Abstract
VERRUTO, VINCENT JAMES. Asphaltene Self-Assembly. (Under the direction of Peter K.
Kilpatrick).
Despite a strong push for alternative energy, fossil fuels remain an important energy
source given an ever-increasing global energy demand. As crude oil prices continue to soar,
petroleum producers and refiners are looking to “unconventional” crudes, such as bitumen
and heavy crude oils, to meet their needs. Unlike light-sweet “conventional” feedstocks,
heavy crudes are often rich in a fraction that is characteristically polydisperse, of high-MW,
polyaromatic, polar, and surface-active.

Consequently, asphaltenes present expensive

challenges associated with aggregation, flocculation, precipitation, deposition, and emulsion
stabilization.
The scope of the work here focuses on two important aspects of asphaltene selfassembly: bulk phase aggregation and interfacial film formation. Using small-angle neutron
scattering (SANS) we expand the description of these aggregates beyond their size (~50-100
Å), shape (discoidal), and degree of solvent entrainment (30-50% by volume), to also include
the entrained solvent composition when dissolved in binary solvent mixtures. We then use
SANS to evaluate the physical and chemical properties of the stabilizing interfacial films in
water-in-model oil emulsions. In Part I of this SANS of emulsions investigation, we unravel
the thickness and asphaltenic composition of the interfacial films from emulsions made in
three solvents of varying aromaticity. We will show that for these three systems, emulsion
stability depended on the asphaltenic composition in the films as opposed to the film

thickness, which was nearly constant among the three solvents. In the Part II we seek a more
thorough definition of the interfacial film composition by using neutron contrast variation to
illuminate not just the asphaltenic makeup, but the solvent, water, and, when applicable,
additive composition within the films.
Finally, through the use of interfacial shear and dilatational rheology, we explore the
various interactions at model oil/water interfaces that influence interfacial film assembly.
We find that electrostatic interactions between charged adsorbed species largely dictate the
transient evolution of the interfacial elasticity at acidic, neutral, and basic pH. Furthermore,
through our comparisons of the interfacial rheological behavior of asphaltenes and model
polycyclic compounds, we are able to better understand the physicochemical phenomena that
contribute to asphaltene interfacial dynamics.
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CHAPTER 1
Introduction and Overview of the Dissertation
1.1

Background & Definition of the Field
Indeed, the present offers an exciting time to be a chemical engineer. As so-called “third

world” nations blaze their own trails along socio-economical and technological development,
the global demand for energy will increase. At the frontiers of energy research are a
plentitude of potentially viable alternative energy solutions, including fuel cell, solar, and
wind power technologies, to name a popular few. Reality check: over 85% of America’s
energy is still produced from fossil fuels, i.e., coal, oil, and natural gas.1 In part, the increase
in consumption and demand has sent oil prices soaring. In fact, at the time of this writing,
crude oil prices had set yet another record, surpassing the $140/barrel mark.2 Many people
are unaware that this pricing represents what is called “light, sweet” crude oil, typified by
low sulfur and high quantities of the fractions from which many fuels are derived.3 These
crudes nominally have lower production costs and largely come from Saudi Arabia and other
Middle Eastern countries where they remain in large supply.

Alternatively, crude oils

classified as being “heavy” and “sour” are often sold to refiners at significantly reduced
prices, despite the higher costs associated with their recovery. Higher processing costs are
typically associated with processing heavy crudes, arising from additional steps aimed either
at upgrading the material to a more valuable stock or mitigating fouling issues. As a result of
the high prices for conventional light crudes, industrial and collegiate scholars have allocated
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significant resources to addressing these issues related with unconventional heavy crudes and
bitumen. Some of these fouling issues include instability/precipitation, pipeline deposit
buildup, and the formation of stable water-in-oil emulsions. These issues are related to
surface and interfacial activity of colloidal materials in the complex crude mixture. This
attention is well received in North America, particularly in Alberta, Canada, where the
world’s largest proven heavy oil reserves rest.4, 5
So then, what makes a heavy crude oil heavy? In addition to the valuable gasoline,
diesel, kerosene fractions with which many are familiar, crude petroleum often contains a
host of other hydrocarbons. A popular rough characterization method is the so-called SARA
fractionation, in which a crude is separated into four main fractions: Saturates, Aromatics,
Resins, and Asphaltenes. Asphaltenes have been defined in a number of ways, but are most
frequently described as a solubility class of molecules.6

Asphaltenes are insoluble in

paraffinic solvents such as n-pentane or n-heptane, yet soluble in aromatic solvents like
benzene or toluene and polar solvents like methylene chloride.

As a solubility class,

asphaltenes contain a wide range of molecular chemistries, and thus are polydisperse and
chemically heterogeneous. Consequently, researchers have put forth tremendous effort into
asphaltene characterization.

1.1.1 Asphaltene Chemistry
Asphaltene elemental composition is readily reported in most relevant investigations in
the literature. The carbon, hydrogen, nitrogen, sulfur, and oxygen (CHNSO) content is
measured using a common combustion analytical technique. Elemental composition values
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(% w/w) for asphaltenes typically fall in the range of 75-85% C, 8-12% H, 1-2% N, 1-3% O,
and 5-10% S. Many researchers report the atomic H/C ratio as an “aromaticity index,” such
that benzene and larger fused aromatics (e.g., naphthalene, anthracene, and pyrene) have H/C
- 1. Asphaltenes usually exhibit H/C between 1.0-1.3, in contrast to 1.4-1.6 for resins and
H/C > 1.8 for saturated hydrocarbons. McLean and Kilpatrick identified a variety of FTIR
absorption peaks associated with stretching of phenolic OH (3580 cm-1), carbonyl C=O
(~1700 cm-1), and pyrrolic NH (3462 cm-1), in addition to a strong S=O stretch (1040-1045
cm-1) peak related primarily to readily oxidized thiophene groups.7 These findings agreed
well with those of Boduszynski et al., whom had previously observed these functional groups
as well as pyridines and amides in asphaltene subfractions.8 Additionally, XANES has been
used to specifically key in on different nitrogen- and sulfur-containing species in
asphaltenes9, 10. Such studies found pyrroles and pyridines as the dominant nitrogen groups,
while thiophenes and sulfides were key sulfur moieties. Fourier transform ion-cyclotron
resonance mass spec (FT-ICR-MS) is a technique used heavily by Marshall and Rodgers that
has garnered a lot of interest over the past 5 years from the petroleum community.11,
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Armed with the ultra-high resolution of their MS system, these researchers have identified
various Nx, NxOy, NxOySz, and OxSy functional groups in crude oils and their asphaltene
subfractions, many of which are of low relative abundance.13
Another descriptor that has received much attention in the literature is the average
asphaltene molar mass or the molecular weight distribution. Some common experimental
techniques applied in related works include vapor pressure osmometry14-16 (VPO), mass
spectrometry13,

17-20

(MS), fluorescence depolarization21-23 (FD), and gel permeation

3

chromatography24,

25

(GPC). However, these techniques are often met with experimental

challenges sometimes unique to asphaltenes. First, asphaltenes are known to aggregate, even
at low concentrations in aromatic solvents.26 This is known to affect measurements such as
VPO and GPC, from which researchers have published average molar masses in the 103-104
g/mol range27.

Wiehe defends VPO as a viable technique if performed at elevated

temperatures (130ºC) in 1,2-dichlorobenzene, for which he observes concentration
independent number average molecular weight, Mn, though typically larger (~2000-4000
g/mol) than masses reported using other techniques.28 Various MS techniques have been
used to address asphaltene molar mass. These techniques (and their reported ranges of
average molar mass) include field ionization8 (FIMS, 800-900 g/mol), and laser desorption17,
18, 29

(LDMS, 1150-1350 g/mol).

However, discussions in the literature acknowledge

inconsistencies in LDMS measurements that arise from varying laser power and concentrated
asphaltene solutions.17, 29 Fluorescence depolarization techniques have been used by Mullins
et al. extensively to study asphaltene molecular structure and weight, for which they report
700-800 g/mol on average.30 However, the interpretations of the data have been criticized for
oversimplifying the system by neglecting intramolecular quenching, erroneously imposing
the single-chromophore constraint, and thus neglecting the dominant role of internal rotation
in depolarization.31,

32

It should be noted that asphaltene molar masses also vary among

publications due to the broad range of crude oil sources that are studied in the literature.
Furthermore, the ambiguities and inconsistencies arising from the application of these classic
experimental techniques speak to the very complex nature of asphaltenes.
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The scholarly debate over asphaltene molecular weight is accompanied by a similar
argument over molecular structure. The two sides of the structure debate agree on the
generally accepted chemical properties of asphaltenes, i.e., fused aromatic rings with
aliphatic side chains, and substituted polar heteroatom functional groups. Where they differ
is in the size and number of the fused ring systems. In the continental (or hand) model, a
single large ring system (6-8 fused aromatic rings) is decorated with aliphatic chains on its
periphery. Alternatively, the archipelago model contends that smaller fused ring systems are
attached through aliphatic and sulfidic bridges. The arguments for the continental model
largely depend on the aforementioned oft-criticized FD experiments. Support for the
archipelago structure is growing in the literature, particularly from the ruthenium-ioncatalyzed-oxidation (RICO), nickel boride reduction, thermolytic decomposition of
asphaltenes succinctly reviewed by Strausz.31 Additionally, while interpretations of previous
FT-ICR-MS data led researchers to lend unequivocal support to the continental structure, this
stance has recently been relaxed to include the archipelago model.33

Thermodynamic

molecular modeling approaches have been employed using variations of each molecular
architecture, although “successful” simulations for both types structures have not helped to
settle the debate.34-36 Consequently, petroleum scholars seem to rely more on their laboratory
observations to support asphaltene structures.
Chemical synthesis of asphaltene mimics has been explored by Murray Gray, whose
alklylated hexabenzocoronene and conjugated pyrene structures satisfy the simplest chemical
definitions of asphaltenes, but exhibit modest associative behavior compared to actual
asphaltenes.37, 38 To this author’s knowledge, no single molecule has been synthesized that
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mimic’s entirely the spectrum of experimental observations for asphaltenes – a direct result
of the heterogeneous and polydisperse nature of asphaltenes – though ongoing efforts with
archipelago-like molecules continue to impress.39 Again, the actual asphaltene molecular
architecture(s) must be consistent with observed asphaltene macroscopic behavior. One
well-documented feature of asphaltenes is their propensity for aggregation.

1.1.2 Asphaltene Aggregation
Asphaltenes self-assemble into nano-scale aggregates, and, under increasingly poor
solvent conditions, higher order micro-scale flocs and precipitates.40 Yarranton and coworkers have used VPO extensively to measure the aggregate “molar mass” at different
temperatures in toluene, 1,2-dichlorobenzene, and as a function of asphaltene bulk
concentration. They found that aggregate mass asymptotically approached a plateau after a
few mass percent in bulk concentration, and that this aggregate mass limit decreased with
increasing temperature, solvent polarity, and the presence of resins.41, 42 Several studies have
observed similar dependence on temperature, solvent, and resin conditions using small angle
neutron scattering (SANS). For example Spiecker et al. fitted correlation lengths (() from a
Lorentzian lineshape applied to SANS data on asphaltene fractions from four different crude
oils at 25ºC and 80ºC in mixtures of heptane and toluene. They observed consistently lower

( with increasing toluene concentration and at elevated temperature, which suggested the
aggregates were not stabilized by formation of covalent bonds.
Instead, researchers believe asphaltenic aggregates are stabilized primarily by
intermolecular association (stacking) between overlapping ) orbitals of fused aromatic rings
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on adjacent molecules, an interaction that is often credited for folding of bio-macromolecules
and other molecular recognition applications.43 Murgich argues that these interactions fall in
the general class of van der Waals interactions, which in addition to Coulombic and charge
transfer interactions can contribute to attraction between molecules, while exchangerepulsion (steric hindrance) helps to balance the molecular packing arrangement.44 Steric
limitations from the aliphatic periphery prevent molecules with the continental architecture
from the achieving the vertical stacking needed to form aggregates with dimensions
measured in SAXS45 and SANS46, 47 experiments. However, archipelago-type molecules can
form lateral association in addition to vertical stacking, consistent with the polydisperse
oblate cylindrical (POC) form factor that best-described the SANS data for asphaltenes in a
range of solvents.48

Furthermore, Gawrys et al. demonstrated the need to account for

entrained solvent, as much as 50% by volume, to match the aggregate molecular weight
computed from geometry independent measures such as the Guinier radius (RG) and zero-Q
scattering intensity (Io).49 This degree of solvent inclusion within asphaltenic aggregates is
more consistent with the flexible archipelago model, from which aggregates could contain
solvent pockets and interstices, as opposed to the continental model, whose aggregate
stacking arrangements afford only a ~3.8 Å intermolecular gap for solvent entrainment50.
The degree of entrainment elucidated by Gawrys et al. was consistent with, if not a little less
than, that elucidated from previous viscometric evaluations of Fenistein et al.51 and recently
Barre et al.52
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1.1.3 Asphaltene Interfacial Activity
The stable water-in-oil emulsions formed in heavy petroleum systems are often attributed
to the formation of a physically crosslinked interfacial network or film. In bitumen or crude
oil emulsions, a variety of interfacially active species populate the interface including
asphaltenes, resins, and napthenates.53-55

While the formation of stable emulsions and

interfacial films have been observed from naphthenic acid solutions56 and deasphalted crude
oils at high pH57, asphaltenes are often regarded as the critical component in the stabilizing
films associated with water-in-crude oil emulsions.
Various techniques have been developed to evaluate water-in-oil emulsion stability. A
simple method involves the application of a constant centrifugal force over a given time, and
measuring the amount of water resolved from an emulsified state to a phase-separated state.
Increasing water resolution reflects relatively weaker emulsion stability. This method was
used by McLean and Kilpatrick to evaluate the impact of asphaltenic aggregation in mixtures
of heptane and toluene on overall emulsion stability.58

They observed an increase in

emulsion stability with increasing heptane concentration up to about 60% heptane, after
which water resolution increased (i.e., emulsion stability decreased). This U-shaped water
resolution dependence on solvent aromaticity continues to be observed in the literature using
different asphaltenes.59

It is attributed to two principal phenomena: (i) the growth of

asphaltenic aggregate dimensions with added heptane until (ii) the solvent medium was
insufficient to solvate the entire asphaltene population and flocculation of the largest
aggregates led to precipitation, leaving behind smaller residual soluble aggregates. Support

8

for this was afforded through SANS measurements performed by Spiecker et al. in which
more stable emulsions corresponded with stable aggregates of larger correlation lengths.60
Emulsion stability has also been measured using the critical electric field (CEF)
technique.61-63 In a CEF experiment, a water-in-oil emulsion containing electrolyte (often
1% NaCl) is placed between two electrodes separated by a known gap distance (typically a
few hundred µm). One then measures the current as a DC voltage is applied. After a
particular critical voltage the current signal follows a rapid ascent. The ratio of this voltage
to the electrode gap is referred to as the CEF, with larger CEF values identifying more stable
emulsions. This can be considered an industrially relevant measure of stability as production
facilities often use similar, but much larger, electrostatic desalters. Sjöblom and co-workers
coupled optical microscopy with the CEF measurements and observed chains of polarized
droplets that spanned the electrode gap with increasing voltage.61 After considerable voltage
was applied, the stabilizing films broke and the droplets formed a water bridge between the
electrodes, causing a dramatic upturn in the measured current. Sullivan et al. used the CEF
technique to relate emulsion stability to measurable chemical properties of 11 different crude
oils.62 Supporting the critical importance of asphaltenes in petroleum emulsion stability, they
observed a linear correlation between the CEF and the parent crude asphaltene concentration,
which was further augmented by incorporation of a differential aromaticity index.
Historically, emulsions stabilized by surfactant and polymeric monolayers owe their
stability to three common mechanisms: (i) electrostatic repulsion between like-charged
interfacial layers on approaching droplets, (ii) steric repulsion (osmotic pressure buildup)
between dispersant-swollen interfacial layers, and (iii) rapid surfactant interfacial migration
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to reduce tension gradients formed by the convective evacuation of solvent between colliding
droplets (i.e., the Gibbs-Marangoni effect).

