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A biconical bob interfacial shear rheometer was used to study the mechanical properties of asphaltenic
films adsorbed at the oil—water interface. Solutions of asphaltenes isolated from four crude oils were
dissolved in a model oil of heptane and toluene and allowed to adsorb and age in contact with water. Film
elasticity (G') values were measured over a period of several days, and yield stresses and film masses were
determined at the end of testing. The degree of film consolidation was determined from ratios of G'/film
mass and yield stress/G’. Asphaltenes with higher concentrations of heavy metals (Ni, 330—360 ppm; V,
950—1000 ppm), lower aromaticity (H/C, 1.24—1.29), and higher polarity (N, 1.87—1.99) formed films of
high elasticity, yield stress, and consolidation. Rapid adsorption kinetics and G’ increases were seen when
asphaltenes were near their solubility limit in heptane—toluene mixtures (~50% (v/v) toluene). In solvents
of greater aromaticity, adsorption kinetics and film masses were reduced at comparable aging times. Poor
film forming asphaltenes had yield stress/G' values ((1.01—1.21) x 10~2) more than 4-fold lower than those
of good film forming asphaltenes. n-heptane asphaltenes fractionated by filtering solutions prepared at
low aromaticity (~40% toluene in mixtures of heptane and toluene) possessed higher concentrations of
heavy metals and nitrogen and higher aromaticity. The less soluble fractions of good film forming asphaltenes
exhibited enhanced adsorption kinetics and higher G’ and yield stress values in pure toluene. Replacing
the asphaltene solutions with neat heptane—toluene highlighted the ability of films to consolidate and
become more elastic over several hours. Adding resins in solution to a partially consolidated film caused
a rapid reduction in elasticity followed by gradual but modest consolidation. This study is among the first
to directly relate asphaltene chemistry to adsorption kinetics, adsorbed film mechanical properties, and

consolidation kinetics.

Introduction

Interfacial phenomena control the properties of emul-
sions and foams in the pharmaceutical, food products,
cosmetics, and petroleum industries. Studying the rhe-
ology of emulsions and foams can provide valuable
information concerning bulk viscosity, shear properties,
and other end use issues. The knowledge gained by
investigating interfacial properties, however, is consider-
ably more revealing than the information available from
bulk emulsions. From interfacial studies, one can deter-
mine the fundamental mechanisms and kinetics of film
formation, surfactant adsorption, and film rupture that
ultimately govern emulsion behavior.

Various techniques exist for the study of adsorption
and rheological properties of complex surface-active mole-
cules atair—water and oil—water interfaces.' > Benjamins
et al. have nondestructively measured the viscoelastic
modulus in the compression and expansion of protein films
at air—water and oil—water interfaces using a dynamic
drop tensiometer and a barrier plate apparatus.? They
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found that increased protein adsorption time leads to an
enhanced dilatational elastic modulus for both interfacial
tensiometers. Inokuchi investigated the elastic and vis-
coelastic films formed by 6-nylon at an air—water interface
with a trough device.® The films were characterized
according to the degree of compression: Hookian elasticity
at large areas and viscoelasticity at small areas with
instantaneous elasticity, delayed elasticity, and stationary
flow under constant applied stress. These studies highlight
the robustness of the interfacial rheometric techniques
for studying the adsorption of various adsorbates at
different types of interfaces.

Of extreme importance in the petroleum industry is
the formation of highly viscous water-in-oil emulsions.
Crude oil is found in reservoirs along with water or brine,
and during oil removal, water is often coproduced. Water
is also injected into the crude to remove salts or injected
as steam to improve fractionation.” Petroleum emulsions
(typically water-in-0il®~1%) readily form with water in the
highly turbulent nozzles and piping used for oil production.
These emulsions increase pumping and transportation
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expenses, they corrode pipes, pumps, production equip-
ment, and distillation columns, and they poison down-
stream refinery catalysts.'? It is well recognized that
emulsion stability arises from the formation of an elastic
interfacial film.*2-18 Soluble aggregates from the oleic
phase adsorb at the oil—water interface and present a
physical barrier to flocculation and coagulation of the
dispersed phase droplets. Researchers have linked in-
terfacial film and emulsion forming behavior to petroleum
asphaltenes and their interplay with resins as a solubi-
lizing agent.10-12.14-16.19-31

Asphaltenes are a solubility class of molecules found in
the low-volatility portion of crude oil that forms aggregates
incrude oil solvated by resins.3273% Asphaltenes are defined
as the portion of crude oil that is insoluble in n-alkanes
such as n-heptane or n-pentane yet soluble in benzene or
toluene.3637 Asphaltenes are characterized by fused ring
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aromaticity, small aliphatic side chains, and polar het-
eroatom-containing functional groups. Number average
molecular weights by vapor pressure osmometry range
from ~700 to ~3000 Da.’338-4 Many studies have
indicated the presence of carboxylic acid, carbonyl, phenol,
pyrrole, and pyridine functional groups in asphaltenes.*>4°
These heteroatom-containing groups are capable of do-
nating or accepting protons inter- and intramolecularly.
The most plausible mechanisms of asphaltene aggregation
involve m— overlap between aromatic sheets, hydrogen
bonding between functional groups, and other charge
transfer interactions. The degree to which aggregate sizes
vary is controlled by the polydispersity and chemistry of
the individual asphaltene monomers.

Miller and co-workers provide a comprehensive review
of both tested and novel methods for probing interfacial
dilatational and shear properties of adsorption layers at
liquid interfaces.>® They describe devices that measure
surface velocity profiles (indirect methods) or determine
torsional stress values (direct methods). Indirect tech-
niques such as canal surface viscometers, deep channel
surface viscometers, and rotating wall knife edge surface
viscometers require measurements of fluid flow using
easily visible inert particles from which surface viscosities
can be determined. In direct methods, however, a pen-
dulum is placed at the interface containing surfactant
and it measures the torque generated after the application
of an oscillatory stress.> The biconical disk or bob
interfacial viscometer is a modification of the flat disk
viscometer. Ineach case, astressisapplied to the interface
by oscillating the cylindrical cup containing the fluids.
This stress in turn confers motion to the bob that is
generally monitored through deflection of incident light
on the torsion wire. Wibberly employed biconical bob
viscometery to the study of aqueous potassium arabate—
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air and liquid paraffin interfaces.5? The apparatus con-
sisted of a biconical brass bob with a 5.621 cm diameter
andwith anincluded angle of 20°. The bob was suspended
by a copper beryllium wire with a known torsion constant
and moment of inertia. An optical lever of 2.7 m measured
the torsional displacement of the bob when subjected to
an oscillation. They found the films were pseudoplastic in
nature and became more rigid with time. Recently, liquid—
liquid interfaces containing various polymers were studied
with the biconical bob technique and a deep channel
rheometer.® Comparable measurements of interfacial
viscoelasticity were achieved using both rheometers,
demonstrating instrument independence. Enhanced sen-
sitivity when working with very elastic interfaces further
supported the use of biconical bob rheometry.

