did not perform as well. The es-
ters of PPO glycols and PE glycols were effective for not
only the Indian crude oil emulsions but also West African
and North Sea emulsions at 20 ppm. Thus, it appears that
greater effectiveness can be achieved by improved design
of demulsifiers.

Formulation can be specific to the crude oil emulsions
such as was shown for Buchan crude by Mohammed et al.
(67). They used nonionic surfactants from the Pluronic
(PE) and Tetronic series, which differed basically in the de-
gree of EO/POcopolymers added to straight chains or
branches. In combination with wetting agents and octy- or

poly(ester amines) or combinations of bases with EO and
poly(propylene oxide) copolymers (289) fit into this cate-
gory as is shown in Table 4. Some published cases of suc-
cessful outcomes for the various demulsifiers follow in
Table 5.

Taylor (68) reported success in the demulsification of
Kuwait crude oil emulsion with ethoxylated nonyl-phenol-
formaldehyde (NPE) resins in which the EO content varied
from 0 to 20 mol. They found optimum demulsification
with n = 5 mol of EO per phenol group and strong evidence
of NPE interacting with the asphaltenes of the bulk. Here,
water solubility was changed with change in the length of
the hydrophobic portion of the NPE resins.

Aveyard et al. (257) studied the demulsification rates of
North Sea Forties crude oil emulsions using a homologous
series of octyl phenol polyethoxylates [Triton X series -
C8H17ø(EO)n], where n varied from 3, 5, 9-10, 16, to 30.
Crude oil was solubilized in the water phase for n = 12 and
greater. Maximum water resolution was obtained for com-
pounds with n = 9-10 at 500 and 2000 ppm. The com-
pounds with lower n values partitioned in the oil phase as
monomers at dosages below the critical aggregation con-
centration (cac). Maximum resolution rates were found to
coincide with the cac of each demulsifier in the homolo-
gous series. Of course, in most homologous series of this
type it is expected that not only temperature, but also alkane
chain length, cosurfactant, and molecular structure would
change the solubility.

The demulsification of the crude oil emulsions with
Aerosol OT, an anionic surfactant, was also studied with
change in HLBof the system via increasing the salt con-
centrations. Similarly, the cac coincided with maximum
rate of resolution at different salt concentrations. At low
salt concentrations AOT is water soluble, stabilizing O/W
emulsions, which invert to W/O emulsions with increased
salt concentration. At high salt concentrations (0.7-1 M) 10
molecules of AOT solubilized one molecule of water in
crude oil. Salt has a drastic effect on the distribution of ag-
gregated AOT, especially at concentrations greater than the
cac.

Sharma et al. (71) chose polyoxyethylene alkylphe-nols,
their sulfonates, and sodium sulfonates in various combina-
tions as demulsifiers for W/O emulsions from the Assam
fields of India. They found xylene to be a better solvent
than water for the effective demulsifiers. Successful demul-
sifiers were those of the non-ylphenol type with 30 mole-
cules of EO per mole, and the octylphenols with 40
molecules of EO per mole, followed by treatment with
polyvalent cations. All demulsifiers studied were of HLB-
between 13 and 18 in various combinations. The W/O
emulsions were from crudes of relatively low asphaltene
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oil emulsions demulsified with an efficiency greater than
that of the low-asphaltenes crude oil, LB. The nonylphenols
were the best in all cases. The demulsifiers with the shorter
alkyl groups were better than those with the longer alkyl
groups, and efficiency increased with increasing number of
amino groups. Molecular weights were within a narrow
range for all the synthesized demulsifiers tested. They also
showed a variation of demulsifier performance with water
quality and temperature.

It would appear that, from fundamental tenets of physi-
cal chemistry, the demulsifier structure and chemistry de-
termine the degree of interfacial activity and the HLB. In
addition, its molecular weight governs viscosity and diffu-
sivity as well as its solubility. The overall structural con-
figuration determines the elasticity and viscosity at an
interface or in solution. However, carrier solvents play a
major role in the demulsifier configuration as well as in
compatibility with the continuous oil phase and at the
oil/water interface. These factors all apply in the demulsi-
fication of crude oils and bitumen emulsions.