In asphaltenically stabilized water-in-oil

emulsions, a fourth mechanism is postulated to dictate stability: the formation of a thirdphase film from assembled multilayers. Several researchers have explored various interfacial
probes evaluate the development of this so-called interphase.
Interfacial compressibility has been a long-used measure of the nature of these interfacial
films.64 Traditionally this has been measured using a spread oil layer on water in a Langmuir
trough, and a moving barrier compresses the interfacial area. The difference in the interfacial
tension compared to the unadulterated water surface is taken to be the surface pressure, ..
Abrupt increases in . with area reduction identify a relatively incompressible surface, and
such behavior has been repeatedly observed in the literature for crude oil and asphaltenic
interfaces under various solvent (aromaticity) and water conditions (pH and salinity).65-67
Additionally, researchers have used drop volume contraction/expansion and calculated the
ratio of the area contraction to elucidate a film ratio concept similar to compressibility.68
This concept has recently been expanded by Yarranton et al. to include interfacial tension
and measure .-A/Ao isotherms reminiscent of those produced by the Langmuir balance
method.69,

70

They observed two compressibility regimes (high and low) with area

contraction before reaching the so-called “crumpling point,” at which the wrinkled or pruny
skin is observed. This was correlated with the interfacial states that an emulsion system
experiences during coalescence, enabling the authors to model and predict kinetics of model
oil emulsion coalescence.
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In early interfacial rheology experiments, researchers evaluated interfacial viscosity and
creep compliance using a cylindrical or biconical torsion bob placed at the crude oil/water
interface.55,

64

In one such study, in which the interface between Ninian crude oil and

distilled water was tested over a pH range of 2 to 10, low interfacial viscosity and low creep
compliance (high viscoelasticity) were observed at pH 6; conditions corresponding to
interfacial skins and high emulsion stability.64 Controlling the strain by rotating the sample
cup can be more disruptive to the interface than rotating the bob, and recently bob stresscontrolled methods have been employed, though some researchers still use the straincontrolled design.71

Spiecker and Kilpatrick used such a stress-controlled rheometer

equipped with a serrated biconical bob (for better film attachment) to evaluate the kinetics of
film elasticity development with four different asphaltene chemistries in solvent mixtures of
varying aliphatic/aromatic composition.72 Measurements of the elastic shear modulus (G')
with interfacial aging demonstrated continued monotonic film growth, often for more than 24
h. Furthermore, when the asphaltene solution was replaced with fresh solvent G' did not
decrease noticeably and, in fact, G' continued to increase for another 8 h or so before
reaching a plateau value. This signified two revealing phenomena: (i) asphaltenes do not
appreciably desorb after solvent replacement and (ii) interfacial consolidation is a lengthy
process and largely responsible for the mechanical stability of aged emulsion films.
One criticism of these planar interfacial probes is the inaccurate interfacial geometry
compared to the micro-scale droplets often observed in petroleum emulsions. Oscillating
pendant/rising drop tensiometry is a useful tool that addresses this concern, though drops
with reliable measurements are still larger than emulsion droplets. With this instrument,
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researchers can perform oscillatory area deformations and measure the resulting effect on the
interfacial tension, which is calculated using the droplet profile. The result is an interfacial
analog to the bulk strain-controlled rheometer, which has been used in many petroleum and
asphaltene interfacial studies.57, 69, 73-76 Aske et al. tracked the evolution of the interfacial
dilatational modulus (&) with interfacial aging of several crudes diluted in toluene, heptane,
or a mixture of the two.76 They observed a general monotonic growth toward a plateau value
– though they only measured up to 20 min after drop formation – which increased with
increasingly aliphatic diluent, consistent with the shear rheology experiments of Spiecker and
Kilpatrick.72 In another study, Sztukowski and Yarranton measured the dilatational modulus
for asphaltenes-in-toluene solutions of varying concentration contacted with water. They
observed a maximum in the modulus at intermediate concentrations (~0.1 kg/m3), which they
attributed from a shift of purely elastic interface to one with appreciable interfacial viscosity
relaxation effects at higher concentrations. Also, the authors noted the inapplicability of the
Lucassen-van den Tempel (LVDT) and Butler surface equation of state (SEOS) modeling to
the tension and elasticity data resulting from the formation of irreversibly adsorbed
mechanical films. In pendant drop experiments of water in a 0.005% (w/w) asphaltene-intoluene solution, who decided to add a Maxwell viscoelastic description to complement the
LVDT diffusional exchange.75
This section highlighted the importance and complexity of various forms of asphaltene
association. Despite these research efforts described above, much about asphaltene selfassembly remains poorly understood. In the chapters that follow, several unexplored aspects
of asphaltene self-assembly, both in solution and at the oil/water interface, are investigated
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using a combination of experimental techniques particularly SANS, CEF, drop tensiometry,
and interfacial shear rheology. The following section provides a brief description of the
overarching goal of each ensuing chapter.

1.2

Goals of the Dissertation
Much discussion around asphaltene aggregation is centered on the intermolecular

association between asphaltene molecules, but the asphaltene-solvent interactions must be
considered to understand the equilibrium aggregate properties. In Chapter 2, we employ
SANS to study solutions of asphaltenes from a California offshore crude in binary solvent
mixtures of toluene with n-heptane, decalin, and 1- methylnaphthalene. Through selective
deuteration of each solvent, the evaluation of the entrained solvent is expanded beyond only
the total amount of entrainment to also include the entrained solvent composition. The
resulting characterization will act to illuminate the role of solvent-asphaltene association in
mediating the average aggregate size and internal composition, particularly regarding the
extent of solvent swelling.
Even as one scours the broad literature on asphaltene interfacial behavior, little is
understood about the interfacial film properties from an actual emulsion. Film asphaltene
composition has been calculated using interfacial tension and models of questionable
applicability to asphaltene films. Film thickness is measured after transferring to a solid
substrate with a Langmuir-Blodgett apparatus. The goal of Chapters 3 and 4 is to develop
novel SANS experimental protocols for in situ characterization of the physical and chemical
properties of the stabilizing asphaltenic interfacial films in water-in-model oil emulsions. In
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Chapter 3, we will demonstrate the ability to evaluate film thickness, the percentage of the
film that is asphaltenic, and the total asphaltene interfacial composition using simple but
relevant models for SANS data analysis. We enhance our SANS protocol in Chapter 4 to
enable be a more independent and complete characterization for asphaltenic emulsions and
their films, with the primary goal being the elucidation of not only the asphaltenic nature in
the films, but the solvent and water composition as well. By imposing pH variation and
aromatic acid addition we show how changes in film composition, as well as thickness and
specific droplet surface area, reveal valuable information about the underlying mechanisms
of film formation.
Chapters 5 and 6 of the dissertation describe investigations focused on the interfacial
behavior of asphaltenes through means of interfacial tensiometry and shear rheology.
Through pH and electrolyte concentration variation, we explore in Chapter 5 the role of
electrostatic intermolecular and interaggregate interactions in mediating interfacial
consolidation. We will unravel and elaborate upon the various adsorption and rearrangement
processes affected by these interactions as they pertain to the observed retardation of elastic
film development with electrolyte addition for two chemically unique asphaltenes.

In

Chapter 6 we describe our efforts to better understand the intermolecular association that
contribute to elastic film formation in asphaltenic systems with similar experiments
performed using store-bought polycyclic hydrocarbons with polar functional groups. And
though we will show that many of these compounds do mimic asphaltene interfacial
rheological properties, they do not, however, form stable water-in-oil emulsions like
asphaltenes. Thus, in an effort to explain this behavior, we explore the properties that

14

separate asphaltene molecules from the model compounds used in the study, i.e., good
solubility, intramolecular rotation, and the ability to interact with many nearest neighbors.
Finally, in Chapter 7 we review our findings and discuss the impact of our work on the
petroleum research community. Furthermore, we offer some insight on future experimental
investigations that can build upon the work presented in the dissertation.
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CHAPTER 2
Preferential Solvent Partitioning within Asphaltenic Aggregates
Dissolved in Binary Solvent Mixtures
Chapter 2 is essentially a manuscript by Vincent J. Verruto and Peter K. Kilpatrick that was
published in Energy and Fuels (Volume 21, Issue 3, pp. 1343-1349 (2007)).

Abstract
The heaviest fraction of crude oils, asphaltenes, has been shown to play a critical role in
the stabilization of costly water-in-crude oil emulsions. Previously in model oil systems,
emulsion stability was observed to depend heavily on the properties of self-assembled
interfacially active asphaltenic aggregates. Thus careful characterization of these aggregates
is of great importance for better understanding asphaltene-stabilized emulsions. Small-angle
neutron scattering (SANS) has proven to be a powerful tool for such characterization.
Described here is the application of SANS on asphaltenes from Hondo crude oil dissolved in
binary solvent mixtures of toluene with n-heptane, decalin, or 1-methylnaphthalene. A
polydisperse oblate cylinder (POC) form factor model was used to fit the aggregate scattering
data, and subsequent minimum error calculations were performed to ascertain the entrained
solvent composition within the aggregates. When toluene was paired with either a weak
solvent (decalin) or a precipitant (n-heptane), the entrained solvent composition was nearly
pure toluene (>90%).

Conversely,

for

the toluene/1-methlnaphthalene pairing,

methylnaphthalene demonstrated slight preferential entrainment (~60%) compared with the
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bulk composition (~57%). This is the first such in situ experimental determination of the
aggregate composition for asphaltenes dissolved in binary solvents, reinforcing the important
role of asphaltene-solvent interactions in asphaltene self-assembly.

2.1

Introduction
Asphaltenes comprise a crude oil fraction to which many attribute the stabilization of

water-in-crude oil emulsions. The toluene-soluble/n-heptane-insoluble fraction of crude oil,
asphaltenes characteristically exhibit fused ring aromaticity with polar heteroatom
functionality (pyrroles, phenols, carbonyls, and carboxylic acids)1-3.

Asphaltenes are

inherently heterogeneous and polydisperse in molecular chemistry and size, respectively4, 5.
Asphaltenes start to self-assemble at modest concentrations (10-50 mg/L)6-8, forming
interfacially active nanoscale aggregates that diffuse to the oil/water interface and
consolidate as an elastic interfacial film that prevents or retards coalescence. Intermolecular
and intraaggregate interactions are largely due to van der Waals (dispersion) forces and
include /0/ overlap between aromatic-rich regions of asphaltenes, with possible
enhancement of association by Coulombic interactions (H-bonding) among polar oxygenic
and nitrogenous moieties1, 9. These aggregates, and the emulsions and deposits which result
from their properties, have garnered much attention from the petroleum scientific community
for their detrimental impact on crude oil transport and processing.
A wide range of experimental investigations have focused on asphaltenic aggregates and
their colloidal nature including nanostructure characterization1, 10-19, aggregation kinetics20,
adsorption kinetics21 and equilibrium22,23, and interfacial rheology23-27. An attractive and

27

useful characterization tool for opaque asphaltene solutions is small angle neutron scattering
(SANS), which exploits the neutron scattering contrast between hydrogenated and deuterated
materials. In previous SANS investigations of asphaltenic structures in varying solvents,
authors have modeled the resulting aggregate morphology as sheets14, polydisperse spherical
particles16, and long rods28.

Several researchers have extracted information about the

aggregates without geometric bias using the Guinier analysis, a Lorentzian lineshape29, or a
mass fractal form30, 31. The Guinier analysis makes no assumptions about an aggregate’s
geometric shape and is used to obtain the aggregate radius of gyration (RG), a measure of the
mass distribution about the center of mass. The Lorentzian lineshape includes only the zeroangle scattering intensity (Io) and the correlation length ((L) as true fitted parameters29. In the
mass fractal model an aggregate is described by Io, its fractal dimension (df) and a
characteristic length scale ((MF)30, 31. Recent efforts have explored the form factor models
that offer the best fit to different asphaltenic aggregates in different solvent conditions.
Tanaka et al. applied spherical, ellipsoidal, and fractal models to Maya, Khafji, and Iranian
Light asphaltenes (all n-heptane precipitated) dispersed in decalin, 1-methylnaphthalene, and
quinoline at different temperatures18. The monodisperse prolate ellipsoid model provided the
best cumulative fit of the data in their broad investigation. Gawrys and Kilpatrick performed
SANS on n-heptane-precipitated Hondo, Canadon Seco, and Arab Heavy asphaltenes in
toluene, 40:60 n-heptane:toluene, or 90:10 toluene:methanol at room temperature12.

A

comparison of monodisperse and polydisperse spheres, rods, and oblate cylinders identified
the polydisperse oblate cylinder (POC) form factor as the best fit for all of the scattering
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curves. In addition, only the POC model returned values for Io and RG within a mean 10% of
the geometry-independent Guinier approximation.
It should be noted that the many investigations cited above were performed with a wide
array of asphaltenes and asphaltene fractions from different crude oils. Asphaltene chemistry
(i.e., crude oil source) has been shown to dictate the aggregation behavior1 and interfacial
film strength27, 32, and it is plausible that different asphaltenes assume different morphologies
in solution. However, a definitive molecular description of the aggregate building blocks is
absent and a debate continues regarding the fundamental asphaltene molecular architecture.
Two popular competing asphaltene molecular models differ in their distribution of the fused
aromatic rings and aliphatic moieties. In the “continental” model, asphaltenes are composed
of a large polycondensed aromatic center with aliphatic periphery3,33, whereas the
“archipelago” model depicts asphaltenes as smaller polycondensed aromatic “islands”
interconnected by aliphatic chains34. Results from recent studies add to the growing support
for the archipelago asphaltene structure. Strausz et al. used gel permeation chromatography
to demonstrate the long-time dissociation (days-weeks) of large asphaltene aggregates,
presumably due to the large number of intermolecular neighbors (and thus interactions)
possible among archipelago-type structures5.