The rheological properties of asphaltenic films, like their
protein and polymer counterparts, can be probed by a
variety of techniques.16225475° Biconical bob rheometry
has been applied to both crude oil—water and model oil—
water interfaces.5”:60-62 Cairns et al. employed a biconical
bob rheometer to study the interfacial viscosities of crude
oil—water films.5° They found that viscosity increased with
the aging time of the interface severalfold from 2 to 6 h
and suggested the presence of a viscous “interphase”.
Gradual increases over several days were attributed to
changes in solvent character, while multilayer formation
caused the larger increases at short times. Acevedo et al.
examined the shear viscoelasticity and creep compliance
of Cerro Negro crude oil and asphaltenes diluted in xylene
using the biconical bob rheometer of Cairns.>” High
interfacial elasticities, rather than viscosities, were
purported to correlate with strong emulsions. It was again
suggested that mechanically strong films result from the
adsorption of aggregated asphaltenes. Mohammed and
co-workers found that aging times approaching 8 h yield
films with viscosities 400 times greater than those of films
aged for 6 h. Beyond 8 h, the films were too rigid to deform
when subjected to any applied stress.6? Jeribi et al.®®
investigated the adsorption kinetics (namely the char-
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Figure 1. Schematic of the biconical bob and the associated
cup for rheological measurements.

acteristic time for interfacial reorganization of adsorbed
species) of asphaltene solutions via an interfacial tensi-
ometer. At asphaltene concentrations <5 wt % in toluene
and mixtures of heptane and toluene, this characteristic
time ranged between 8 and 25 min. Interface deformity
and rigid skins were observed at high concentrations (> 10
wt % in toluene) after a day or so.

In this study, we have utilized acommercially available
dynamic stress rheometer with a stainless steel biconical
bob to probe interfacial film viscoelasticity. As we will
show, the film properties compare well with measures of
emulsion stability on systems with comparable composi-
tion. Thus, this technique provides useful insight into the
mechanisms of emulsion stability in asphaltenic films and
into the effects of asphaltene solvency and chemistry on
interfacial adsorption.

Experimental

Asphaltene Precipitation and Fractionation. All organic
solvents were HPLC grade and were obtained from Fisher
Scientific. Petroleum asphaltenes were precipitated from four
crude oils with a 40:1 excess of n-heptane. The crude oils B6
(offshore California), Hondo (HO, offshore California), Arab
Heavy (AH, Safaniya), and Canadon Seco (CS, Argentina) were
chosen for their high asphaltene content. Heptane precipitated
asphaltenes were divided into more and less soluble fractions by
dissolving them in toluene and inducing partial precipitation
with heptane. Asphaltene solubilities (pre- and postfractionation)
were determined in mixtures of heptane and toluene by filtration.
Fractionation and solubility measurements were performed at
a solute concentration of 0.75% w/v. Details of these procedures
can be found elsewhere.5

Interfacial Film Formation: Asphaltenes. The oil—water
interfacial film studies were performed using a TA Instruments
AR-1000 stress rheometer (TA Instruments, 109 Lukens Drive,
New Castle, DE 19720). Two sample cups were developed for
holding the oil and water phases. A glass sample cell with exterior
water circulation was fashioned from precision bore Pyrex tubing
with an interior diameter of 8 cm and a depth of 2 cm (Figure
1). The temperature was maintained at 25 °C by circulating water
from a Fisher Scientific Isotemp 1016P programmable water
bath. The second cup was machined from an ingot of Teflon of
the same interior dimensions. This cup version did not have water
circulation and was temperature controlled by the rheometer’s
water-cooled Peltier plate. Both sample cells were designed to
sit on top of the Peltier plate assembly and were held in place
during the course of the experiment. A biconical bob similar in
design to those of Shotton et al.®° and Cairns et al.®° for measuring
interfacial rheological properties was machined from 316 stainless
steel. The lower part of the bob immersed in the two phases was
designed to be as thin as practically possible to reduce inertial

(64) Spiecker, P. M.; Gawrys, K. L.; Kilpatrick, P. K. Aggregation
and solubility behavior of asphaltenes and their subfractions. J. Colloid
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effects. The upper part had recessed threads to mate properly
with the instrument’s stress head (Figure 1). The bob was tapered
from the narrow center shaft (0.5 cm diameter) out to a knife
edge at the perimeter (4 cm diameter). The edge was serrated
around the circumference (30°, 3 mm deep) to maintain adhesion
to the film at higher applied stresses.

Before each experiment, the bob was cleaned with methylene
chloride followed by water and detergent and then rinsed with
deionized water. The interior of each cup was cleaned with a 7:3
(v/v) mixture of concentrated sulfuric acid and 30% hydrogen
peroxide (technical grade, Fisher), the so-called “piranha” solu-
tion. (The piranha solution is extremely corrosive and highly
exothermic. Prepare only as much as necessary.) This step
ensured that the cup walls were free of the most stubbornly
adhering organics.

Films were formed by adding a solution of asphaltenes
dissolved in heptane and toluene to deionized water (HCI and
NaOH adjusted to pH 6). The water phase (40 mL) was added
to the sample cell first. This volume of water was chosen to provide
a sufficient distance between the bob and the bottom of the glass
cup (>1 cm). The bob was then lowered onto the surface of the
water. Upon initial contact, the water was drawn upward toward
the edge of the bob due to the high surface energy of stainless
steel. As the bob was lowered, the meniscus formed between the
bob edge and the water gradually diminished. The final vertical
position of the bob was set when this meniscus was eliminated.
Precise control of the vertical movement of the bob ensured an
accurate and reproducible means for locating the position of the
interface regardless of the aqueous phase volume. At this point,
angular rotation of the bob was stopped mechanically. The oil
phase (35 mL) was pipetted slowly onto the bob and flowed
outward to minimize interfacial disturbance.