D. Solvent Effects

Solvents and cosolvents as demulsifiers or as carriers in-
fluence demulsification. The solvent not only influences
the natural emulsifier components as was shown earlier, but
also affects the micellization of the surfactant. Good sol-
vents are those in which the demulsifier can dissolve but
remains surface active. Poor solvents do not allow demul-
sifier dissolution or transport to the interface. For emulsions
from North Sea crudes, Graham and coworkers (295, 296)
showed that xylene was the best carrier and did not cause
aggregation, while 1-propanol and 2-propanol were poor
solvents. Sjöblom et al. (294) conducted an extensive sur-
vey of solvent effects as carriers and demulsifiers. They
found that t-butanols and hexylamine were good solvents.
Walker et al. (284) used glycol ethers as good solvents for
coupling liquids of different polarity to provide a stable
demulsifier mixture. Aerosol OT functions better in alco-
hol/water or propylene glycol ethers. Sometimes when sol-
vency is reduced there is precipitation of components of
crudes.

According to Zaki et al. (78) not only does a good sol-
vent assist in solubility of the demulsifiers, but it also as-
sists in depressing the pour point of the crude to effect
demulsification at low temperatures. Water; water-miscible
hydroxy compounds such as n-buta-nols, isopropanol, and

nonyl-phenol formaldehyde condensates containing
EO/POcopolymers, they formulated effective demulsifler
blends. They indicated that there is some degree of func-
tional specificity in the demulsifier molecules in the inter-
action with the interfacial films.

Cooper et al. (285) demulsified Alberta’s Cold Lake
heavy oil emulsions with PEs (block copolymers of
EO/PO) of HLBs of 4-6 or 14. While Tweens (esters of
sorbitan and fatty acids of various lengths) and Brij (poly-
mers of EO with terminal fatty alcohols of various lengths)
were poor as demulsifiers. Kim and Wasan (63) used
demulsifier blends of EO/POas copolymers. They used
EO/POdiepoxides and EO/POwith phenolic resins of
varyingMWts from 3700 to 8000 in their partitioning stud-
ies of destabilized emulsion films. They also tested
polyamine glycols, alkyl aryl sulfonates, phenolic resins,
and polyamines. These showed different performances,
with blends having the same partition coefficients between
water and oil phases. Sjöblom and Coworkers (81, 136,
292-294) varied the EO content from 4, 10, 20, to 30 mol-
ecules per unit of nonylphenol ethoxylate; together with
solvents, the demulsification of Norwegian crude oil emul-
sions was thereby optimized. The medium-chain alcohols
and amines speeded up the separation. They concluded that
amines showed a strong specific interaction with the emul-
sion film which rendered the film more hydrophilic.

In a series of studies, Zaki (106) treated Geisum crude
oil emulsions which was additionally stabilized by the an-
ionic surfactant dodecylbenzenesulfonic acid. They found
that 60 ppm of EO/POalkylated alkylphe-nol formalde-
hyde resins at 50°C was successful. Zaki et al. (78) then
used EO/POblock copolymers of MWt 5000 and 7000 to
destabilize model asphaltene-stabi-lized water-in-benzene
emulsions. They found that the efficiency increased for the
higher-molecular-weight (7000) polymer. Temperatures in
the range 50°-70°C caused increased efficiency. They also
synthesized more complex demulsifiers by making further
changes to the basic alkylphenol-formaldehyde resins. Zaki
and Al-Sabagh (77) recently published some successes with
polyalkylphenols-polyalkylenepolyammes formaldehyde
ethoxylate in which the molecular weights of the polyeth-
ylene glycol used in the synthesis were varied. The alkyl
groups in the phenols were either nonyl or dodecyl, and
amines were varied from tria-mine to pentamine. The
HLBs consequently were varied between 10 and 15. They
foundHLBs of 12-13.5 to be optimum for demulsification.
Increasing the temperature from 50°C to 70°C enhanced
resolution. They demulsified the W/O emulsions of the two
crude oils,MB and LB, which were of high (8.8%) and low
asphaltene (1.4%) contents, respectively. The salt content of
the water was varied. The higher-asphaltenes, MB crude
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skill and knowledge to arrive at a solution. There are high
costs and hence profits associated with a successful formu-
lation, because of high-volume throughput. This market be-
comes competitive. There are thousands of patents on
product formulations for these applications. These are the
main reasons behind the lack of detail in formulation and
nondisclosure to researchers.