A study on asphaltene pyrolysis residues

revealed that their saturate, aromatic, and polar aromatic composition was most consistent
with the aliphatic-bridged fused aromatic ring model35.

Additionally, recent neutron

scattering characterization of asphaltenic aggregates quantified a significant degree of solvent
entrainment within aggregates (0.4-0.6 v/v), presumably within cavities plausible only in
archipelago-type asphaltenic aggregates36.
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It is important to note that Gawrys and Kilpatrick assumed that the bulk and entrained
solvent compositions were equivalent, and for certain solvent mixtures this is likely to be a
reasonable assumption. One might expect, however, that for a nearly equimolar mixture of
good and poor solvents, the good solvent will preferentially entrain within the porous
aggregate structure over the poor solvent. In such a system, the assumption of equivalent
bulk and entrained solvent composition may be a poor one and thus describe inadequately the
precise nature of the aggregate. While others have considered occlusion of hydrocarbons in
asphaltenic aggregates using complex fractionation techniques37 or inferring asphaltenic
aggregate porosity by settling measurements8, this work is a first regarding this level of
asphaltenic aggregate description by an in situ characterization technique like SANS. Here,
we describe the use of SANS in the assessment of selective solvent partitioning in
asphaltenic aggregates dissolved in binary mixtures of toluene with n-heptane, decalin, and
1-methylnaphthalene.

2.2

Materials & Methods

2.2.1 Sample Preparation
Asphaltenes were precipitated from Hondo crude oil using an excess of 40 ml of nheptane per gram of crude and stirred overnight. The precipitated asphaltenes were then
filtered using Whatman 542 filter paper and rinsed with n-heptane (Fisher, H350-4). An
overnight wash of the filtered asphaltenes was performed using boiling heptane in a Soxhlet
apparatus until the return to the boiling flask was visually clear. This was immediately
followed by an overnight dissolution step using boiling toluene (Fisher, T290-4) in the
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Soxhlet until the return to the boiling flask was visually clear.

The asphaltenes were

recovered by evaporation of the toluene in a rotary evaporator (Büchi EL-131) under partial
vacuum at 50-60 °C until almost all of the solvent was removed. The asphaltenes were then
redissolved with a minimum volume of methylene chloride and transferred to a weighed jar
and placed in an exhaust hood. The vapor in the jar was routinely flushed out with argon to
minimize oxidation of the asphaltenes. The jar was weighed daily until the mass remained
unchanged for consecutive days. These recovered asphaltenes from the whole crude will be
referred to as Hondo Whole (HOW) asphaltenes.
In order to obtain a chemical distribution of asphaltenes in which the most polar and
insoluble subfraction was present, which would result in a scattering curve with appreciable
low-Q upturn corresponding to flocculated aggregates1,12, a soluble asphaltene fraction was
prepared by precipitating at least 10% of the asphaltenes and using the residual soluble
fraction for scattering experiments. From the work of Spiecker et al. this corresponded to a
52.5:47.5 (v:v) mixture of n-heptane:toluene for HOW asphaltenes1. This was achieved by
dissolving 0.67 g of HOW asphaltenes in 35.2 g of toluene and shaking overnight before
addition of 30.8 g of n-heptane. After additional overnight agitation, the solution was filtered
with Whatman 542 filter paper and the filtrate was rotary evaporated, redissolved with
minimal methylene chloride, and transferred to a weighed jar to evaporate the solvent. From
the recovered asphaltene fraction mass, the actual amount precipitated was 21-23%. This
soluble fraction will be referred to as HOS-10 asphaltenes.

Both HOW and HOS-10

asphaltenes were sent to the Analytical and Instrumentation Laboratory (Department of
Chemistry) at the University of Alberta for elemental analysis on their Carlo Erba EA1108
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Elemental Analyzer.

Enough of each sample was sent in order to perform triplicate

measurements. The resulting elemental compositions (C, H, N, S, and O) from HOW and
HOS-10 are presented in Table 2.1. It is apparent from the table that the precipitation
removes some of the most polar asphaltenes, as the sulfur and oxygen content was lower for
HOS-10 than HOW, which is consistent with the recent asphaltene sub-fractionation work of
Gawrys, Blankenship, and Kilpatrick38.
Three sets of asphaltene solutions were prepared in this study: 1 wt% HOW in 40:60
(v:v) decalin:toluene, 1 wt% HOS-10 in 40:60 n-heptane:toluene (v:v), and 1 wt% HOW in
50:50 (mol:mol) 1-methylnaphthalene:toluene. The decalin:toluene samples were prepared
such that the solvent hydrogenation was adjusted by 5% until a maximum 25% of that
particular solvent was hydrogenated, i.e., the first sample was 40:60 d-decalin:d-toluene and
the last was 40:60 d-decalin:(75:25 d-toluene:h-toluene) or 40:60 (75:25 d-decalin:hdecalin):d-toluene. Similarly for the heptane:toluene samples, the hydrogenation of one
solvent in successive samples sample differed by 10% until a maximum 40% of that
particular solvent was hydrogenated. In the 1-methynaphthalene:toluene series, individual
solvent hydrogenation differed by 10% among sequential samples up to a maximum of 40%
of that individual solvent.

To further assist in this description of the samples, the

hydrogenated/deuterated solvent mixture compositions for the three mixtures are presented in
Table 2.2. The sum of each row equates to 1, such that the volume fractions presented are
out of the total solvent mixture. For samples in the list marked A, toluene was the solvent for
which the hydrogenated:deuterated ratio was manipulated, and for samples marked B the
second solvent’s hydrogenation was controlled. In each series, when comparing the solvent
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compositions for A and B samples to sample 1, the perdeuterated solvent mixture, the
hydrogenated/deuterated composition for a particular solvent in the mixture requires only a
simple calculation and is in accord with the sample preparation description above.
For all mixed solvent systems, the appropriate masses of asphaltenes were first weighed
out in small glass jars on an Ohaus Explorer (E12140) laboratory balance. This was followed
by the addition of toluene-d8 (CDN Isotopes, 99.7 atom% D) and, when necessary, HPLC
grade hydrogenated toluene (Fisher Scientific).

Following overnight agitation was the

addition of decalin-d18 (CDN Isotopes, 98.8 atom% D) and hydrogenated decalin (Acros
Organics) to the HOW samples or n-heptane-d16 (CDN Isotopes, 99.0 atom % D) and HPLC
grade hydrogenated n-heptane (Fisher Scientific) to the HOS-10 samples.

For the 1-

methylnaphthalene:toluene samples, either hydrogenated 1-methylnaphthalene (Aldrich) or
1-methylnaphthalene-d10 (CDN Isotopes, 98.9 atom% D) was added after initially dissolving
HOW in toluene.

2.2.2 Small Angle Neutron Scattering (SANS)
SANS takes advantage of the significantly different neutron scattering cross sections of
hydrogenated versus deuterated materials. Isotopic H/D substitution of select materials in an
experiment can highlight intra- and interparticle structure, enabling investigations of selfassembled nano- and microstructures in aqueous or organic solvents. The resulting scattering
pattern of a sample is related to the Fourier transform of the scattering length density
distribution. The resulting data in a SANS experiment are typically represented as the
scattering intensity, I, as a function of the scattering wavevector, Q, which is the difference
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between the incident and scattered neutron wavevectors. Here |Q| = 4)*-1sin1, in which * is
the neutron wavelength and 21 is the scattering angle (this magnitude will be subsequently
referred to as Q). The scattering intensity is often expressed simply as the following:
I (Q) = N s P(Q) S (Q)

(2.1)

where Ns is the number density of scattering bodies, P(Q) is the scatterer geometric form
factor, and S(Q) is the structure factor, a description of the interactions between scatterers. In
the dilute-scatterer limit S(Q) is unity, where modeling efforts are focused on the P(Q). For a
detailed mathematical description and derivation of the polydisperse oblate cylindrical form
factor used in this study the reader should be directed to the work of Gawrys and
Kilpatrick12.
Samples prepared in mixtures of decalin and toluene were run on the NG3 30m SANS
instrument at the Center for High Resolution Neutron Scattering (CHRNS) at the National
Institute of Standards and Technology (Gaithersburg, MD). As NIST is a reactor source, the
collimated neutron beam is of a single wavelength (i.e., energy) and the accessible Q range
can be adjusted by changing the sample-to-detector distance (SDD) and/or the neutron
wavelength. For the decalin:toluene samples the following instrument setup was used: SDD
= 230 cm, * = 6 Å, Qmin = 0.0081 Å-1 (+Q/Q = 0.286), Qmax = 0.2710 Å-1 (+Q/Q = 0.062).
Asphaltene solutions dissolved in decalin and toluene were run for 30 min of scattering and
corresponding mixed solvent blanks (for background subtraction) were run for 25 min. The
1-methylnaphthalene:toluene samples were run on the NG7 30m instrument with the
following setup: SDD = 350 cm, * = 6 Å, Qmin = 0.0091 Å-1 (+Q/Q = 0.256), Qmax = 0.1806
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Å-1 (+Q/Q = 0.091). These solvent mixtures and asphaltene solutions were run on NG7 for
10 min each. Transmissions on all runs at NIST were collected over 2 min.
The heptane:toluene samples were run on the SAND instrument at the Intense Pulsed
Neutron Source (IPNS) at Argonne National Lab (Argonne, IL). The IPNS uses a spallation
neutron source, in which neutrons of different energies are produced upon the collision of
high-energy H– ions with a depleted uranium target. The SAND is a time-of-flight (TOF)
instrument, capable of probing Q values of 0.0035 – 0.6 Å-1. All samples were run in quartz
cells having 2-mm path length. Solutions with heptane and toluene were run for 45 min to 1
h of scattering and background solvent blanks were run for 45 min. Transmission for each
run was collected over 15 min.

2.2.3 Data Reduction and Analysis
The decalin:toluene SANS data were reduced in IGOR Pro (Wavemetrics) using the
reduction

software

package

download

provided

on

the

NCNR

website

(http://www.ncnr.nist.gov/programs/sans/data/red_anal.html). The program accounts for
transmission of the sample, stray background neutrons in the room, transmission and
scattering of the quartz cell, and the detector efficiency to calculate the absolute scattering
intensity of the sample. For the heptane:toluene samples, the raw scattering data were
reduced with the Integrated Spectral Analysis Workbench (ISAW) software at the IPNS
using a script that subtracted the stray background neutrons, the quartz cell scattering, scaled
the data according to the sample transmission and normalized the data to an absolute
intensity scale.

Reduced decalin:toluene solvent blank data were fitted with a flat
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background profile up to Q = 0.1 Å-1 to smooth the scattering curve. Because the incoherent
cross-section of hydrogenated materials are wavelength-dependent39,
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, the background

scattering of the partially hydrogenated samples from the SAND instrument did not have a
flat background profile, so the curves were fit with an arbitrary equation over the Q range
0.01-0.5 Å-1, only for the purposes of smoothing the data.
To conserve valuable beam time, we only prepared mixed solvent backgrounds at every
10% hydrogenation of each solvent with the intent of interpolating the intermediate
background samples for the decalin:toluene series. This was easily achieved with the flat
data of the decalin:toluene solvent samples in the relevant Q range. Plotting the incoherent
intensity (Iinc) as a function of the h-decalin or h-toluene mole fraction, we then fit this data
with an arbitrary function for interpolative use. Using the mole fraction of the hydrogenated
solvent from the solution sample preparation, the appropriate Iinc could then be calculated
from the fit for the intermediate solvent blanks that were not subjected to scattering. For the
smoothed Iinc(Q) for the heptane:toluene solvent mixture backgrounds, entire curves were
used to interpolate the background contribution of intermediate solvent mixtures.
Smoothed mixed solvent scattering data were subsequently subtracted from the
corresponding reduced asphaltene solution scattering curves. These subtracted data were
then subject to a fitting routine using the POC model in Igor Pro described by Gawrys and
Kilpatrick12, with the splice point at QRcyl = 2.1. We should note, as a reminder, that SANS
data from polydisperse systems like asphaltenes have been fitted with a variety of
approximations and geometry-specific descriptions. Our past experience using the POC
model has, in our opinion, enabled a more detailed description of asphaltenic aggregates
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(e.g., shape and solvent entrainment) and is the basis for much of the interpretation regarding
the scattering data reported in the next section.

2.3

Results & Discussion

2.3.1 1% HOW in 40:60 (v:v) Decalin:Toluene
A small set of scattering curves for 1% HOW in 40:60 decalin:toluene are shown in
Figure 2.1, for which we see the effects of partially hydrogenating the solvent mixture. As
expected, we observed an increase in the incoherent background (high Q) as the hydrogen
content was increased, as well as a reduction in the low-Q intensity (Io) as a result of the
reduced aggregate/solvent contrast. Model representations of the background subtraction and
the subsequent optimized POC curve are presented in Figure 2.2. Expecting that chemically
identical HOW solutions – only the degree of hydrogenation of the solvent differed – would
have identical aggregate dimensions, we simultaneously fit all of the curves with the
constraint that Rcyl, +R, and Lcyl were the same for all samples.