To reduce solvent evaporation, a Teflon solvent cap split into
two halves was placed over the cup. A thin layer of silicon grease
was applied to the edge of the glass to help seal the system.
Additionally, two solvent troughs were affixed to the underside
of the cap into which heptane and toluene were transferred
throughout the experiment. A small gap, however, was main-
tained around the bob shaft to allow frictionless oscillation during
testing.

Appropriate correction factors were used to control and monitor
the response of the film to an applied stress. We used the
approximation of Shotton et al. in which the interphase region
is treated as a slice through a concentric cylinder system.> The
instrument stress and rate factors were determined from the
bob and cup dimensions and the expressions for a generic con-
centric cylinder geometry. These expressions appear as follows:

= M (1.1)

stress 4.7ZRi2Ri2 .
r _RIFRY 12
rate — R02 _ Riz ( . )

where Rjand Ry are the bob radius (2 cm) and cup radius (4 cm),
respectively.

In the presence of a mechanically rigid film and under low
amplitude oscillatory motion, the contribution of the two nearly
Newtonian fluids on the top and bottom of the bob was neglected.
Thus, the resistance to applied oscillation resulted from the
asphaltenic film and was gauged by the magnitudes of the elastic
and viscous moduli. These moduli represented as G' (the storage
modulus) and G" (the loss modulus) are either in-phase or out-
of-phase with the strain, respectively. The moduli and the
sinusoidally varying stress are related by the following expres-
sion:

a(t) = y,[G'(o) sin(wt) + G"(w) cos(wt)] (1.3)

where ¢ is the shear stress, yq is the applied strain amplitude,
and o is the frequency of oscillation.®® Low loss tangents (tan ¢
= G"IG' < 1) imply solidlike behavior, while high loss tangents
imply liquidlike behavior. Since Newtonian liquids such as water
and heptane—toluene mixtures have no inherent elasticity, their
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loss tangents are accordingly high. The rigid asphaltene films,
however, have much lower loss tangents.

Frequency sweeps were performed on the interface to probe
the kinetics of film formation. The film was allowed to develop
for at least 1 to 2 h before the initial testing. Even though there
was evidence of asphaltene adsorption within minutes of the oil
phase addition, there was not sufficient coverage or consolidation
to impart a measurable signal when probed by the rheometer.
Sheu found that dynamic toluene—water interfacial tension
values measured at lower bulk asphaltene concentrations (<0.1
wt %) via a Wilhelmy plate approached equilibrium within 100
min.®” Beyond 2 h, the interfacial tensions reached a plateau due
to film formation and provided no additional information. The
bulk concentration of our systems is 7.5-fold greater and less
aromatic which will enhance adsorption and decrease the time
toreach an equilibium dynamic interfacial tension. At this point,
the emergence of measurable film elasticity allows us to follow
adsorption and film consolidation. The highly elastic film
precludes the measurement of interfacial tension, since the
asphaltenes will have adsorbed to the plate or the du Nouy ring
apparatus.

Some slow adsorbing systems, however, required substantially
more aging time before testing. Film adsorption and consolida-
tion were monitored in some cases for as long as several days.
Exploratory film experiments provided the optimum stress and
frequency ranges that would yield a smooth and timely response
to the applied stress. These sweeps were performed at an applied
stress of 0.01 Pa (within the linear viscoelastic regime) from 0.1
to 3 rad/s. Very low applied stresses (<0.001 Pa) often produced
weak signals and scattered data. The TA AR1000 transducer is
not rated below 0.0008 Pa. Applied stresses that were too high
often exceeded theyield stresses of the film and caused rupturing.
Operating at low frequencies (<0.1 rad/s) required testing times
that may have approached or exceeded the aging times. At high
frequencies (>3 rad/s), high bob inertia caused erroneous data.
After the final frequency sweep, a stress sweep at 1 rad/s was
used to determine the film yield stress. As can be seen in the
results section, the variability in values of G', the elastic modulus,
was of the order of 0.05—0.1 Pa and this is a good measure of the
precision of the data.

The stress sweep was performed until the film ruptured (at
either the bob edge or at the cup wall). Upon completion, the
Teflon solvent cap was removed, the oil was extracted via pipet,
and the bob was raised and detached from the rheometer. The
remaining oil and water were both extracted to expose the film
(if present). Alternating methylene chloride and acetone rinsing
helped to dissolve the film from the glass. Finally, the redissolved/
dispersed film material was transferred to a small vial for drying
and weighing.

Results and Discussion

Rheological Behavior of a Rigid Interfacial Film.
A solution of B6 asphaltenes in 35 mL of Heptol (55% (v/v)
toluene) was transferred onto the water surface, and the
interface aged for 24 h. Frequency and stress sweeps were
performed to obtain representative data of the adsorbed
asphaltenicfilm. When using the transparent glass sample
cup, the oil—water interface showed the signs of asphaltene
adsorption after just a few minutes of aging. The interface,
initially black due to the opacity of the asphaltene solution,
rapidly became light brown as asphaltenes adsorbed.
Adsorption quickly covered the entire interface from the
biconical bob edge to the glass wall. The adsorbed
asphaltenes clearly adsorbed within the gaps of the bob
serrations designed to maximize adhesion to the bob edge.
Initial measurements indicated that the degree of ad-
sorption and consolidation was insufficient for rheological
testing until after at least 1—2 h of aging due to the limited

(66) Larson, R. G. The structure and rheology of complex fluids. Topics
in Chemical Engineering; Gubbins, K. E., Ed.; Oxford University Press:
New York, 1999.

(67) Sheu, E. Y.; Detaar, M. M.; Storm, D. A. Interfacial Properties
of Asphaltenes. Fuel 1992, 71 (11), 1277—1281.



4026 Langmuir, Vol. 20, No. 10, 2004

T T T M A |
= G
e G L

==
0 SEmeeEEEH 4

ge==

Modulus (Pa)

eee®
ceceeeceeeeceec®

| I . . PR |
0.1 1

Frequency (rad/s)

Figure 2. Measurement of G' and G" as a function of the
oscillatory shear frequency of the adsorbed film of the B6 whole
asphaltenes: 0.75% w/v, 55% toluene, 0.01 Pa, 24 h.

&G

10

Modulus (Pa)

aaal L 2o sl L 2o s gl 2 P 1aaal
1E-3 0.01 0.1 1
Stress (Pa)

Figure 3. Measurement of G' and G" as a function of the
oscillatory shear stress of the adsorbed film of the B6 whole
asphaltenes: 0.75% w/v, 55% toluene, 1 rad/s, 24 h.

sensitivity of the instrument; that is, the applied stress
necessary to generate the minimum torque (0.1 u«N m)
was greater than the film yield stress.