For these reasons the basic understanding of crude oil
and bitumen emulsions and demulsification has received
considerable attention. Advances in the knowledge of the
physicochemical-mechanical structure of the stable emul-
sions and their films are being made in our laboratory and
elsewhere. The films’ response to demulsifiers are studied
in order to understand the detailed mechanisms of demul-
sification. This knowledge will provide a more scientific
basis for formulating products. The knowledge of surfac-
tant chemistry, the behavior in solutions, the behavior at in-
terfaces, and interactions with the crude-oil solvent base
involve a wide interplay of complex processes in designing
formulations.

E. Demulsifier Selection and Petroleum
Recovery

Field experience with use of specific chemical groups of

monoethylene glycols; and aromatic hydrocarbons such as
benzene, toluene, and xylene are commonly used solvents.
They found that the efficiency of EO/POblock copolymers
as demulsifiers decreased as the number of methyl groups
increased in the aromatic hydrocarbon solvents. The effi-
ciencies were related to the solvation power. However, they
concluded that, for breaking W/O emulsions, the solvents
for EO/POblock copolymers should be preferentially com-
patible with the dispersed water phase rather than with the
oil phase. Oil-soluble demulsifiers may be better at demul-
sification, depending on the mechanism, as was illustrated
earlier. However, demulsifier action can be augmented by
the pH of the water around 7.0, low salinity, and increased
temperature, as these factors affect the interface surface
properties as well as the solution behavior of the demulsi-
fier. The solution properties of the surfactants play a large
role in the efficiency of demulsification.

Since the early 1980s, it was believed that demulsifiers
had to be high-molecular-weight polymers. These include
polymerized alkoxylated polyglycols, polygly-col esters,
polymerized oils, alkanolamine condensates such as
oxyalkoxylated phenols, and polyamides. Today, the in-
creasing trends are toward lower dosages and more highly
surface-active products which are more often polymeric
surfactants.

However, it is understood that the selection of a group of
chemicals for a specific application takes a great deal of
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* Physical methods of treatment include the following: heating;
centrifuging (used in oil sand extraction): washing through a water
column; filtering through porous media passing through high pres-
sure jets, which involves shaving off the interfacial layer as found
to be successful on emulsions from Indian crudes; and the appli-
cation of a sudden pressure drop. The increase of dispersed phase
volume by dilution with water only works when soluble inorganics
are the stabilizers. Other sophisticated methods are: application
of high magnetic fields; application of high electrical fields - the
most widely used 6-36 kV-induced polarity on the dispersed phase
causes the water droplets to form pearlized strings of oppositely
charged ends; application of ultrasonic waves. It is not unusual to
use combinations of heat and high pressure.
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ence the chemical selection. The selected treating vessels
are also crucial in chemical choices. For instance, if a large
settling vessel is used it is desirable to employ a longer-act-
ing demul-sifier for slower adsorption. Gun barrels, al-
though they have a high throughput, have a longer time
available for chemicals to perform and fast resolution is not
required. The need for augmentation by elec-trocoalescers,
which speed resolution, dehydrating filters, and a variety
of other physical methods* are indicated by production de-
mands. The mixing requirements and the operations tem-
perature would all be included in the design and would
determine the choice of demulsifier.