The resulting fitted

parameters minimized the average percent error over all of the data points used in the fit, i.e.,

!
% Error =

n

I data " I POC
I data
n

i

* 100

(2.2)

where Idata is the reduced absolute scattering intensity, IPOC is the scattering intensity
predicted by the model and n is the total number of points for all of the fits (in this case 11
curves x 42 points = 462). The Guinier Io for each sample was used as the POC Io and the
background was fixed at zero for all of the data sets in the series. The resulting optimized fit
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returned Rcyl = 42.1 Å, +R = 19.2 Å, and Lcyl = 22.4 Å, having a minimized average error of
4.4%.
In order to assess the entrained solvent composition, we initially sought to solve for the
total entrainment as a function of the toluene volume fraction in the entrained solvent. This
was achieved by solving the objective function shown below.
Mw( I o , fit ) ! Mw( I o ,calc )
Mw( I o , fit )

" 10 !7

(2.3)

Mw(Io,fit) and Mw(Io,calc) are the apparent aggregate molecular weights determined by the
fitted POC Io value and the calculated Io using the POC parameters, respectively, defined by:
Mw( I o ) =

I o N A ! m ,agg

(2.4)

2

" agg (#! )
2

2
I o ,calc = $ agg (!# ) "Rcyl
Lcyl

( z + 4)( z + 3)
( z + 1) 2

(2.5)

where !agg is the aggregate volume fraction, NA is Avogadro’s number, ,m,agg is the mass
density of the aggregate, (&,)2 is the squared difference of the aggregate and solvent
scattering length densities, Rcyl is the average cylinder radius, Lcyl is the cylinder length, and z
is the radial polydispersity index defined as z = (Rcyl/+R)2 – 1. Note that the total amount of
entrained solvent and its composition should affect ,m,agg, (&,)2, and !agg.
Thus for each sample, we constructed a curve representing the total entrained solvent as a
function of entrained solvent composition. For ideal, monodisperse aggregates of identical
chemical composition in which the entrained solvent is well-mixed and uniformly
distributed, one should expect these curves to all intersect at one unique point, defined by the
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total solvent entrainment and the entrained solvent composition. However, no single locus
was observed for the intersection of all of the curves.
Ever mindful of nonidealities inherent in asphaltenic systems, polydispersity and
chemical heterogeneity, we tabulated the average percent error over all sample curves for
each of 3321 unique combinations of total entrainment (%entrainment,total = 0-80%, 1% steps)
and entrained solvent composition ($toluene,ent = 0-1, 0.025 steps). For every element in this
81 2 41 matrix of total percent entrained solvent and entrained solvent compositions, we
calculated the new Io,calc for each sample using the optimized Rcyl, Lcyl and +R parameters as
well as ,m,agg, (&,)2, and !agg now adjusted for the new values of %entrainment,total and $toluene,ent.
Then using all of these parameters, we calculated a POC curve for each sample and assigned
an average error from Equation 2.2 for each combination of %entrainment,total and $toluene,ent.
From this array of average errors we located the global minimum, which defined a region of
total entrainment and entrained solvent composition that characterize the HOW asphaltenic
aggregates. In the contour plot shown in Figure 2.3A this narrow region is defined by the
filled oval that spans $toluene,ent = 0.85-1 and % entrainment,total = 12-14%. Inspecting the average
error as a function of total entrained solvent at an entrained solvent composition of 95%
toluene reveals the minimum error occurs at 13% total entrained solvent, as shown in Figure
2.3B. Figure 2.3C exhibits the error as a function of the entrained solvent composition at
% entrainment,total = 13%, for which the minimum error occurs at $toluene,ent = 0.95.
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2.3.2 1% HOS-10 in 40:60 (v:v) n-Heptane:Toluene
A similar optimization was performed on the HOS-10 samples in 40:60 hetpane:toluene,
for which all background subtracted data were simultaneously fit to share Rcyl, +R, and Lcyl
while allowing Io and background to vary independently. The resulting optimized parameters
yielded Rcyl = 51.0 Å, +R = 23.6 Å, and Lcyl = 25.9 Å, with an average error of 6.1%. Having
been dispersed in a poorer solvent mixture, even though they were of a more soluble
subfraction, the aggregates were ~70% larger than those for the HOW in 40:60
decalin:toluene samples, with comparable polydispersity.

As was observed in the

decalin:toluene series, there was no single intersection point for all of the samples regarding
the total entrainment as a function of entrained solvent composition. However, Figures 2.4AC illustrate that the minimum average error indicates a total solvent entrainment of 37 %
(Vent/Vagg) that appears to be nearly pure toluene (95-100%).

2.3.3 1% HOW in 50:50 (mol:mol) 1-Methylnaphthalene:Toluene
Data for the equimolar 1-methylnaphthalene/toluene mixture series were subjected to the
same aforementioned optimization routine.

Here background-subtracted data were

simultaneously fit to share Rcyl, +R, and Lcyl while allowing Io to vary and bkg to remain zero.
The optimization yielded Rcyl = 38.5 Å, +R = 17.6 Å, and Lcyl = 22.4 Å, with an average error
of 8.8%. Of the three solvent mixtures, asphaltenic aggregates in this series had the smallest
geometric dimensions and overall "RG#. Presented in Figure 2.5A is the calculated minimum
error contour plot for 1% HOW asphaltenes in the equimolar mixture of 1-methylnaphthalene
and toluene, along with the average bulk solvent composition (#). It is apparent from the
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plots in Figures 2.5A-C that the methylnaphthalene composition in the entrained solvent is
marginally greater than that of the bulk, 60 to 57% (v/v), respectively.

2.3.4 Rationale for Observed Selective Partitioning
In each of the three asphaltenic aggregate systems presented above, the bulk solvent
contained a mixture of toluene and a cosolvent of varying quality (cf. Table 2.3).
Calculations of POC aggregate average radius of gyration were performed using,

RG

2

=

L2cyl
3

+

2
Rcyl
( z + 6)( z + 5)
2
( z + 1) 2

(2.6)

These cosolvents differ in several ways including their solubility parameters, density, and
molecular size and shape. Of these solvents, 1-methylnaphthalene is considered to be the
best solvent for asphaltenes, which is consistent with the observation that HOW aggregates
have the smallest "RG# and "Vagg# in this solvent.

By this criterion, solvent quality or

asphaltene solvency decreases in the sequence methylnaphthalene, toluene, decalin, and nheptane, which, by definition, is an asphaltene antisolvent (precipitant). Considering the
solvent H/C molar ratio, which we use as an “aromaticity index”, we observe that with
decreasing H/C the solvents used here become increasingly aromatic, as well as increasingly
better solvents for asphaltenes. Presented in Table 2.4, in which the solvents are listed from
left-to-right with respect to increasing asphaltene solvency, are some of these defining
attributes of the solvents used in this study.
One should expect the asphaltene-solvent and asphaltene-asphaltene intermolecular
interactions to dictate the observed equilibrium aggregate structures in these SANS
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experiments. From Tables 2.3 and 2.4 we see that HOW aggregates in toluene have an "RG#
of roughly 51 Å, with aggregates of the HOS-10 fraction expected to be slightly smaller. At
the compositions studied, adding a solvent like n-heptane or decalin results in individual
aggregates with increased average volume (1.3-2.1X) and average surface area (1.7-2.5X).
On the basis of a mass balance, this would decrease the total number of aggregates as well as
the total aggregate surface area in contact with the solvent. It is understood that aggregate
size grows with the addition of n-heptane until the aggregates flocculate and subsequently
precipitate when they become too large to remain suspended by the thermal energy of the
system1. This response by the asphaltenes is driven by the minimization of the free energy
resulting from solvent/aggregate interactions. It is possible that the aliphatic portions of the
asphaltenes present at the aggregate surface rearrange and extend into the bulk to further
reduce the solvent/aggregate interaction free energy. Since asphaltenes are prepared by
heptane-induced precipitation from a crude oil, the interaction between the polynuclear
aromatic moieties on the asphaltene and n-heptane must be thermodynamically unfavorable.
Rearrangement of the flexible aliphatic chains could minimize association with the
condensed aromatic groups in the aggregate, effectively shielding the inner aggregate from nheptane exposure.
When decalin was paired with toluene, we observed only a slight amount of decalin
entrained within the aggregates. While decalin is aliphatic in nature, its cyclic structure
renders it a solvent for asphaltenes, albeit a weak one. Table 2.3 shows a comparison of the
"RG# calculated using the POC parameters for HOW asphaltenes in the different pure solvents
listed. In decalin alone, HOW aggregates are considerably larger than those in toluene or 1-
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methylnaphtalene.

Unlike n-heptane, however, decalin does not induce asphaltene

precipitation upon addition. This suggests that the interactions between decalin and the
polynuclear moieties in the asphaltenic aggregate are more favorable than the same
interactions between these moieties and n-heptane. This is likely a result of the presence of
fused naphthenic and alicyclic rings observed in asphaltenes5. We see in Table 2.4 that for
decalin the Hansen solubility parameter related to dispersion has a value nearly equivalent to
toluene yet substantially larger than that of n-heptane.

However, polar or H-bonding

contributions to the solubility parameters, which are present in toluene and 1methylnaphthalene, are absent in decalin and hence limit its asphaltene solvency. It should
be noted that although it is drawn flat in Table 2.4, decalin actually exists in cis and trans
forms, neither of which are planar molecules like methylnaphthalene or toluene, and each
occupy molecular volume differently. Additionally, lacking delocalized / orbital electrons
ubiquitous in aromatic species, decalin does not associate with fused aromatic moieties as
favorably as toluene or methylnaphthalene.

This is consistent with solubility data for

naphthalene, the simplest fused aromatic ring molecule, in benzene41 (38 mol %) versus cisdecalin42 (27 mol %) at ~35 °C, as well as a comparison of the universal quasichemical
(UNIQUAC) activity coefficient model binary interaction parameters for naphthalene in cisdecalin versus tetralin42. As a result, entrained decalin within an aggregate is unlikely to
reside stacked between condensed aromatic regions of asphaltenes when toluene is also
present.
Also of interest is that the total solvent entrainment for the HOW aggregates in the
decalin:toluene mixture is appreciably lower than HOW in pure toluene or HOS-10 in 40:60
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heptane:toluene.

Observe in Table 2.3 that the average aggregate volume for the

decalin:toluene samples is about the same for HOW in toluene, but significantly less than
HOS-10 in 40:60 heptane:toluene. It seems that two competing factors are at play here: 1)
the tendency for total solvent entrainment to increase with increasing aggregate size and 2)
the less favorable thermodynamic interactions of decalin with polynuclear aromatic moieties.
This is evident in Table 2.3 when we compare the total entrainment values for HOW and
HOS-10 in single and mixed solvents.

For HOW in strong solvents like toluene and

methylnaphthalene, the favorable aromatic stacking interactions lead to ~40% entrainment.
When dissolved in a mixture of heptane and toluene, the aggregates are much larger, which
should mean more entrainment pockets and higher total entrainment.

However, the

unfavorable asphaltene interactions with heptane limit this entrainment to roughly that of
pure toluene. For the decalin:toluene solvent mixture, the aggregate size increases slightly,
but the less favorable association with between asphaltenes and decalin leads to a lower total
entrainment. The key question is the following: why does the entrainment differ so greatly
among the mixtures studied?

This must be related to the specific asphaltene-solvent

interactions and, to some degree, solvent-solvent interactions. Since asphaltenes are soluble
in decalin, decalin-asphaltene interactions must be favorable relative to heptane-asphaltene
interactions, although much less favorable than those between toluene or methylnaphthalene
and asphaltenes. Thus, decalin entrains to a higher degree than heptane – 5-15% compared
to 0-5% for heptane – and the less favorable thermodynamics drive the total entrainment to
about 1/3 that of pure toluene. This argument applies for HOW in pure decalin in which the
average aggregate volume is almost double that for pure toluene, while the total entrainment
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is 3/4 the value obtained for pure toluene. This effect may be amplified in this mixture as the
decalin likely interferes with the toluene/asphaltene and toluene/toluene stacking interactions,
negatively impacting the total entrainment.
Intuitively, when two aromatic solvents were paired together in equimolar contribution,
toluene and 1-methylnaphthalene, the contour plot in Figure 2.5A describes only a slight
enhancement of the methylnaphthalene composition within the aggregates. Again, from
Tables 2.3 and 2.4 we have inferred that 1-methylnaphthalene is the strongest solvent of
those tested, i.e., it induces aggregates of the smallest dimensions. This should be expected
using a “like dissolves like” interpretation coupled with inspection of the dispersion, polar,
and H-bonding Hansen solubility parameters (Table 2.4) in comparison to those for toluene.
Although noticeable, the enhanced solvency of asphaltenes in methylnaphthalene versus
toluene is small, and as a result the extent to which it is preferentially entrained also is small.
This is an encouraging result, as the ordering of preferential entrainment seems to agree with
the ordering of solvents in Table 2.4. This means that the preferential entrainment of toluene
decreases as toluene is paired with solvents of increasing asphaltene solvency, solvents listed
from left-to-right in Table 2.4, and when paired with an even better solvent, the better solvent
is preferentially entrained.
Perhaps a more general observation is that in a pairing of any two solvents, the one
having the most favorable thermodynamic association with asphaltene appears to be
preferentially entrained within the aggregate. However, one might expect the entrained
composition to be a function of the bulk composition, such that the degree to which one
solvent preferentially entrains is different for varying ratios of a bulk solvent mixture.
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Overall, the results suggest that by considering a few simple, yet important, properties of
individual solvents, we can better understand, and perhaps predict, how they impact the
aggregation state of asphaltenes dissolved in binary or higher order solvent mixtures.

2.4

Conclusions
Through the application of SANS on asphaltene solutions we can probe aggregate

structure with great detail. In this work we have demonstrated that for asphaltenic aggregates
in binary solvent mixtures of a good and poor solvent, the assumption of equivalent
composition for the bulk and entrained solvent is invalid.

In fact, we observed the

preferential enhancement of the toluene entrainment within aggregates in both the
decalin/toluene and n-heptane/toluene solvent pairings, i.e., the toluene composition of the
entrained solvent exceeded that of the bulk solvent. Alternatively, for a binary mixture of
chemically similar strong solvents, toluene and 1-methylnaphthalene, the experimental
observation was a slight preferential enhancement of 1-methylnaphthalene entrained
composition within the aggregates. Though intuitive in nature, these results highlight the
importance of the asphaltene-solvent interactions that clearly influence the aggregation state,
when dissolved in not only a single solvent but also binary mixtures of solvents of varying
quality. To our best knowledge, this is the first time such in situ experimental observations
regarding preferential solvent entrainment within asphaltenes has been documented in the
literature.

46

Acknowledgements
This research was supported by the Petroleum Environmental Research Forum,
ExxonMobil, Shell, Equilon, Chevron-Texaco, Nalco Energy Services Division, Champion
Technologies, and National Science Foundation Grants (TSE-0124760). This work benefited
from the use of facilities supported in part by the National Science Foundation under
Agreement No. DMR-9986442. We acknowledge the support of the National Institute of
Standards and Technology, U.S. Department of Commerce, in providing the neutron research
facilities used in this work. In particular, we would like to thank Boualem Hammouda and
Min Lin. This work benefited from the use of facilities in the Intense Pulsed Neutron Source
and the Chemistry Division, which is funded by the U.S. Department of Energy, Office of
Basic Energy Sciences under contract W-31-109-ENG-38 to the University of Chicago. We
would particularly like to thank Pappannan Thiyagarajan and Denis Wozniak of the Intense
Pulsed Neutron Source Division at Argonne National Laboratory for their assistance with the
SAND instrument. We would also like to thank Wayne Moffat of the University of Alberta,
Department of Chemistry for elemental analysis of the asphaltenes. Additionally, we wish to
thank Keith Gawrys for helpful discussions regarding his POC model and fitting with the
IGOR program. For their help in sample prep and instrument operation we would like to
acknowledge Matthew Smith and Salomon Turgman.

47

2.5

References

(1)

Spiecker, P. M.; Gawrys, K. L.; Kilpatrick, P. K., Aggregation and solubility behavior
of asphaltenes and their subfractions. J. Colloid Interface Sci 2003, 267, (1), 178-193.

(2)

McLean, J. D.; Kilpatrick, P. K., Comparison of precipitation and extrography in the
fractionation of crude oil residua. Energy Fuels 1997, 11, (3), 570.