Upon aging for 24 h, an oscillatory frequency sweep
(Figure 2) was performed at an applied stress of 0.01 Pa
from 0.1 to 3 rad/s and revealed elastic solidlike behavior
in which G’ increased slightly with increasing frequency
and was about 1 order of magnitude greater than G".
Frequency sweeps at very short aging times (<1 h)
occasionally showed G'—G" crossover in whichtan 6 =1,
indicating a weakly cross-linked film. The elastic nature
of the more developed and aged asphaltenic films likely
results from strong intermolecular interactions which
cross-link the film. The 24 h frequency sweep was followed
by a stress sweep (Figure 3) at 1.0 rad/s from the minimum
applied stress to the yield stress. The linear viscoelastic
regime extended over two decades of applied stress. As
the applied stress approached the rupture point, the film
began to break down, as witnessed by the sharp decrease
in the elastic modulus. At the same time, the viscous
modulus rose to a maximum during film rupture, likely
due to pieces of film contributing to viscous stresses in the
interfacial zone. When the applied stress exceeded the
rupture stress, the bob ultimately spun free from the
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Figure 4. Measurement of G' and G" as a function of the
oscillatory shear frequency of the adsorbed films of the B6 whole
asphaltenes as a function of time (adsorption time in hours):
0.75% w/v, 55% toluene, 0.01 Pa.

resisting film and G' and G" reduced to values associated
with a nonviscoelastic, asphaltene-free oil—water inter-
face. The film typically separated from the edge of the bob
and sometimes from the glass cylinder wall in all experi-
ments. The yield stress measured for this process could
be considered a lower bound on the actual yield stress due
to defects in the film between asphaltenes and glass or
stainless steel. Upon film rupture, the experiment was
discontinued and the sample cell was cleaned. The oil
phase was pipetted from the cell, exposing the light-brown
film. The film had considerable resistance to probing with
a pipet tip and a thickness on the order of 1 um or more.
This is inferred from measurements of the film mass
reported below, and these masses assist in discerning
differences in adsorption, film consolidation, and film
strength.

The effect of interface aging on film elasticity is shown
in Figure 4; aging increases asphaltene adsorption and
consolidation that contribute to film strength. We focus
on G', as the magnitude of the elastic modulus is a re-
liable measure of film growth. A plot of G’ versus time
at an oscillatory frequency of 1 rad/s (half-filled squares)
is shown in Figure 4 (inset). Between 2 and 8 h, the
rate of increase in the elastic modulus was nearly constant.
G' continued to increase to 24 h, whereupon the rate of
growth slowly decreased. This growth process can be
explained by a combination of asphaltene adsorption and
consolidation. The available supply of asphaltenes in
solution provides a driving force for adsorption from the
bulk. The interface behaves like a sink capable of ad-
sorbing asphaltenes in solution. It appears that, by
extrapolating to zero time, G' passes through the origin
(see the inset of Figure 4). As we will show below, the
change in G’ with time is attributable to two phenomena—
adsorption of asphaltenes and molecular rearrangement
or consolidation of the asphaltenes once they are at the
interface. Figure 4 clearly demonstrates that this process
takes 20—30 h to achieve a steady state. This is in contrast
to interfacial tension measurements, such as those
reported by Jeribi et al.,®® in which it appears that the
tension determined by drop shape analysis reaches a
steady value at Heptol—water interfaces in time scales
ranging from 15 to 60 min. Thus, one might infer that the
rheology experiments here are probing a mechanical
property which is inaccessible to interfacial tension
measurements. Thus, the two methods are seen to be
complementary.
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Figure 5. Kinetics of film adsorption and consolidation as
probed by G' of the adsorbed films of the B6 whole asphaltenes
at varying toluene concentrations in toluene—heptane solu-
tions: 0.75% wl/v, 0.01 Pa, 1 rad/s.

Asphaltene Solubility and its Effects on Film
Rheology. The limits of asphaltene solubility in Heptol
were determined by filtration experiments and have been
reported in a previous publication;%* all four asphaltenes
studied were completely soluble above toluene volume
fractions in Heptol ranging from 0.48 to 0.52. Below this
toluene concentration, the fraction of precipitate increased
as the ratio of heptane to toluene increased. Small angle
neutron scattering (SANS) of asphaltene aggregates in
Heptol solution showed that aggregate correlation lengths
reached their maximum at the solubility limit. Higher
toluene volume fractions reduced the degree of aggregation
by solvating the aromatic moieties of asphaltene molecules
and reducing intermolecular s-bonding. At the solubility
limit, enhanced aggregation produced a large driving force
for adsorption at oil—water interfaces. This effect was
seen in the stability of water-in-oil emulsions formed with
asphaltenes near their solubility limit. Well-solvated
asphaltenic aggregates create much weaker emulsions
than larger, interfacially active aggregates. We see this
same solvent-induced adsorption effect manifested in our
measurements of interfacial rheology.

Figure 5 shows the effect of solvency on film elasticity
asafunction of aging time. At 55% toluene, the asphaltenes
formed sizable aggregates® and were driven to adsorb
strongly. As a result, elasticity grew at a higher rate at
55% toluene than at 60 or 80% toluene, where the
aggregates were better solvated and slower to adsorb at
the oil—water interface. More than 5 h of aging was
required at 80% toluene to ensure that a well-formed film
existed that was suitable for testing. It is clear that the
films had not reached their equilibrium elasticity even
after 24 h and that adsorption and consolidation were
still proceeding.

In contrast to the films formed by well-solvated as-
phaltenes, systems containing a large fraction of precipi-
tated asphaltenes behave quite differently. In Heptol with
a toluene volume fraction of 0.4, ~33% (w/w) of the
asphaltenes are insoluble and form large (>1 um) flocs.
Since these flocs are not soluble and are of greater density
than the oil phase, they naturally settle onto the oil—
water interface. Previous studies found that emulsions
formed by the isolated insoluble material, when redis-
solved in toluene and mixtures of heptane and toluene,
were as stable as those formed by the unfractionated
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Figure 6. Kinetics of film adsorption and consolidation as
probed by G' of the adsorbed films of the B6 whole asphaltenes
at 40% and 55% toluene: 0.75% w/v, 0.01 Pa, 1 rad/s.