The mixing, which is crucial for adsorption, may occur
in static mixers or during flow conditions in the piping. The
major limitations to the equipment and methods used for
demulsification would be the small platform space for off-
shore operations, and the short residence time. For heavy
oil or bitumen, or drilling on land, it is easier to use large
settling tanks, heater treaters, and dispose of free-water. Re-
tention times may be longer, up to 40 min, and are taken
into account in the choice of slower-adsorbing demulsifiers.

After treatment, it is also desirable to have no accumu-
lations at the layer between the oil and the water which
forms a middle phase or interface pad. A large middle phase
(interface pad) would have to undergo treatment separately
as it tends to collect solids, emulsifiers, asphaltenes, and
other assorted surface-active impurities. On the one hand,
an interface pad presents no problem as the resolved water
is drawn out from the bottom of a setting tank, or the pad
may act as a filter for the mass transfer of solids into the
oil phase. This interface can be removed and treated sepa-
rately, after oil dehydration. On the other hand, a large pad
creates slop oil and presents its own separation and disposal
problems. For this reason the user is cautioned against over-
dosing in treatment. The choice of chemicals used is thus
crucial to avoid overdosing or incompatibilities.

These all suggest that a demulsification program must
be streamlined to the process in the majority of cases. A
very good general review of this streamlining is discussed
by Svetgoff (191), in which the economics and retention
times are emphasized along with equipment choices (297).
Most processes use a combination of chemical addition,
heat, electrical methods (electrotreaters, dual-polarity de-
hydrators), and settling (272). The final results thus depend
on the choices of injection points, mixing, temperature,
process equipment, demulsifiers, and the characteristics of
the crude emulsions. In the majority of cases many combi-
nations of methods are used for complete dehydration. Each
type of equipment comes with performance limitations.
Economics determines the path in the end.

demulsifiers on conventional crudes is indicated in Table 7
(274). A demulsifier with a low-molecularweight resin base
which would perform on a 35 API° oil emulsion with a
rapid water drop would be ineffective for heavy oil. Gen-
erally, it is easier to treat high API° crude oil emulsions than
heavy oils and bitumen because of the many differences in
physical/ chemical properties. Thus, in the study of emul-
sions for demulsification purposes and for the selection and
design of demulsifiers it is imperative to know the produc-
tion operations and the chemical prehistory of the emul-
sions to be treated. Chemical demulsification is the most
economical and commonly used method of dehydration of
crudes.

In the first stages of crude oil production, after crude is
extracted or drilled, the fluids are under high pressures and
temperatures. It is essential to recognize that the first-stage
treatment involves the removal of excess of free water and
gas. If there are high salt concentrations in the water, a
fresh-water wash is conducted. This wash is then followed
by addition of demulsifiers and defoamers. The chemical
demulsifiers assist in the dropout of the major amounts of
water. Further dehydration is achieved by use of hydrotrea-
ters or electrostatic coalescers. This latter cannot tolerate
greater than 6% water or solids.

The final criteria for dry oils rest in the treatment process
in the plant and the changes in fluid quality that chemical
demulsification would require. These factors would influ-
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of samples are often from the closest geographical location
of a production facility. Thus, some collaborative effort be-
tween the producer and the researcher is required to ensure
that samples are representative for study and actually sim-
ulate the real situations. These studies are often only un-
dertaken when expertise is sought by the producer or is
identified and offered by the performer after considerable
discussions/negotiations.

It is not very often that service companies, which supply
technology to the producers, seek external support for the
fundamental research to be performed. The chemical serv-
ice companies have their core competencies based on their
knowledge of chemistry and some knowledge of oil pro-
duction technology. Dessemination of their knowledge does
not serve their interest. Therefore, most chemical products
supplied by service companies are protected formulations
which are coded. These are not identified, chemically, to
the producers. Demulsifier formulations and demulsifica-
tion even to this day still appear to be an art more than a sci-
ence. However, there are some new developments in the
understanding of demulsification. In this paper some of
these developments have been highlighted.