(3)

Speight, J. G., The chemistry and technology of petroleum, 2nd ed.; M. Dekker: New
York, 1991; Part xi, p 760.

(4)

Yarranton, H. W.; Masliyah, J. H., Molar mass distribution and solubility modeling of
asphaltenes. AIChE Journal 1996, 42, (12), 3533.

(5)

Strausz, O. P.; Peng, P.; Murgich, J., About the colloidal nature of asphaltenes and the
MW of covalent monomeric units. Energy Fuels 2002, 16, (4), 809.

(6)

Acevedo, S.; Ranaudo, M. A.; Pereira, J. C.; Castillo, J.; Fernandez, A.; Perez, P.;
Caetano, M., Thermo-optical studies of asphaltene solutions: evidence for solventsolute aggregate formation. Fuel 1999, 78, (9), 997-1003.

(7)

Goncalves, S.; Castillo, J.; Fernandez, A.; Hung, J., Absorbance and fluorescence
spectroscopy on the aggregation behavior of asphaltene-toluene solutions. Fuel 2004,
83, (13), 1823-1828.

(8)

Rahmani, N. H. G.; Dabros, T.; Masliyah, J. H., Settling properties of asphaltene
aggregates. Energy Fuels 2005, 19, (3), 1099-1108.

48

(9)

Murgich, J., Intermolecular forces in aggregates of asphaltenes and resins. Pet. Sci.
Technol. 2002, 20, (9-10), 983-997.

(10)

Fenistein, D.; Barre, L.; Broseta, D.; Espinat, D.; Livet, A.; Roux, J. N.; Scarsella, M.,
Viscosimetric and neutron scattering study of asphaltene aggregates in mixed
toluene/heptane solvents. Langmuir 1998, 14, (5), 1013.

(11)

Gawrys, K. L.; Kilpatrick, P. K., Asphaltene aggregation: Techniques for analysis.
Instrum. Sci. Technol. 2004, 32, (3), 247.

(12)

Gawrys, K. L.; Kilpatrick, P. K., Asphaltenic aggregates are polydisperse oblate
cylinders. J. Colloid Interface Sci 2005, 288, (2), 325-334.

(13)

Liu, Y. C.; Sheu, E. Y.; Chen, S. H.; Storm, D. A., Fractal Structure of Asphaltenes in
Toluene. Fuel 1995, 74, (9), 1352-1356.

(14)

Ravey, J. C.; Ducouret, G.; Espinat, D., Asphaltene Macrostructure by Small-Angle
Neutron-Scattering. Fuel 1988, 67, (11), 1560-1567.

(15)

Roux, J. N.; Broseta, D.; Deme, B., SANS study of asphaltene aggregation:
Concentration and solvent quality effects. Langmuir 2001, 17, (16), 5085-5092.

(16)

Sheu, E. Y.; Liang, K. S.; Sinha, S. K.; Overfield, R. E., Polydispersity Analysis of
Asphaltene Solutions in Toluene. J Colloid Interface Sci. 1992, 153, (2), 399-410.

(17)

Takeshige, W., Hydrodynamic shape and size of Khafji asphaltene in benzene. J
Colloid Interface Sci. 2001, 234, (2), 261-268.

49

(18)

Tanaka, R.; Hunt, J. E.; Winans, R. E.; Thiyagarajan, P.; Sato, S.; Takanohashi, T.,
Aggregates structure analysis of petroleum asphaltenes with small-angle neutron
scattering. Energy Fuels 2003, 17, (1), 127.

(19)

Tanaka, R.; Sato, E.; Hunt, J. E.; Winans, R. E.; Sato, S.; Takanohashi, T.,
Characterization of asphaltene aggregates using X-ray diffraction and small-angle Xray scattering. Energy Fuels 2004, 18, (4), 1118-1125.

(20)

Hung, J.; Castillo, J.; Reyes, A., Kinetics of asphaltene aggregation in tolueneheptane mixtures studied by confocal microscopy. Energy Fuels 2005, 19, (3), 898904.

(21)

Jeribi, M.; Almir-Assad, B.; Langevin, D.; Henaut, I.; Argillier, J. F., Adsorption
kinetics of asphaltenes at liquid interfaces. J Colloid Interface Sci. 2002, 256, (2),
268.

(22)

Ese, M. H.; Yang, X.; Sjöblom, J., Film forming properties of asphaltenes and resins.
A comparative Langmuir-Blodgett study of crude oils from North Sea, European
continent and Venezuela. Colloid Polym. Sci. 1998, 276, (9), 800.

(23)

Yeung, A.; Dabros, T.; Czarnecki, J.; Masliyah, J., On the interfacial properties of
micrometre-sized water droplets in crude oil. Proc. R. Soc. London, Ser. A: Math.
Phys. Eng. Sci. 1999, 455, (1990), 3709.

(24)

Aske, N.; Orr, R.; Sjöblom, J., Dilatational elasticity moduli of water-crude oil
interfaces using the oscillating pendant drop. J. Dispersion Sci. Technol. 2002, 23,
(6), 809.

50

(25)

Dodd, C. G., The Rheological Properties of Films At Crude Petroleum-Water
Interfaces. J. Phys. Chem. 1960, 64, (5), 544.

(26)

Freer, E. M.; Radke, C. J., Relaxation of asphaltenes at the toluene/water interface:
Diffusion exchange and surface rearrangement. J. Adhes. 2004, 80, (6), 481.

(27)

Spiecker, P. M.; Kilpatrick, P. K., Interfacial rheology of petroleum asphaltenes at the
oil-water interface. Langmuir 2004, 20, (10), 4022.

(28)

Thiyagarajan, P.; Hunt, J. E.; Winans, R. E.; Anderson, K. B.; Miller, J. T.,
Temperature-Dependent Structural-Changes of Asphaltenes in 1-Methylnaphthalene.
Energy Fuels 1995, 9, (5), 829.

(29)

Mason, T. G.; Lin, M. Y., Asphaltene nanoparticle aggregation in mixtures of
incompatible crude oils. Phys. Rev. E 2003, 67, (5), 2165.

(30)

Hu, X. J.; Littrel, K.; Ji, S.; Pickles, D. G.; Risen, W. M., Characterization of silicapolymer aerogel composites by small-angle neutron scattering and transmission
electron microscopy. J. Non-Cryst. Solids 2001, 288, (1-3), 184-190.

(31)

Chen, S. H.; Teixeira, J., Structure And Fractal Dimension Of Protein-Detergent
Complexes. Phys. Rev. Lett. 1986, 57, (20), 2583-2586.

(32)

McLean, J. D.; Kilpatrick, P. K., Effects of asphaltene aggregation in model heptanetoluene mixtures on stability of water-in-oil emulsions. J. Colloid Interface Sci. 1997,
196, (1), 23.

51

(33)

Groenzin, H.; Mullins, O. C., Molecular size and structure of asphaltenes from
various sources. Energy Fuels 2000, 14, (3), 677.

(34)

Murgich, J.; Abanero, J. A.; Strausz, O. P., Molecular recognition in aggregates
formed by asphaltene and resin molecules from the Athabasca oil sand. Energy Fuels
1999, 13, (2), 278.

(35)

Gray, M. R., Consistency of asphaltene chemical structures with pyrolysis and coking
behavior. Energy Fuels 2003, 17, (6), 1566.

(36)

Gawrys, K. L.; Blankenship, G. A.; Kilpatrick, P. K., Solvent entrainment in and
flocculation of asphaltenic aggregates probed by small-angle neutron scattering.
Langmuir 2006, 22, (10), 4487-4497.

(37)

Liao, Z. W.; Zhou, H. G.; Graciaa, A.; Chrostowska, A.; Creux, P.; Geng, A.,
Adsorption/occlusion characteristics of asphaltenes: Some implication for asphaltene
structural features. Energy Fuels 2005, 19, (1), 180-186.

(38)

Gawrys, K. L.; Blankenship, G. A.; Kilpatrick, P. K., On the distribution of chemical
properties and aggregation of solubility fractions in asphaltenes. Energy Fuels 2006,
20, (2), 705-714.

(39)

May, R. P.; Ibel, K.; Haas, J., The Forward Scattering of Cold Neutrons by Mixtures
of Light and Heavy-Water. J. of App. Cryst. 1982, 15, (Feb), 15-19.

(40)

Knoll, W.; Schmidt, G.; Ibel, K., Incoherent-Scattering Corrections for Forward
Scattering of Neutrons by Aqueous Buffers - Temperature-Dependence and Influence
of Absorbing Salts. J. App. Cryst. 1985, 18, (Apr), 61-64.
52

(41)

Mclaughlin, E.; Zainal, H. A., The Solubility Behaviour of Aromatic Hydrocarbons in
Benzene. J. Chem. Soc. 1959, (Mar), 863-867.

(42)

Gupta, A.; Gupta, S.; Groves, F. R.; Mclaughlin, E., Correlation of Solid Liquid and
Vapor-Liquid-Equilibrium Data for Polynuclear Aromatic-Compounds. Fluid Phase
Equilibria 1991, 64, 201-211.

(43)

Smallwood, I. M. Handbook of Organic Solvents; Wiley & Sons: New York, 1996.

(44)

Hansen, C. M. Hansen Solubility Parameters: A User's Handbook; CRC Press: Boca
Raton, FL, 2000.

53

Figure 2.1.

Reduced absolute scattering intensity for a few of the 1 wt% HOW in 40:60
Dec:Tol series. Note the increasing incoherent background and decreasing
low-Q intensity with increasing hydrogenation (decreasing contrast).
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Figure 2.2.

Typical background subtraction for 1 wt% HOW in 40:60 Dec:Tol samples.
Asphaltene data were reduced in IGOR Pro and are represented as absolute
scattering intensity (!) versus Q. Mixed solvent blanks (") were fit with to a
flat profile (#). Subtraction of the flat bkg from the reduced data yielded a
background-free scattering curve ($), for which a POC fit (%) was applied.
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Figure 2.3.

(A) Contour plot of "% Error# (Eqn. 2) as a function of total entrainment and
entrained solvent composition for the 1% HOW in 40:60 decalin:toluene
series. (B) Average error as a function of total entrainment at $toluene,ent =
0.95. (C) Average error as a function of entrained solvent composition at
%entrainment = 13%.
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Figure 2.4.

(A) Contour plot of "% Error# (Eqn. 2) as a function of total entrainment and
entrained solvent composition for the 1% HOS-10 in 40:60 heptane:toluene
solvent mixtures. The vertical dashed line represents the average bulk solvent
composition. (B) Average error as a function of total entrainment at $toluene,ent
= 1. (C) Average error as a function of entrained solvent composition at
%entrainment = 37%.
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Figure 2.5.

(A) Contour plot of "% Error# (Eqn. 2) as a function of total entrainment and
entrained solvent composition for the 1 wt% HOW in 43:57 (v:v) 1methylnaphthalene:toluene samples. The vertical dashed line represents the
average bulk solvent composition. (B) Average error as a function of total
entrainment at $toluene,ent = 0.4. (C) Average error as a function of entrained
solvent composition at %entrainment = 48%.
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Table 2.1.

Elemental mass composition of asphaltenes (C, H, N, S, and O) determined by
combustion analysis.a

Sample

%C

%H

%N

%S

%O (by diff)

H/C b

HOW

79.1 ± 0.1

8.1 ± 0.0

2.0 ± 0.0

8.2 ± 0.1

2.6 ± 0.1

1.23

HOS-10

79.4 ± 0.1

8.4 ± 0.0

2.0 ± 0.0

7.8 ± 0.2

2.4 ± 0.1

1.25

a

Error values determined from triplicate sample testing
The listed H/C aromaticity is a molar rat
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Table 2.2.

#
1
2A
3A
4A
5A
6A
2B
3B
4B
5B
6B

Hydrogenated/deuterated solvent compositions for each solvent mixture series.a,b

Toluene
! hydro ! deut

Decalin
!hydro !deut

0
0.03
0.06
0.09
0.12
0.15
0
0
0
0
0

0
0
0
0
0
0
0.02
0.04
0.06
0.08
0.1

0.6
0.57
0.54
0.51
0.48
0.45
0.6
0.6
0.6
0.6
0.6

0.4
0.4
0.4
0.4
0.4
0.4
0.38
0.36
0.34
0.32
0.3

#
1
2A
3A
4A
5A
2B
3B
4B
5B

Toluene
!hydro !deut

n-Heptane
!hydro !deut

0
0.06
0.12
0.18
0.24
0
0
0
0

0
0
0
0
0
0.04
0.08
0.12
0.16

0.6
0.54
0.48
0.42
0.36
0.6
0.6
0.6
0.6

a

b

0.4
0.4
0.4
0.4
0.4
0.36
0.32
0.28
0.24

#

Toluene
!hydro !deut

1-MN
!hydro !deut

1
0
0.43
0
0.57
2A 0.043 0.387
0
0.57
4A 0.129 0.301
0
0.57
5A 0.172 0.258
0
0.57
2B
0
0.43 0.057 0.513
3B
0
0.43 0.114 0.456
4B
0
0.43 0.171 0.399
5B
0
0.43 0.228 0.342

Note a “3A” sample was not run for the toluene/methylnaphthalene series
One can easily back out the percentage of a particular solvent that is hydrogenated correspondingly
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Table 2.3.

POC aggregate dimensions for 1 wt% HOW or HOS-10 asphaltene solutions
described in this study.a
Solvent

a

Rcyl

Lcyl

!RG"

!Error"

Toluene-d8

40.6 18.3 20.5

56.1

-

36 %

1

Decalin-d18

52.0 23.5 26.1

72.1

-

27 %

N/A

1-Methylnaphthalene-d11

34.5 15.3 14.6

46.7

-

40 %

N/A

40:60 Decalin:Toluene

42.1 19.2 22.4

59.0

4.4%

13 %

0.85 - 1

40:60 Heptane:Tolueneb

51.0 23.6 25.9

72.3

6.1%

37 %

0.95 - 1

57:43 1-MN:Toluene

38.5 17.6 22.4

54.3

8.8%

48 %

0.4

!R

# ent,total $ toluene,ent

POC dimensions are in units of angstroms (Å). !RG" was calculated using Eq. 6. Solvent ratios are volumetric.
b
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HOS-10 asphaltene solutions

Table 2.4.

Distinctive properties of the four organic solvents used in this study.
Bracketed values are for perdeuterated species. The solvents are presented
from left to right with respect to increasing asphaltene solubility.

a
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bracketed values are for perdeuterated species
b
At 25ºC from reference 43
c
from reference 44

CHAPTER 3
Water-in-Model Oil Emulsions Studied by SANS I:
Solvent Influence on Film Thickness, Asphaltenic
Composition, and Emulsion Stability
Chapter 3 is essentially a manuscript by Vincent J. Verruto and Peter K. Kilpatrick submitted
to Langmuir in July, 2008.