Table 1. Asphaltene Chemistry

solubility
limit N Ni \%
asphaltene fraction (% toluene) ¢ (A) H/IC (wt%) (ppm) (ppm)

AH sol 38 345 1.17 0.92 84 350
whole 48 67.3 1.14 102 160 490
ppt 60 130 1.13 1.08 160 540
HO sol 45 523 1.30 195 340 930
whole 52 728 1.29 199 360 950
ppt 80 200 124 211 410 1100
B6 sol 42 62.7 1.30 181 350 1000
whole 52 97.6 1.24 187 330 1000
ppt 90 262 122 193 410 1200
Cs sol 40 138 112 1.32 19 42
whole 50 246 111 1.32 21 48
ppt 70 520 1.09 1.39 28 48

asphaltenes. This less soluble or “precipitated” fraction
was also shown to possess a higher level of aromaticity
(lower H/C), polarity (higher N), and heavy metals (Ni
and V) than that of the more soluble, or “soluble” or
unfractionated “whole”, asphaltenes (Table 1).%* Thus, by
inducing the flocculation of the most aromatic and polar
asphaltene fraction, film formation was hindered by both
a reduced amount of soluble interfacially active material
and an oil—water interface covered by large flocs.

The effects of asphaltene precipitation on film formation
and elasticity are shown in Figure 6. There is a consider-
able time lag with the 40% toluene solution, and this can
likely be attributed to the presence of precipitates at the
interface which impede the adsorption and consolidation
of soluble asphaltenes. After 24 h, enough soluble material
had adsorbed and consolidated to produce a film of
measurable rheological properties. Certainly, the heavy
accumulation of precipitated asphaltenes conferred some
resistance to the applied stress and contributed to
interfacial elasticity. The jump in G' from 36 to 38 h may
be due to the formation of a partially consolidated film
comprised of some soluble asphaltenes and many pre-
cipitated asphaltenes.

Two measures we adopted to facilitate comparison of
film strengths formed under differing conditions were the
G'/film mass (or G'/mass) and yield stress/G’ (or YS/G')
ratios. The ratio G'/mass differentiates films by their
elasticity per unit mass, which we believe may reflect the
degree of consolidation of the film. Low ratios suggest low
or poor consolidation and accumulated material that is
not well integrated into a coherent film. High ratios
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Figure 7. Stress sweeps of the B6 whole asphaltene films
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wlv, 1 rad/s.

Table 2. Whole Asphaltene Film Properties?

aging yield  film
% time G' stress mass G'/mass YS/G'
asphaltene toluene (h) (Pa) (Pa) (9) (Palg) (x1073)

B6 40 48 7.91 0.145 0.0850 93.1 18.3
55 24 12.82 0.497 0.0532 241 38.8
60 72 17.22 0.770 0.0409 421 44.6

80 48 9.18 0.365 0.0200 459 39.8
HO 55 48 5.55 0.297 0.0097 572 53.4

60 48 3.64 0.218 0.0068 536 59.9
Cs 55 48 10.51 0.106 10.1

60 48 5.25 0.0636 12.1
AH 55 96 0.64

a At 0.75% wi/v in Heptol, 1 rad/s frequency.

suggest greater consolidation, and films comprised of
soluble and highly surface-active asphaltene aggregates
are more likely to yield such high ratios. The YS/G' ratio
provides an alternative measure of film consolidation and
is useful when the film is not recoverable to measure film
mass. The yield stress per unit elasticity probes the
brittleness of the film. Stress sweeps performed on several
adsorbed films of B6 whole asphaltenes immediately
following the final frequency sweep are shown in Figure
7.G'"isplotted as a function of applied stress at a frequency
of 1 rad/s. These films were aged between 24 (55% toluene)
and 72 h (60% toluene), making direct comparison difficult.
However, the G'/mass and YS/G' ratios for the 40% toluene
film suggest considerably lower consolidation compared
to that of the films formed under more soluble condi-
tions (see Table 2). At 40% toluene, there was a heavy
accumulation of unconsolidated asphaltenes on the in-
terface and a correspondingly high film mass. The film
elasticity in this low solubility regime was the lowest of
the four systems and resulted in the lowest ratio of
elasticity to film mass. The second measure of film
consolidation (YS/G') indicated the 40% toluene film was
the weakest and the most brittle of all the B6 whole
systems studied; its value of YS/G' was substantially lower
than those of the other films. The precipitated material
undoubtedly contributed to the lack of film consolidation,
resulting in a low yield stress and YS/G' ratio. A highly
consolidated film is characterized by high G'/mass and
YS/G' ratios. These occur in the soluble regime with B6
whole asphaltenes. Asphaltenes adsorbed from increas-
ingly soluble solutions (higher toluene content) take much
longer to achieve comparable film strengths and degrees
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of consolidation as those of asphaltenes adsorbed at
conditions near the solubility limit. The specific gravities
of Heptol (~0.75), asphaltenes (~1.2), and water (1) lead
to accumulation of asphaltenic flocs on the interface
because the flocs have considerable entrained solvent and
are thus of intermediate density between the densities of
Heptol and water. At solvency conditions near the
solubility limit and in the insoluble regime, a large
accumulation of asphaltenes was observed on the bob and
the interface. Asphaltene adsorption and precipitation was
often noticed on the bob due to the high surface energy
of stainless steel and on the interface. Since it was often
difficult to discriminate between asphaltenes adsorbed
at the interface and those precipitated or accumulated on
top, G'/mass values may be underestimated. We estimate
the uncertainty in the film masses to be +£5—10%. For
these reasons, the YS/G' ratio may be a better discrimi-
nator of film consolidation.

Despite the challenges associated with measuring film
mass, we can infer from film mass the polarity of adsorbed
asphaltenes. Near the solubility limit, asphaltene ag-
gregation is mediated by dispersive interactions between
aromatic rings and polar and hydrogen bonding between
functional groups. At these solvent conditions, asphaltenes
form aggregates of the largest dimensions® and are most
prone to adsorb. The limited solubility drives a large
percentage of asphaltenes to the interface, the film mass
rises, and the G'/mass ratio decreases. As the solvent
becomes more aromatic, its ability to disrupt 7-bonding
between asphaltene aggregates is enhanced. Here, ag-
gregation and adsorption are governed by polar and
hydrogen bonding interactions. Thus, aggregates capable
of adsorbing to the oil—water interface in very soluble
conditions are the most polar.