A. Research Needs in This Industry

Research on petroleum emulsion formation, stabilization,
and destabilization, and especially interactions with chem-
ical demulsifiers is very necessary for optimizing produc-
tion. However, this is expensive in comparison with other
industries’ requirements for emulsion studies. The field of
emulsion technology would not have arrived at the present
knowledge base had it not been for the initiative of the pe-
troleum industry in finding answers. However, to date there
are only a handful of research facilities worldwide that are
involved in this type of combined fundamental and applied
investigation aimed at understanding crude oil emulsions.
In addition to this, few research facilities involved in crude
oil emulsions publish their findings. The oil producers keep
process and emulsions research results in-house to ensure
their competitive edge, and if specialized facilities are en-
gaged, information becomes classified. There is a need for
a consistent reporting of the properties of crude oils studied
in addition to the chemical identification of surfactants in
order to contribute more to the science, as well as compare
notes across the broad scientific community.

Thus, the number of articles published on the topic does
not reflect the degree of research effort in this field. Crude

F. Other Chemicals for Consideration

If the crude is to be transported either by pipeline or tanker,
chemicals such as wax inhibitors for highly paraffinic
crudes, corrosion inhibitors, and lubricants are added. The
excess of fluids produced in extraction of crude oils are also
transported for further treatment to remove solids, water,
and impurities before disposal. Demulsification treatment
can also be complicated by crudes that have already been
subjected to many other chemicals.

In typical offshore production the fluids produced are
gathered into a collection line or common manifold. All the
lines that feed into this manifold have been subjected to
chemicals such as corrosion inhibitors, scale inhibitors, wax
inhibitors, and hydrate inhibitors. In enhanced oil recovery
of conventional crudes, surfactant micellar floods have
been used in the past to promote recovery. For heavy oil,
fluid flow is enhanced by viscosity-reducing agents and or
diluents. The reality is a more complex system for upgrad-
ing or refining.

VII. RECOMMENDATIONS

Oil clean-up is a necessary requirement to meet environ-
mental specifications before water is discharged into dis-
posal streams or natural lakes or oceans. The producer
considering a separation strategy must consider what will
be done with what is left behind. It is generally agreed that
the job of demulsification is not complete until one has
found a place for each fraction of the emulsion system.
After the oil is separated from the water, and is recovered,
what happens to water-soluble oils, water, solids, and sur-
factants? The choice of demulsifers can address these prob-
lems. If the mineral solids are transported to the water, and
the asphaltenes, waxes, and resins are transported into the
oil phase, clean-up can be better dealt with. The “reverse”
emulsion, which is the O/W emulsion, is mostly found in
waste effluent streams and may be a result of overdosing.
The demulsification of the latter involves different demul-
sifier chemistries that are compatible with the continuous
water phase. These systems are often very dilute, and floc-
culants, together with coalescing filter beds or membranes,
are chosen for clean-up.

The published literature on demulsification of crude oil
emulsions is often based on studies of samples derived
from the author’s main research sponsors and so the sources
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Figure 26 Schematic summarizing factors that affect demulsifica-
tion of crude oil and bitumen emulsions as discussed in this chap-
ter
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oil prices often dictate the incentives for funding research.

VIII. CONCLUSIONS

We have discussed the nature and origins of crude oils and
bitumens and compared field and bench emulsions first for
developing the theme of demulsification. The nature of the
crude oil and bitumen emulsions, film architecture, and the
developments in their understanding for destabilization
have been presented. The influence of the crude oil compo-
nents on the interfacial skin strength and stability/instability
was discussed. Demulsification was discussed in terms of
film drainage, compression, coalescence, and water reso-
lution. The demulsification process, chemical choices, and
chemistry of the demulsifiers involved in this process were
also discussed. Figure 26 provides a summary flow diagram
of the factors impacting demulsification, which have been
touched upon in this review.
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