Abstract
The ever-increasing worldwide demand for energy has led to the upgrading of heavy
crude oil and asphaltene-rich feedstocks becoming viable refining options for the petroleum
industry. Traditional problems associated with these feedstocks, particularly stable water-inpetroleum emulsions, are drawing increasing attention. Despite considerable research on the
interfacial assembly of asphaltenes, resins, and naphthenic acids, much about the resulting
interfacial films is not well understood. Here, we describe the use of small-angle neutron
scattering (SANS) to elucidate interfacial film properties. Modeling the SANS data with
both a polydisperse core/shell form factor, as well as a thin sheet approximation, we have
deduced the film thickness and the asphaltenic composition within the stabilizing interfacial
films of water-in-model oil emulsions prepared in toluene, decalin, and 1-methylnaphthalene.
Film thicknesses were found to be 100-110 Å with little deviation among the three solvents.
By contrast, asphaltene composition in the film varied significantly, with decalin leading to
the most asphaltene-rich films (30% by volume of the film), while emulsions made in toluene
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and methylnaphthalene resulted in lower asphaltenic contents (12-15%).

Through

centrifugation and dilatational rheology, we found trends of decreasing water resolution (i.e.
increasing emulsion stability) and increasing long-time dilatational elasticity corresponded
with increasing asphaltene composition in the film.

3.1

Introduction
With the current market prices for crude oil approaching alltime highs1, heavy crude oils

continue to be a more attractive and profitable feedstock option for many processing
applications. However, heavy crude oils are notorious for the formation of stable water-inoil emulsions that contribute to pipeline deposits, corrosion, catalyst poisoning, and
transporting difficulties2-10. Heavy crudes with low API, are rich in naturally surface-active
species, including naphthenates, resins, and asphaltenes, the n-heptane-insoluble/toluenesoluble fraction of crude oil. Asphaltenes attract particular attention for their ability to form
elastic films that sheath water droplets and prevent coalescence. Thus, evaluating emulsion
stability has been a consistent focus of many studies, including resistance to coalescence
under heating11, 12, centrifugation13, 14, microwave-induced destabilization11, 15, or an electric
field16-22. Recent investigations have focused on measurable mechanical properties of the
films by interfacial tensiometry23-25 and rheological techniques26-32. A key criticism of these
latter experiments is the length scale discrepancy between the experimental O/W interface
and that of real-life emulsions, and the difficulty in resolving that discrepancy. The use of
micropipettes to create micron scale droplets and test their interfacial properties is an
example of an elegant solution to this issue33-35. However, despite the expanding knowledge
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base regarding asphaltenic film properties, the current literature is limited regarding
measurement of some critical aspects of these emulsion-stabilizing films: the film thickness
and its composition. Using small angle neutron scattering (SANS), we will demonstrate in
this work the ability to characterize asphaltenically stabilized water-in-model oil emulsions,
extracting key particulars on both the average film thickness and composition, and in the
process, illuminate the role of solvent in dictating these physical and chemical properties of
the films.
Throughout the literature SANS has been used to characterize nanoscale structures,
including self-assembled asphaltenic aggregates, for which the literature continues to
expand14,

36-52

. Structural information like size and shape are valuable when relating the

properties of interfacial assemblies to those in the bulk phase.

The degree of solvent

entrainment within asphaltenic aggregates, and the composition of the entrained solvent,
have been reported using SANS49, 52. This kind of composition information for asphaltenes is
unique to SANS, further demonstrating its value in petroleum research.
For emulsion-forming systems SANS offers the ability to probe droplets in their native
geometric conformation.

This differs from other popular techniques, which do not

necessarily mimic realistic interfacial geometry conditions.

One example is neutron

reflectometry, which employs a single planar oil/water interface of fairly large total area
(several mm2), at which an adsorbed asphaltene film may possess very different structural
and chemical properties from that of an emulsion, where asphaltenes adsorb upon micronsized droplets, each having surface area of a few tens of square micrometers. In fact, SANS
has already been applied to emulsion and emulsion-like systems with documented
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characterization ability.

Whether it was vesicles53,
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or liposomes54-56, intra-bilayer

polymerization57, or surfactant stabilized emulsions58-61, researchers have demonstrated the
strength of SANS as a characterization tool for interfacial self-assembly.
Furthermore, in a recent investigation by Jestin et al. the authors performed SANS on
emulsions made with dilute asphaltene solutions (0.3 wt%) in xylene62. Three different
asphaltene fractions, recovered from the same crude by precipitation with pentane, heptanes,
or octane were used to prepare the emulsions. With increasing precipitant carbon chain
length, the authors observed an increase in emulsion film thickness (113-149 Å),
accompanied by a decrease in the calculated asphaltene composition within the films (17-11
% v/v). However, with their approach, the asphaltene surface concentration and asphaltenic
film composition were calculated using measured changes in the bulk phase UV absorbance.
In this work we will demonstrate the use of SANS on asphaltene-stabilized water-inmodel oil emulsions, in order to information about the film thickness and asphaltene
composition within the interfacial films. We used three unique cyclic hydrocarbons, each
with 1 or 2 rings and varying aromaticity, to evaluate the role of solvent in dictating the film
properties measurable by SANS, and how these properties relate to emulsion stability. In the
following text, two key observations will be highlighted and discussed: (1) the average
emulsion film thickness was independent of the host solvent and (2) the solvent dependence
for the asphaltene composition in the film was similar to that of centrifugal stability to
coalescence and long-time interfacial elasticity.
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3.2

Materials & Methods

3.2.1 Asphaltene Preparation
Asphaltenes were recovered from Hondo crude oil, an asphaltene rich (14-16% by
weight) California offshore heavy crude oil, according to ASTM method D6560(IP143). A
more specific account of our methodology can be found elsewhere. Dried and recovered
asphaltenes were stored in a foil-wrapped glass jar to protect against light-sensitive
degradation. The jar was always blanketed with argon, capped, sealed with PTFE tape, and
stored in a dessiccator cabinet when not in use. A small sample of these Hondo Whole
(HOW) asphaltenes were sent to the Analytical and Instrumentation Laboratory at the
University of Alberta for elemental analysis (C, H, N, S, and O) on a Carlo Erba EA 1108
Elemental Analyzer. The elemental mass composition of the HOW asphaltenes used in this
study is provided in Table 3.1.

3.2.2 Model Oil Preparation
Model oils consisted of 1 % (w/w) HOW asphaltenes dissolved in either d-toluene (C7D8,
CDN), h-toluene (C7H8, Fisher), d-methylnaphthalene (C11D10,CDN), and d-decalin (C10D18,
CDN). The methylnaphthalene and decalin solutions of asphaltenes were placed in an oven
at 40°C for 6 hrs to reduce the solvent viscosity and enhance the dissolution kinetics. Upon
return to room temperature no precipitation from either solution was observed. All model
oils were shaken for 24 hrs prior to their use in the emulsification protocol described below.
Model oils were prepared in pure solvents so as to reduce ambiguity in determining film
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composition that could arise in mixed solvent systems from selective partitioning of aromatic
solvents within self-assembled asphaltenic structures52.

3.2.3 Emulsion Preparation
For each sample to be scattered, 2-3 mL of total emulsion was prepared by adding the
appropriate mass of a 1% (w/w) NaCl solution to the model oils to create a 1:1 volumetric
ratio of the two phases. The salt was dissolved in either pure D2O (CDN) or a mixture of
D2O and deionized (DI) H2O from a Millipore Milli-Q purification system.

Different

D2O:H2O volumetric ratios were prepared in order to best match the scattering length density
of each solvent. A Virtis Cyclone IQ2 equipped with a 6-mm rotor stator head was used to
emulsify each sample at 15,000 RPM for 10 min. After ample aging, the emulsion droplets
often settled to about 2/3 the total sample volume, resulting in a droplet volume fraction of
roughly 0.75 in the settled phase.
Appropriate handling of bulk asphaltenic aggregate scattering was an important concern,
for which we describe two approaches in this work. In the first method, we account for the
aggregate contribution by scattering the emulsion sample, followed by the creamed oil phase
containing asphaltenes unused in emulsion stabilization. The second approach involved
rinsing away the bulk asphaltenes using a series of modest centrifugation and fresh solvent
replacement steps.

3.2.4 Neutron Scattering
Several un-rinsed emulsion samples were run on the SAND and SASI instruments at the
Intense Pulsed Neutron Source (IPNS) at Argonne National Lab (Argonne, IL). The IPNS
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uses a spallation neutron source, in which neutrons of different energies are produced upon
the collision of high-energy H- ions with a depleted uranium target. Both SAND and SASI
are time-of-flight (TOF) instruments, capable of probing Q values of 0.0035 – 0.6 Å-1 and
0.007 – 1.5 Å-1, respectively. All samples were run in quartz cells having 2-mm path length.
As a result of emulsion droplet settling, some samples had to be shaken every 5-15 minutes
to keep the droplets suspended. Scattering times were typically 1-2 hr for emulsions and
background solvent blanks were run for 45 minutes. Transmission for every SAND run was
collected over 15 minutes, while on SASI the transmission was collected simultaneously with
scattering.
Rinsed emulsion samples were run on the NG3 30m SANS instrument at the Center for
High Resolution Neutron Scattering (CHRNS) at the National Institute of Standards and
Technology (Gaithersburg, MD). As NIST is a reactor source, the collimated neutron beam
is of a single wavelength (i.e. energy) and the accessible Q range can be adjusted by
changing the sample-to-detector distance (SDD) and/or the neutron wavelength.

The

configuration settings of the instrument were SDD = 640 cm, ! = 6 Å, Qmin = 0.0029 Å-1
("Q/Q = 0.304), Qmax = 0.0996 Å-1 ("Q/Q = 0.062). Emulsions were scattered for 30
minutes, while pure solvent or water (for background subtraction) were run for 25 minutes.
Transmission data collection required only 3 minutes per sample at NIST.

3.2.5 Data Reduction
Data collected at NIST were reduced using Igor Pro (Wavemetrics) and macros provided
on the NCNR website and discussed in further detail by Kline63. These macros subtracted
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the stray neutron background, scattering of the quartz cell, and accounted for the
transmission of the sample and cell as well as the detector efficiency. This adjusts the
scattering data to an absolute intensity scale, facilitating comparisons among data from
different sources. The data collected at ANL was reduced with ISAW, using scripts that
ultimately normalized the data to an absolute intensity scale much like the NIST Igor Pro
macros.
For the samples scattered at ANL the contribution of the dispersed and continuous phases
to the scattering signal were accounted for by subtracting from the reduced sample scattering
intensity the individual phases weighted by their volume fraction in the emulsion:
Isub = Iemul – !COIPOC – !wIw

(3.1)

where Isub is the asphaltene- and water-subtracted scattering data, Iemul and Iw are the
respective scattering intensities for the whole emulsion sample and the aqueous phase, IPOC is
the smoothed continuous phase scattering intensity, and !CO and !w are the volume fractions
of the continuous and dispersed phases, respectively. This analysis required the recovery of
the residual “creamed oil” phase, which consists of asphaltenes not used in film formation
and left behind in the bulk solvent. This was achieved by centrifuging samples at 3500 –
5000 RPM for 5 – 60 min on an IEC-Centra CL2 tabletop centrifuge. The discrepancy in
centrifugation times is a result of the greater viscosity of 1-methylnaphthalene and its density
being nearly equal to that of the aqueous phase. After centrifugation, the supernatant was
removed and centrifuged an additional time at 5000 RPM for 5 min and transferred to a
quartz sample cell for scattering.
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3.2.6 Model Fitting and Data Analysis
Reduced data were subsequently fitted with a core/shell form factor model in Igor Pro
with a using the form described by Bartlett and Ottewill64. This model contains 8 inputs
including the droplet volume fraction !drop, the average droplet radius Ravg, the droplet
polydispersity ratio p, the film thickness !, the scattering length densities (SLD) for the
aqueous ("core), asphaltenic film ("film), and bulk organic solvent ("solv) phases, as well as the
incoherent background bkg. A schematic of the model inputs is presented in Figure 3.1.
In order to reduce the number of unknown parameters in our core/shell model, the droplet
size distribution was evaluated using digital photomicrographs from an optical microscope,
for which the procedure is outlined in Figure 3.2. A distribution of the droplet radii in each
sample was produced using photomicrographs taken using a Nikon Coolpix 8800 camera
attached to an Olympus BH-2 stereo microscope using a Martin Microscope MM99-N800
adapter in the trinocular port. The digital photomicrographs were converted to binary images
in ImageJ (http://rsb.info.nih.gov/ij) and scaled using a conversion factor of 12.2 pixels/µm,
previously determined using a slide micrometer. In the Analyze Particles function, the
droplet sizes to count were limited to areas greater than 1 µm2, circularity between 0.6 and 1,
and a total count distribution was made using the Feret diameter split into 30 bins having bin
width b = 1 µm. In cases where photomicrographs were densely populated with droplets
having edges in contact, distributions were obtained by manually counting droplets using
calibrated circular overlays in a digital drawing program.
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In order to obtain Ravg and p for each sample, the droplet size distribution needed to
satisfy the form of the Schulz distribution (cf. Equation 3.2), a normalized frequency
distribution that is used in the derivation of the core/shell model64 used in fitting the SANS
data.
R z -+ z + 1 *(
f ( R) =
.( z + 1) +, Ravg ()

z +1

&
R #
exp $' (z + 1)
!
Ravg !"
$%

(3.2)

where z = Ravg/!R -1 and 2!R is the full-width at half-maximum (FWHM) of the distribution.
"

As a normalized distribution, Equation 3.2 must satisfy the condition that ! f ( R)dR = 1 , thus
0

our own discrete size distribution must also satisfy a similar condition. Using the number of
droplets (ni) in each bin of width b, we calculated a normalized discrete distribution, f(Ri),
using Equation 3.3.
f ( Ri ) =

ni
! nib

(3.3)

i

For this discrete distribution, a summation of f(Ri)!b over the entire distribution will yield
unity, satisfying the aforementioned requirement of the infinite integrand.
In addition to the core/shell model, a linearization of scattering data from hollow
spherical objects enables the calculation of the interfacial film thickness. In this analysis,
known as the Kratky-Porod (or modified Guinier) approximation, the scattering from a
hollow spherical object of radius RHS and finite edge thickness ! can be estimated by that of
a planar thin sheet, provided !/RHS << 1.65 The scattering intensity from a thin sheet is
represented by Equation 3.4,
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2
I(Q) = IoQ"2 exp("RG,TS
Q2 ) + bkg

(3.4)

where Io is the limit of I(Q) as Q approaches zero, RG,TS is the radius of gyration of a thin
! sheet, and bkg is the residual background scattering. The radius of gyration is the second

moment of the mass distribution about an object’s center of rotation, and for a uniform thin
sheet the thickness, !TS, is related to the radius of gyration by:
2
RG,TS
=

"2TS
12

(3.5)

Thus, using the negative slope from a plot of ln[Q2*I(Q)] versus Q2, one can calculate the
! average film thickness. Note that this linearization works only when emulsion droplets

appear as hollow spheres, i.e. the SLD of the core and bulk materials are identical. For
liposome- and vesicle-forming systems, this is straightforward, as the core and bulk phases
consist of the same material (typically water), which is one reason this approach has been
well-documented for such systems

53, 54, 54-57

.