In the soluble regime, above ~50% toluene, films have
YS/G' values more than double those in the insoluble
regime, presumably due to the much greater degree of
consolidation. This is likely attributable to the smaller
aggregate size and greater mobility of asphaltenes in these
more aromatic conditions. We found from the analysis of
emulsions formed with asphaltenes at these solvency
conditions (> 50% toluene) that their stabilities were quite
high. Emulsions produced at 80% toluene were slightly
weaker than those produced at 55 or 60% toluene due to
enhanced solubility. This can be attributed to the longer
time scale required for adsorption and consolidation of
sufficiently consolidated films in order to stabilize emul-
sion droplets.

Identifying the appropriate time scales for diffusion from
the bulk to the interface enables a comparison between
the kinetics of asphaltene adsorption to emulsion droplets
and the kinetics at planar interfaces, as reflected by
rheology. Emulsions are formed by the high energy mixing
of oil and water with dissolved asphaltenes and are stable
after just a few seconds of mixing. In a previous study,
minimum droplet diameters of a few microns were
generated after tens of seconds of homogenization.®®
Sufficientadsorption times for rheological testing of planar
oil—water interfaces, however, were on the order of hours.
Inahigh internal phase ratioemulsion (50—80% dispersed
phase), the distances between droplets are on the order
of a few microns. Thus, the characteristic diffusion time
should be

t, = L%D (2.1)

(68) Spiecker, P. M. Ph.D. Dissertation, North Carolina State
University, Raleigh, NC, 2001.
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Figure 8. Kinetics of film adsorption and consolidation as

probed by G' of the adsorbed films of AH, CS, and HO whole
asphaltenes: 0.75% w/v, 0.01 Pa, 1 rad/s.

where L is the diffusion length and D is the asphaltene
self-diffusion coefficient (~1 x 107® cm?/s in toluene®). In
an emulsion, tp = 1 s, assuming a 10 um diffusion length.
In the case of a few tens of milliliters of asphaltene solu-
tion above water (solution depth, ~0.7 cm) and choosing
a near-interface diffusion length of a few millimeters, the
characteristic diffusion time is measured in tens of hours.
Thus, the experiments performed here to understand
relative variation in consolidation and strength of as-
phaltenic films formed over many hours of adsorption are
indeed relevant to understanding the stability of emul-
sions.

Asphaltene Chemistry and Film Formation. Pre-
viously, we observed that B6 asphaltenes formed films of
highest elasticity near the solubility limit and that the
time scale required to form films of high strength increased
as the goodness of the solvent increased. AH, CS, and HO
asphaltene solutions (0.75% w/v) were prepared at sol-
vency conditions near their solubility limits to study film
elasticity. Films of HO and CS asphaltenes were probed
from 10 to 48 h, while those of AH asphaltenes were tested
once at 96 h (Figure 8). By studying the properties of films
formed with asphaltenes precipitated from different crude
oils, we gained a better understanding of the mechanisms
of adsorption and consolidation in asphaltenic films. The
chemical properties of all four asphaltenes and their more
and less soluble fractions appear in Table 1. AH asphalt-
enes were the most soluble, formed the smallest aggregates
in solution, had high aromaticity, and had low nitrogen
and metal contents. CS asphaltenes formed the largest
aggregates, were the most aromatic, and also had low
nitrogen and metal contents. By contrast, B6 and HO were
both offshore California crude oils and had chemically
similar asphaltenes, including lower aromaticities and
higher nitrogen and metal contents than those of AH or
CS. Emulsion stability tests indicated that B6 and HO
asphaltenes formed the strongest emulsions, while AH
and CS asphaltenes formed emulsions considerably
weaker at all conditions of solvency.

The behavior of HO asphaltenic films at 55 and 60%
toluene suggested that they were similar in many respects
to B6 asphaltenic films. Both HO and B6 films were light-

(69) Ostlund, J. A.; Andersson, S. I.; Nyden, M. Studies of asphaltenes
by the use of pulsed-field gradient spin echo NMR. Fuel 2001, 80 (11),
1529-1533.
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brown colored and quite resistant to applied stresses.
However, HO required nearly 5 times longer than B6 to
form sufficiently consolidated films to test rheologically
and G' at 24 or 48 h was less than half that of B6 at a
comparable aging time.

The film elasticities of CS asphaltenes were significantly
different than comparable films of B6 and HO asphaltenes.
At the conclusion of the 55 and 60% toluene experiments,
the oil phases of CS solutions were removed via pipet to
reveal a poorly consolidated film that could not be
harvested intact. Even though CS at 55% toluene showed
a substantial rise in G' between 24 and 48 h, this may be
attributed to accumulated, adsorbed asphaltenic ag-
gregates and flocs that were driven from solution after
extended interfacial contact with water. This material,
being confined by the glass wall and the serrated edge
bob, conferred a degree of elasticity on the film but with
very little consolidation. The asphaltenic aggregates were
likely quite large (>250 A), as measured by SANS in
Heptol,%* and thus were not able to form a defect-free,
cohesive interfacial film.

AH asphaltenes were nearly incapable of forming a
consolidated interfacial film even after 96 h of interfacial
aging. SANS measurements performed on solutions at
comparable bulk concentration indicated that AH as-
phaltenes formed the smallest aggregates of the asphalt-
enes examined and were very well solvated in Heptol.

In Table 2, we present film properties of AH, CS, HO,
and B6 asphaltenes that shed light on the differences seen
between cohesive, elastic film formers (B6 and HO) and
unconsolidated film formers (AH and CS). High G'/mass
and YS/G' ratios were the trademarks of well-consolidated
films. HO films actually had higher G'/mass and YS/G’
ratios than B6 asphaltene films but lower G' values at
comparable aging times. HO asphaltenes formed smaller
aggregates (73 A) than B6 asphaltenes (98 A) near the
solubility limit, as measured by SANS, and were slightly
less surface-active and weaker emulsion formers; this is
consistent with the rheological data. The reduced surface
activity of HO relative to B6 prevented a larger ac-
cumulation of unconsolidated asphaltenes onto the film.
As a result, the film mass of HO asphaltenes was lower
than that of B6 asphaltenes and the G'/mass ratio was
correspondingly higher. Lower film masses and kinetics
of formation also indicate that HO asphaltenes are well
solvated even near the solubility limit and imply that HO
is less polar and surface-active than B6.

Another interesting byproduct of high surface activity
and film adsorption was the tendency of B6 films to expand
in the direction of the meniscus formed between the oil—
water interface and the cup wall. The contact angle
between pure water and clean glass is near 0°. The oil
phase pipetted on top at the beginning of the experiment
naturally followed the shape of this meniscus. At times
greater than 8—10 h, the film—glass interface appeared
to slowly wrinkle, deform, and extend upward into the oil
phase. At 48 h, this process changed the appearance of
the film edge noticeably (see Figure 9). Decreased adhesion
of the film to the glass surface at this stage of film aging
may have reduced the yield stress and led to lower YS/G'
values than those of HO films. HO films were slower to
form and did not appear to exhibit the same degree of
edge effects.