Contrast-matching in emulsion systems

requires balancing the hydrogenated and deuterated composition of the continuous and
dispersed phases, which can be a challenging, albeit manageable, task.
In addition, the Io term in Equation 3.4 is a function of the amount of adsorbed material in
the film, as shown in Equation 3.6 below:
2
$ S '$ *ads '
Io = 2("# ) & )&
)
% V (% # ads (
2

(3.6)

where (!!)2 is the SLD contrast term between the adsorbate and the matched core/bulk
! phases, (S/V) is the droplet surface area per unit volume of emulsion sample, "

ads

is the mass

concentration of the adsorbate per unit surface area, and !ads is the adsorbate bulk density.
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For monodisperse spheres, the (S/V) term equals 3!/R, but when accounting for
polydispersity and assuming a Schultz distribution, one obtains

" S % 3( " z + 1 %
$ '=
$
'
# V & Ravg # z + 3 &

(3.7)

where ! is the volume fraction of spheres, Ravg is the average sphere radius, and z is the

! aforementioned polydispersity term from Equation 3.2. Where appropriate, the KratkyPorod analysis was performed as an internal consistency check on the polydisperse core/shell
fitting approach, specifically the film thickness and resulting asphaltenic composition of the
film. All data fitting was performed in IGOR using the FuncFit routine, with fit optimization
based on the minimization of the reduced chi-squared term ("2red)47.
The calculations of asphaltene volume fraction in the film were performed differently for
the core/shell and Kratky-Porod analyses. In the core/shell analyses, the fitted #film value was
used to evaluate !asph,film with a volume fraction weighting of the individual component
scattering length densities:

! film = " asph , film ! asph + " solv , film ! solv + " w, film ! w

(3.8)

where !x,film is the volume fraction of component x (asphaltene, solvent, water) within the
film, and #x is the scattering length density of component x. The film was assumed to consist
solely of solvent and asphaltene, which had no ramifications on the contrast-matched
samples. For mismatched samples, however, this introduced significant deviations (10-20%)
compared to an estimate of the non-asphaltenic portion of the film having a 1:1 (v:v)
water:solvent composition. We relax this assumption in Part II of our SANS of asphaltenic
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emulsions investigation, where we elucidate the entire film composition by contrast variation
of both the water and solvent phases.
Alternatively, for the Kratky-Porod analyses, we used the Io term in Equation 3.6 to
calculate !ads using the asphaltene mass density (cf. Table 3.2), the solvent and asphaltene
SLDs (cf. Table 3.2), and the (S/V) from our microscopic measurements and Equation 3.7.
With the assumption that the film has a constant asphaltene composition profile, !ads is
simply related to the adsorbate volume fraction by:
(3.9)

"ads = $ m# ads ! film

where !m is the mass density of the adsorbate, "ads is the volume fraction of adsorbate in the
film, and "film is the film thickness.

3.2.7 Rinsing of Emulsions for SANS
Aggregates in the bulk solvent surrounding the emulsion droplets were removed by a
multi-step centrifugation and resuspension method (cf. Figure 3.3A). Emulsions were placed
in 2-mL graduated polypropylene microcentrifuge tubes and then centrifuged for 2 minutes at
1000 RPM (~70#g RCF) in an Eppendorff MiniSpin Plus microcentrifuge. The supernatant
was removed and replaced with fresh hydrogenated solvent. The emulsion droplets were
resuspended by gently tapping the tube and inverting several times before the next
centrifugation step.

This series of centrifugation/replacement/resuspension steps was

repeated 3-5 times until the supernatant was visually clear. This was followed by a series of
replacements using the pure toluene-d8 (CDN) or, for the case of decalin, a mixture of 13:87
h-decalin:decalin-d18 so as to match the SLD of the D2O enriched aqueous phase. Some
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samples were tested for the effect of additional deuterated solvent rinses on the fitted SLD of
the solvent phase and interfacial film, as well as the film thickness.

3.2.8 Emulsion Stability to Centrifugation
Three emulsions were prepared with 1:1 mixture of 1% NaCl in D2O:1% HOW in
hydrogenated toluene, 1-methylnaphthalene, or decalin and aged 24 hrs. After resuspension,
each emulsion was transferred into three individual graduated microcentrifuge tubes with
1.75 mL of emulsion in each tube.

Using again the Eppendorff MiniSpin Plus

microcentrifuge, the samples were centrifuged at 14,500 RPM (RCF = 14,000!g) for 1 hr at
room temperature. The volume of water resolved was determined by visual inspection,
followed by pipet removal and weighing for verification. The percentage of water resolved
due to centrifugation was calculated by

%Resolved =

V res
*100
! wVem

(3.10)

where Vres is the volume of water resolved by centrifugation, !w is the volume fraction of
water in the emulsion (~0.5 here), and Vem is the total volume of the emulsion sample (1.75
mL here).

3.2.9 Interfacial Rheology
Interfacial dilatational rheology was performed using a Tracker-H oscillating pendant
drop tensiometer from Teclis (formerly I.T. Concept). The model oil phase was 1% (w/w)
HOW asphaltenes dissolved in toluene, decalin, or 1-methylnaphthalene. The water phase
was DI water adjusted to pH 7 using dilute NaOH and HCl. The drops were prepared using
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an 18-gauge stainless steel curved needle to allow the oil to rise in the surrounding aqueous
medium. A description of the instrument is provided elsewhere32. The drop volume for each
system was 25 µL, with 2.5-µL applied volume oscillations having a frequency of 0.1 Hz.
For each system, the aging time was 20-24 hours, with sustained oscillations administered in
100-second increments once every hour.

3.3

Results & Discussion

3.3.1 SANS of Non-rinsed Emulsions
Accounting for aggregate scattering of non-rinsed emulsion samples was performed postexperimentally, as previously described. This is shown in Figure 3.4, which highlights the
individual parts that comprise the non-rinsed emulsion I(Q) data collected at Argonne. As
was typically the case, the core/shell model fit the aggregate/solvent/water-subtracted
scattering data very well. Additionally, Figure 3.4 reveals the relative error that remains
when one performs such subtractions. Each subtraction step retains the absolute error from
the total emulsion scattering, and if the aggregate and interfacial film scattering have
comparable intensity, the final relative error can be very significant. Despite this concern,
for most samples this approach yielded reasonable and believable fit parameters when
applying the core/shell model. The plots in Figure 3.5 demonstrate the linearity of the
Kratky-Porod (KP) evaluations over the appropriate Q2 range, which is comparable to what
has been reported for other systems54, 56, 58. For each emulsion scattered, the resulting film
thickness and asphaltene composition in the film from the KP analyses and core/shell model
fitting are compared in Table 3.3. To elaborate on the sample nomenclature, MN, T, and D
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represent emulsions made in d-methylnaphthalene, d-toluene, and d-decalin solutions,
respectively. The -1hr, -1d, and -2d designations indicate the aging time, in hours and days,
respectively, of the emulsion prior to the scattering measurement. The D1 and D2 samples
were two decalin emulsions created under identical conditions, but measured separately for
reproducibility purposes.
For samples where such a comparison was appropriate, the Kratky-Porod analyses agreed
well with the core/shell model, within the error of their calculations. However, for the
samples prepared using decalin, there was almost a 15% discrepancy between the SLD of ddecalin (7.27!10-6 Å-2) and the 1% NaCL in D2O solution (6.36!10-6 Å-2). Core/shell model
calculations made using SLDs this offset from the contrast-matched condition show a marked
deviation in the low-Q portion of the intensity data from a slope of -2 toward -4 on a log-log
plot. This renders the Kratky-Porod approximations and subsequent calculations invalid. It
also suggests that the low-Q scattering signal was becoming dominated by the droplet
scattering (Q-4), which made it increasingly difficult to simultaneously recover both the film
thickness and SLD. This arises from the low relative volume fraction of the interfacial films
to that of the droplets, i.e. !film/!drop. For a system with a 3-µm average radius, p = 0.5, and
"film = 100 Å this !film/!drop equals 0.0075, indicating the film volume fraction is less than 1%
of the droplet volume fraction. Thus, even small SLD differences can lead to a dropletdominated signal at low-Q.
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3.3.2 SANS of Rinsed Emulsions
Unlike their non-rinsed counterparts, rinsed emulsions yielded data devoid of aggregate
scattering, which enabled evaluation of our contrast-matching abilities.

This concept

becomes clearer with Figures 3.6A and 3.6B, which depict a contrast variation experiment
where the H2O/D2O composition of the water phase was varied, while the continuous phase
consisted of fresh d-toluene per the aforementioned solvent replacement protocol. In Figure
3.6B, the intersection of the tangent lines to the low-Q scattering intensity as a function of
aqueous phase D2O composition indicates a minimum between 87 and 89 % (v/v) D2O. This
composition corresponds to the core/bulk contrast-matched condition, at which the core
aqueous and bulk solvent phases have equivalent SLD values, rendering the two phases
indistinguishable in a SANS experiment. In these emulsion systems, it is possible to isolate
the scattering that arises from the interfacial film material, alleviating ambiguity in the
analysis. However, the narrow aqueous phase composition window for this contrast-matched
condition would require volumes ~100-1000 times larger than what we prepared in order to
accurately control the SLD to make a perfectly contrast-matched sample. Regardless, our
analyses indicate the average SLD discrepancy between the aqueous and organic solvent
phases for most samples was sufficiently small to treat the samples as contrast-matched.
To follow up on the previous experiments, we tested the effects of rinsing on the fitted
parameters using decalin and toluene as solvents for HOW asphaltenes. As deuterated
solvents are expensive, hydrogenated solvents were used for the first 3-5 rinses, followed by
an additional series of 3-5 replacements with deuterated solvent. The core/shell and KratkyPorod fitting results of this investigation are presented in Table 3.4, specifically the
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properties of the interfacial films and how they depend on the solvent used, the rinsing
protocol, and bulk asphaltene concentration. To clarify the sample ID nomenclature, D1 and
D2 are two separate HOW in decalin emulsion samples prepared under identical conditions.
They were each rinsed 5 times with h-decalin followed by 3 rinses with 87:13 d:h-decalin.
For the D1-Repeat sample we simply repeated the scattering measurement without removing
the sample from the scattering cell. In D2-XR, we performed an additional four 87:13 d:hdecalin rinses. We again performed the scattering measurement on D2-XR for repeatability
purposes, but we waited 7 hrs to test the impact of aging after solvent replacement, which is
represented by D2-XR+7hr. For rinsed toluene-based emulsions, T1 and T2 were identically
prepared HOW emulsions, with the-XR representing the samples that underwent an
additional four d-toluene rinses.
Small changes in core/shell fitted parameters suggest the solvent replacement protocol
was not disruptive.

First, modest changes in the film thickness were observed with

subsequent repeated measurements, post-rinsing aging, and additional rinsing; the D2 and
D2-XR series was the most obvious exception. Additional solvent replacements typically led
to core/shell fits of slightly higher !2red, indicating lower fit quality. However, this is not
always a good comparative measure as some data have higher count rates and thus smaller
statistical errors, leading to larger !2 calculations.

The most noticeable changes upon

additional deuterated rinses are in the scattering length densities for the both the interfacial
film and the bulk solvent. For samples in which the rinsing was insufficient to replace all of
the free solvent, the SLD of the solvent was a fitted parameter. In samples having undergone
further rinsing steps, the solvent SLD was fixed at a value calculated using estimates of the
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residual bulk solvent remaining after each replacement. For both the toluene and decalin
series, the solvent SLD after the first set of deuterated rinses was lower than that of the
replacement solvent by 3-15%, respectively. Increases in the film SLD with additional rinses
were also recovered during our core/shell fitting analyses. For the decalin emulsions, the
film SLD increased 7% from nearly 4.2 to 4.7 ! 10-6 Å-2 with an extra 4 solvent
replacements using the 87:13 d:h-decalin mixture. Increases in the film SLD for the toluene
emulsions were less noteworthy, equating to about 1-2%. Computation of the asphaltene
volume fraction in the films from the film SLD
From these results arise 3 inferences: (1) the asphaltenic material in the films is stable to
rinsing and thus nearly irreversibly adsorbed, (2) the asphaltene composition in the film
demonstrates a dependence on the aromatic and aliphatic character of the solvent, and (3)
solvent is present along with asphaltenes in the interfacial films and is free to exchange with
the bulk. Some of these observations are not novel. For example, it has been reported that
after asphaltenes adsorb and undergo interfacial rearrangement, little or no desorption occurs
after replacement of the bulk phase with fresh solvent24,

27, 65

.

Additionally, using a

Langmuir trough, Ese et al. used !-A isotherms to calculate asphaltene surface
concentrations as a function of the hexane:toluene ratio in a mixed solvent for three different
asphaltenes, for which they observed a general increase in the asphaltene surface
concentration with increasing hexane concentration23.

This is consistent with our

observations of larger !asph,film from HOW-stabilized rinsed emulsions in alicyclic decalin
(~30%) compared to those in aromatic toluene (~12%). However, to our knowledge, this is
the first time anyone has evaluated the asphaltenic composition in interfacial films based
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solely on SANS data and model analyses. This is the key advantage of this interfacial
probing technique, which does not require imposition of an interfacial geometry any different
from the native emulsion.

Additionally, we deduced that the films were not entirely

composed of a dense asphaltene arrangement; rather they were swollen with solvent and
possibly water. This was consistent with previous SANS investigations that have reported
the entrainment of the host solvent(s) within bulk asphaltenic aggregates49, 52. We pursue a
more encompassing description of film composition (water and solvent) in Part II of our
SANS investigation on asphaltenic emulsions.

3.3.3 Emulsion Stability
Shown in Figure 3.7 is a comparison of analyses from the centrifugation, neutron
scattering, and interfacial rheology experiments.

With decreasing water resolution by

centrifugation, the emulsion stability is said to increase in the order toluene, 1methylnaphthalene, and decalin. From this chart it is clear that while asphaltenic film
thickness did not trend with the degree of water resolution after centrifugation, both the film
asphaltene composition and long-time dilatational modulus increased accordingly with
increasing emulsion stability.