In contrast to the cases of B6 and HO films, CS films
had YS/G' values nearly 5-fold lower. Stress sweeps of CS
and HO asphaltene systems after aging for 48 h are shown
in Figure 10. While CS films had higher elasticities than
HO films at comparable solvencies and aging times, their
yield stresses were nearly 3-fold lower. The lower yield
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Figure 9. Top: View of the wrinkled film edge between the
water and oil phases. The edge has extended into the oil phase
and developed defects. Bottom: Film after oil removal. The
large fragments resting on top of the film originated from the
film edge, then extended upward into the oil phase, then
fractured, and then fell off. The small triangular film pieces
floating on top of the water phase were sheared off of the bulk
film by the serrated bob edge.

stresses of CS films translated to YS/G' values close to 10,
while HO films had values greater than 50. Loose
connections between adjacent CS asphaltenic aggregates
conferred interfacial elasticity, but under stress, the weak
fabric holding the film together broke down more easily.
As a result, CS films were quite brittle compared to HO
and B6 films. The poor film formation of AH and CS
asphaltenes suggests lower polarity than that of B6 and
HO asphaltenes if one assumes that one of the key
intermolecular forces which confers elasticity on asphalt-
enic films is hydrogen bonds. B6 asphaltenes, however,
were less effective film formers in the insoluble regime,
and the YS/G' ratio was much closer (18.3) to that of CS
asphaltenes (10.1—12.1), suggesting that it is the most
polar and hydrogen bonding fraction which precipitates
from solution first as heptane concentration is increased.
This is consistent with our recent findings.®* The same
convective forces applied successfully to pipet the oil phase
from B6 and HO films apparently loosened and dispersed
the CS film structure. Subsequently, no CS films were
recovered. AH asphaltenic aggregates were too soluble to
create elastic films or measurable film masses.
Asphaltene Fraction Rheology. Film properties of
B6, HO, and CS precipitated asphaltenes are presented
in Table 3. Limited solubility of these asphaltenes at
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Figure 10. Stress sweeps of CS and HO whole asphaltenic
film sweeps at 0.75% wi/v, 1 rad/s, and after 48 h of adsorption
and aging.

Table 3. Precipitate Asphaltene Film Properties in the
Soluble Regime?

aging yield  film
% time G' stress mass G'/mass YS/G'
asphaltene toluene (h) (Pa) (Pa) (9) (Pa/g) (x1079)

B6 100 48 28.37 0.834 0.0492 577 29.4
HO 80 48 17.36 0.750 0.0148 1170 43.3

90 24 6.62 0.405 0.0066 1000 61.0
Cs 90 144 2.525 0.0252 10.0

a2 At 0.75% w/v in Heptol, 1 rad/s frequency.

intermediate toluene fractions precluded testing at these
conditions. The elasticities of B6 and HO precipitate films
at such high toluene volume fractions (0.8—1.0) were
remarkable. This asphaltene fraction, though only slightly
more aromatic and polar than the whole asphaltenes, was
significantly more surface-active. Clearly, fractionation
by Heptol solubility has isolated a group of asphaltenes
capable of forming very elastic films and strong emulsions
in highly aromatic solvents. HO precipitate formed films
of particularly high consolidation, where the G'/mass ratio
exceeded 1000 Pa/g and the YS/G' ratio was indicative of
cohesion. B6 precipitate adsorbed more strongly, as
suggested by the high film mass and the lower G'/mass
value, than HO precipitate. CS precipitate was nearly
incapable of elastic film formation even after 100 h of
aging. Very large aggregates and poor solubility led to
very weak consolidation and no cohesive, recoverable film.

Quantifying Film Consolidation and Adsorption.
Several processes related to interfacial film formation were
imbedded within the G’ versus time trend, namely,
adsorption, desorption, and consolidation. To determine
how these processes impact film elasticity, we devised a
solution replacement experiment in which asphaltenes
adsorbed from solutions at an oil—water interface for
discrete time periods and were then carefully removed by
pipet. The interface was then rinsed delicately by trickling
toluene down the glass cup onto the surface to remove
any remaining asphaltenes in solution and to prevent
further adsorption. Heptol solutions free of asphaltenes
and at the same toluene volume fraction were then
transferred to the interface. This procedure was performed
atseveral time intervals on identical B6 whole asphaltene
solutions in 60% (v/v) toluene in Heptol systems as well
ason B6 precipitate asphaltene solutions in 100% toluene.
The results of oil replacement are shown in Figures 11
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Figure 11. Kinetics of film elasticity changes during replace-
ment of oil experiments with B6 whole asphaltenic films: 0.75%
wiv, 60% toluene, 0.01 Pa, 1 rad/s. The graph labels refer to the
contact time between the asphaltene solution and the water
before replacing the oil phase with neat Heptol (or Heptol with
resins).
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Figure 12. Kinetics of film elasticity changes during replace-

ment of oil experiments with B6 ppt asphaltenic films: 0.75%
wi/v, 100% toluene, 0.01 Pa, 1 rad/s.

and 12. The control system showed some variations in
film elasticity at the longest times as a result of the
aforementioned tendency of well-formed films in the
presence of an asphaltene solution to wrinkle at the cup
wall.

The first oil replacement occurred after 4 h of interface
aging in which the first three points represent film
elasticities at 2, 3, and 4 h in the presence of asphaltenes.
Following the frequency sweep at 4 h, the oil phase was
replaced and the film left undisturbed for ~35 min until
the 5 hfrequency sweep. G' at 5 hwas only slightly higher
(0.1 Pa) than that in the control experiment. The increase
in elasticity from 5 to 6 h was substantial and nearly 1
Pa higher than that in the control experiment. Film
elasticity continued to rise in the absence of adsorbing
asphaltenes until 12 h and varied little for the next 36 h.
Between 4 and 12 h, G' was higher than the control possibly
due to the applied convective forces during oil transfer.
Molecular ordering and the process of interfacial con-
solidation continued for 12 h. Beyond 12 h, the asphaltenes
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Table 4. Film Properties of B6 Whole and Precipitate
Asphaltenes after Replacing the Oil Phase with Neat

HeptolaP
yield  film
replacement G' stress mass G'/mass YS/G'
fraction time (h) (Pa) (Pa) (9) (Pa/g) (x1073)

whole none (72 htest) 17.22 0.770 0.0409 421 44.6
12 6.78 0.405 0.0120 565 59.5

8 5.73 0.405 0.0093 616 70.4

4 478 0.365 0.0100 478 76.3

4 w/ resins 2.20 0.106 0.0152 145 48.3

ppt none (48 h test) 28.37 0.834 0.0492 577 29.4
4 8.95 0.448 0.0187 479 50.0

a At 0.75% w/v in Heptol, 1 rad/s frequency.  The first rows of
the B6 whole and B6 precipitate data in the table refer to films
aged in contact with asphaltene solution for 72 h and 48 h,
respectively, and with no oil phase replacement. All replacement
experiments aged for a total of 48 h.

in the film were likely in their final state of molecular
ordering. Similar experiments after the 8 and 12 h
frequency sweeps showed very similar results to those of
the 4 h replacement experiment. These results clearly
indicate that the consolidation process is crucial to
conferring the ultimate elasticity that is measured for an
asphaltenic film after adsorption occurs and some specific
interfacial concentration of asphaltenes is obtained.

A fourth replacement experiment was performed in an
attempt to desorb asphaltenes from the interface with a
known asphaltenic solvent. A 0.75% wi/v resin solution
was prepared in 35 mL of a 40:60 (v/v) solution of Heptol.
This solution was added to the film after pipetting the oil.
The solvating and dissociating power of resins is evident,
as G' fell significantly between the fourth and fifth hours.
However, further desorption was not observed and the
film began to consolidate under the new solvency condi-
tions.

The final replacement experiment probed the degree of
consolidation of the precipitate asphaltene fraction (Figure
12). After 4 h of aging, the B6 precipitate solution was
removed from the cell and replaced with pure toluene. At
the eighth hour, consolidation had ceased and G' was more
than twice the magnitude of that at 4 h prior. Further
testing revealed a very slight decrease in film elasticity
over the next 40 h.

The G'/mass and YS/G' values for each of the films
generated at long times in the oil replacement experiments
of Figures 11 and 12 are listed in Table 4. The films
subjected to rinsing had lower masses than the control
film and correspondingly higher G'/mass values. This
suggests that some of the additional asphaltenes adsorbed
after 72 h of asphaltene solution contact did not necessarily
contribute to film elasticity and resulted in lower overall
consolidation. The G'/mass ratio of the resin experiment
was noticeably lower than those of the resin-free films. It
is likely that the resin solution was ineffective at removing
asphaltenes from the interface but was able to disrupt
the degree of film cohesion, perhaps by selectively solvating
hydrogen bonding sites in the asphaltenes. Comparable
YS/G' values suggested that the films were ostensibly
similar in form and degree of consolidation.

Conclusions

Asphaltenic films formed at oil—water interfaces were
successfully probed by interfacial shear rheometry with
a serrated edge biconical bob. The films exhibited linear
viscoelasticity and yield stresses. Elasticity and yield
stress of the films increased with aging time and did not
appear to reach equilibrium after several days due to a
plentiful supply of asphlatenes. Many factors influenced
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the degree of interfacial adsorption, elasticity, and yield
stress. B6 and HO asphaltenes were the least aromatic,
were the most polar (by nitrogen content), and had the
highest concentrations of heavy metals (Ni and V). They
formed films with a distinctive light-brown color, high
elasticity, and high yield stress. Near the solubility limit,
asphaltenes were highly aggregated and films formed
rapidly and had considerable mass. In more aromatic
solvents, interfacial adsorption was likely dominated by
polar asphaltenes due to the high degree of solvent
dispersion forces. These films did not form as quickly,
and elasticity and yield stress at comparable aging times
was lower. In the insoluble regime, precipitation hindered
the adsorption process and measurable elasticities were
obtained after much longer aging times. G'/film mass and
yield stress/G' values were used as measures of the degree
of asphaltene consolidation. Films at high solvent aro-
maticity had higher G'/mass values, since the film masses
were considerably lower than those of solvents near the
asphaltene solubility limit. B6 and HO films also had high
values of yield stress/G’, indicating substantial consolida-
tion and film strength.

AH and CS asphaltenes were more aromatic, were less
polar, and had low concentrations of heavy metals. AH
films were often too weak to measure. CS films were
measurable but weaker than B6 or HO films. They did
not possess the light-brown color and high degree of
consolidation indicative of B6 or HO films either. CS films
had such low consolidation that the adsorbed asphaltenes
dispersed under convective forces during oil phase re-
moval. In these cases, G'/film mass comparisons were not
possible. Yield stress/G’ values indicated CS and AH films
were more than 4 times weaker than B6 or HO films.

Film elasticities and yield stresses were also measured
on fractionated asphaltenes. Fractionation concentrated
the less soluble, more polar, and more aromatic asphalt-
enes with a greater propensity to adsorb at the oil—water
interface. B6 and HO fractions formed film faster than
unfractionated asphaltenes with higher elasticities at
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comparable aging times in highly aromatic solvents.
Adsorption at high solvent aromaticity was likely domi-
nated by asphaltenes with considerable polarity and ability
to form hydrogen bonds. Film consolidation exceeded that
of the unfractionated asphaltenes as well.

Oil replacement experiments demonstrated the dual
film formation processes of asphaltene adsorption and
aggregate consolidation. After the asphaltene solution was
removed and further adsorption was eliminated, film
elasticity increased for several hours and then reached
equilibrium. Films aged longer after solution replacement
and had higher ratios of yield stress to G', indicating
enhanced consolidation. Replacing the oil phase with
resins in Heptol rapidly reduced film elasticity due to film
solvation.

The long time film elasticities and yield stresses of the
asphaltenes correlate with the stability of emulsions
formed at similar asphaltene concentrations and Heptol
ratios. Asphaltenes are well solvated in highly aromatic
solvents, form films of lower elasticity and yield stress,
and form weaker emulsions. Enhanced aggregation near
the solubility limit contributes to strong film and emulsion
formation. B6 and HO asphaltenes have higher polarity
and form well-consolidated films and strong emulsions.
AH and CS have lower polarity and are poor film and
emulsion formers. B6 and HO fractions of enhanced
polarity form very strong films and emulsions even in
highly aromatic solvents. These results strongly suggest
that asphaltene chemistry dictates the properties of
adsorbed films and that film shear elasticity and yield
stress determine the strength of asphaltene stabilized
water-in-oil emulsions.
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