These observations suggest that for HOW-stabilized

emulsions, the predominant contributor to emulsion stability was the composition of
asphaltenes within the interfacial film. This likely had to do with the strong associative
behavior of the HOW asphaltenes, which also have significant polar hetoratom (N, S, and O)
composition as indicated in Table 3.1. From polydisperse oblate cylinder (POC) fits of
SANS data for HOW solutions in the three solvents used here, we observed increases in the
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average radius of gyration and volume of HOW aggregates in the series 1methylnaphthalene, toluene, and decalin (cf. Table 3.5). Conversely, Table 3.5 demonstrates
a decrease in the degree of solvent entrainment within aggregates in the same order of
solvents. Given the larger and more asphaltene-dense aggregates (less solvent entrainment)
in decalin compared to toluene and methylnaphthalene, it logically follows that the interfacial
films in decalin emulsions would also be richer in asphaltene than films from emulsions in
either toluene or methylnaphthalene. However, the applied oblate discoidal shape implies the
aggregate size discrepancies are generally in the radial direction. Provided the films consist
of asphaltene multilayers formed by adsorbed aggregates, as has been suggested in the
literature12, 67, and these aggregates stack and overlap on the interface between their top and
bottom faces, then observed film thickness values between 80-130 Å suggest these
multilayers consist of loosely packed stacks of 4-7 aggregates.

This is based on the

aggregate thickness from POC fits, which roughly fall between 15 and 26 Å for 1% (w/w)
HOW in methylnaphthalene, toluene, and decalin52.

3.3.4 Validity of Analyses
It can be expected that the core/shell model is an idealized version of an emulsion
droplet, particularly in two central assumptions that: (1) the film thickness is constant
throughout the entire population of droplets and (2) the film boundaries are sharp interfaces.
While these are plausible contentions to the core/shell model of Bartlett and Ottewill, the use
of this model for our systems is defensible. First, decoupling the manifestations of film
thickness and droplet size polydispersity from data such as these is not straightforward. In
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the least, assuming constant film thickness over all of the droplets yields an average value for
the film. So, while including a polydispersity term for the film thickness may be applied in
future work, it will likely require very accurate knowledge of the droplet distribution for the
film thickness distribution to be of any value.

In this work, we used optical microscopy,

which cannot capture droplets substantially smaller than 1 µm in diameter and the sample
populations are only a few hundred to a few thousand droplets at the highest magnification;
the actual droplet population through which the neutron beam passes is several orders of
magnitude greater.
With respect to the film boundary assumptions, we recognize that a diffuse film boundary
can enhance the description of the system, but the value in expanding the complexity of our
model is limited to the features in the scattering data that are affected the by such expansion.
The non-negligible polydispersity of the droplet distribution already smoothes out the
periodic “humps” observed for nearly monodisperse scattering systems, leaving only the
curvature and magnitude as the main characteristic “features” of the scattering data. Each of
the 8 inputs for the polydisperse core/shell model can have an effect on either the curvature
or magnitude of the model output. By limiting the number of these inputs that served as
fitted parameters we reduced the ambiguity of those parameters. Finally, the quality of the
fits from the core/shell and Kratky-Porod analyses, described in part by the reduced chisquared term in Tables 3.3 and 3.4, is an indication that these models do describe the
scattering well, particularly for contrast-matched data. However, we recognize that these are
among the simplest descriptions of the scattering system, and should be expanded upon in
future work to recover structural information within the film, particularly with respect to the
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asphaltene volume fraction profile, as has been documented for polymer layers on solid
particle surfaces.65, 68-70

3.4

Conclusions
In this work we have demonstrated the application of small angle neutron scattering to

characterizing water-in-oil emulsions stabilized solely by asphaltene solutions, with a
specific focus on the film thickness and its asphaltene composition as a function of three
unique host solvents. By focusing on contrast-matched samples, we have evaluated the film
thickness and the volume fraction of asphaltene in the films. When compared with emulsion
stability, we observed an increasing asphaltene composition (11-30% by volume) in the film
corresponded well with both increasing stability to centrifugal coalescence and increasing
film elasticity in dilatational rheology. The average film thickness values were between 100110 Å and otherwise equivalent within error among the three solvents used here. This
suggested that for these Hondo asphaltenes, the amount of asphaltene in the film, not the film
thickness, largely dictated emulsion stability. We believe this information is quite valuable
in understanding the mechanisms of emulsion stabilization in the petroleum industry, and its
scarcity in the petroleum literature signifies its novelty. Our use of SANS has enabled
evaluation of real emulsion interfaces, and we anticipate its use in future endeavors to offer
insight not only on stabilization mechanisms, but also answer questions regarding the
mechanisms of destabilization of emulsions as they pertain to changes in the interfacial film
thickness and composition under a variety of mechanical, thermal, electrical, magnetic, or
chemical stresses.
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Figure 3.1.

Schematic of the core/shell model of Bartlett & Ottewill with characteristic
physicochemical inputs.

92

Figure 3.2.

Procedure used for obtaining droplet size distributions. (A) A slide of diluted
emulsion is prepared and observed on an Olympus BH-2 stereomicroscope, to
which a digital camera is attached allowing for (B) a digital record of the
slide. (C) Using iMageJ, a binary threshold image is prepared, which is used
to count droplets in radius increments of 0.5 mm.

(D) A normalized

frequency distribution is calculated and fitted with a Schultz distribution.
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Figure 3.3.

(A) Procedure for emulsification and removal of aggregates prior to
scattering. This involved a series of gentle centrifugation and resuspension
steps, in which residual asphaltene-laden supernatant was replaced with fresh
solvent. (B) Procedure for loading emulsions into SANS sample (banjo) cells.
It was necessary to allow the droplets to settle, remove the upper solvent
layer, and replenish the void space with more emulsion to ensure no
macroscopic interfaces existed within the sample cell.
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Figure 3.4.

Accounting for aggregate contributions to emulsion scattering (!) by
subtraction of !-weighted creamed oil scattering ("). The final aggregatesubtracted data (#) is fitted with a polydisperse core/shell model ($) to
obtain the film thickness and scattering length density.
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Figure 3.5.

Kratky-Porod linearizations for non-rinsed emulsions made with 1% (w/w)
HOW in (a) 1-methylnaphthalene and (b) toluene. These emulsions were
aged for at least 24 hours before being resuspended and transferred to the
sample cell and scattered on the SAND instrument at ANL.

Aggregate

scattering and background was accounted for using Equation 3.1 in the text
prior to the linearization.
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Figure 3.6.

(a) Rinsed emulsion scattering curves for contrast variation of toluene-based
emulsion samples with 95% (!), 87% (") and 85% (#) D2O in the aqueous
phase. (b) Scattering intensity at Q = 0.005 Å-1 as a function of aqueous phase
D2O concentration. Filled data points ($) represent samples of deuteration
below the contrast matched condition (SLDaqueous < SLDbulk), and vice versa
for unfilled points (%,&). Circles refer to the compositions shown in (a).
The contrast-matched point is nearly 88% D2O/12%H2O.
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Figure 3.7.

Comparison of results from centrifugation, SANS, and interfacial rheology for
HOW-based model oil/water interfaces for three different cyclic hydrocarbon
solvents. Toluene (!), 1-methylnaphthalene ("), and decalin (!) were the
solvents used. The vertical dashed line separates properties of the emulsion
(left) and those of the interfacial film.
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Table 3.1.

Elemental compositions (C, H, N, S, and O) for HOW asphaltenes.
Element

% by Weight

C

79.1

H

8.13

N

1.99

S

8.22

O

2.55

H/C a

1.23
a

Table 3.2.

atomic ratio

Scattering length densities of aqueous and organic materials at 20 °C.
Compound

Formula

! mass
(g/cm3)

Water

H2O

0.997

-0.56

Heavy Water

D2O

1.108

6.38

Toluene

C7H8

0.860

0.93

Toluene-d8

C7D8

0.934

5.61

1-Methylnaphthalene

C11H10

1.001

1.51

1-Methylnaphthalene-d10

C11D10

1.092

6.04

Decalin

C10H18

0.896

-0.033

Decalin-d18

C10D18

1.012

7.27

HOW Asphaltenes

----

1.101

1.10

99

! neutron
(x 10-6 Å-2)

Table 3.3.

Characteristic core/shell and Kratky-Porod description of non-rinsed emulsions prepared in toluene-d8, 1methylnaphthalene-d10, and decalin-d18.a
Core/Shell Fit

Kratky-Porod

Sample
ID

Aging
Time

!d

" film (Å)

# film
(x10-6 Å-2)

! asph,film

$ 2Red

" film (Å)

! asph,film

$ 2Red

MN-1hr

24 hr

0.50

108 ± 5

5.36 ± 0.02

0.14

1.1

118 ± 6

0.13

1.1

MN-1d

24 hr

0.50

99 ± 4

5.21 ± 0.03

0.17

0.8

107 ± 5

0.16

0.7

T-1hr

24 hr

0.55

83 ± 4

4.65 ± 0.03

0.21

0.8

91 ± 5

0.20

0.8

T-2d

50 hr

0.50

85 ± 3

4.84 ± 0.02

0.17

1.4

90 ± 3

0.13

1.4

D1-1d

24 hr

0.53

45 ± 1

3.99 ± 0.05

0.53

2.3

---

---

---

D2-1d

24 hr

0.53

41 ± 1

3.96 ± 0.05

0.54

4.2

---

---

---

a

Emulsions were prepared with a composition of 1:1 (v:v) model oil:1%NaCl solution
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Characteristic core/shell parameter description of rinsed emulsions prepared in toluene-d8 and decalin-d18.a

Table 3.4.

Core/Shell Analysis
! solv
Deut.
Rinses (x10-6 Å-2)

Kratky-Porod

Sample ID

Hydr.
Rinses

D1

5

3

5.53 ± 0.01

91 ± 1

4.25 ± 0.02

0.29

2.5

---

---

---

D1-Repeat

5

3

5.55 ± 0.01

92 ± 1

4.28 ± 0.02

0.29

4.0

---

---

---

D2

5

3

5.40 ± 0.01

90 ± 1

4.17 ± 0.02

0.29

2.5

---

---

---

D2-XR

5

7

6.31

100 ± 1

4.72 ± 0.01

0.31

8.4

107 ± 1

0.29

6.14

D2-XR-7h

5

7

6.31

98 ± 1

4.65 ± 0.01

0.32

10.1

104 ± 1

0.30

7.68

T1

3

5

5.46 ± 0.01

91 ± 3

4.99 ± 0.01

0.11

0.6

---

---

---

T1-XR

3

9

5.6

98 ± 2

5.07 ± 0.01

0.12

2.6

104 ± 2

0.11

2.18

T2

3

5

5.47 ± 0.01

101 ± 2

4.98 ± 0.01

0.11

1.2

---

---

---

T2-XR

3

9

5.6

104 ± 2

5.04 ± 0.01

0.13

1.7

111 ± 2

0.12

1.41

a

" film (Å)

! film
2
2
(x10-6 Å-2) ! asph,film # Red " film (Å) ! asph,film # Red

Emulsions were prepared with a composition of 50:50 (v:v) model oil:1%NaCl solution.
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Table 3.5.

Characteristic properties of the solvents used and their resulting HOW aggregates. The solvents are listed left
to right in increasing aromatic character.
Property

Decalin

Toluene

1Methylnaphthalene

cis

Solvent
Properties

Aggregate
Properties b

Chemical
Structure
! D,
0.5

!P, !H
(J /cm1.5)

trans
18.4, 0, 0

18, 1.4, 2

20.6, 0.8, 4.7

! (cP)

2.03-3.23

0.59

3.12

RG (Å)

72

56

47

VPOC (nm3)

267

128

65

"entrainment (%
v/v)

27

36

40
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CHAPTER 4
Water-in-Model Oil Emulsions Studied by SANS II:
Interfacial Film Composition
Chapter 4 is essentially a manuscript by Vincent J. Verruto and Peter K. Kilpatrick and
submitted to Langmuir in July, 2008.

Abstract
Water-in-petroleum emulsions continue to pose technical challenges in petroleum and
bitumen processing and transportation. These emulsions are known to be stabilized by
elastic interfacial films formed by the adsorption and self assembly of asphaltenes, resins,
and naphthenic acids. Here, we describe the use of small-angle neutron scattering (SANS)
and deuterium/hydrogen contrast variation to elucidate surface area and interfacial film
thickness, as well as film composition. In addition to the asphaltenic composition of the
films, here we also deduce the film solvent and water content. Our analyses indicate that 1:1
(O:W) emulsions prepared with 3% (w/w) asphaltenes in toluene and 1 wt% NaCl aqueous
solutions at pH 7 and pH 10 resulted in 80-90 Å thick films, interfacial areas around 26003100 cm2/mL, and films that were roughly 25% (v/v) asphaltenic, 60-70% toluene, and 812% water. The increased asphaltene and water film composition at pH 10 versus pH 7,
along with unique dynamic interfacial tension profiles, suggested that the protonation state of
carboxylic moieties within asphaltenes played a key role in determining the final film
properties. This was further supported when we characterized similar asphaltenic emulsions
that also contained 9-anthracence carboxylic acid (ACA). Addition of this aromatic acid led
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to slightly thinner films (70-80 Å) that were characteristically more aqueous (up to 20% by
volume) and 5-6% (v/v) ACA. This unique in situ characterization (deduced entirely from
SANS data from emulsion samples) of the entire film composition calls for further
investigation regarding the role this film-based water plays in emulsion stability.

4.1 Introduction
Despite strong interest in alternative energy sources, the world remains heavily dependent
on petroleum-derived fuels, as is evident in increasing worldwide consumption1. With such
high demand for energy, longstanding challenges in crude-oil processing are receiving even
greater attention. One continuing issue is the formation of highly stable water-in-petroleum
and water-in-bitumen emulsions2-7. These emulsions increase viscosity8, 9, contribute to
pipeline deposits10, and act as carriers of poisons to downstream catalysts11. Traditionally,
problems associated with water-in-crude oil emulsions could be averted by processing lowrisk, lighter crudes. However, with current crude prices reaching all-time highs, companies
are looking to heavy crudes and bitumens as opportunity feedstocks for the present and
future. Heavy crudes are characteristically dense (API < 20°), of high viscosity (! 105 cP),
and abundant in naturally surface-active species, particularly naphthenates, resins, and
asphaltenes12. These natural “surfactants” typically have ringed structures and some polar
functional groups, including carboxylic acid, phenolic, and/or pyrrolic moieties that
contribute to their surface activity.

Although naphthenates are attracting considerable

attention13-15, the focus in this work is the asphaltene fraction, which we define as the nheptane insoluble, but toluene soluble, fraction of crude oil.
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Asphaltenes are unique in that they consist of fused aromatic ring systems, which are
thought to play a significant role in bulk and interfacial asphaltene self-assembly through
intermolecular bonding of ! orbitals between asphaltene molecules. It is likely that selfassembly also depends on the types and abundance of polar heteroatom species in an
asphaltene fraction16, as well as the presence of heavy metals (V, Ni, Fe, etc.) that typically
exist as metalloporphyrin complexes17-19. Interfacial self-assembly is of great interest as
asphaltenes form elastic networks that act as strong kinetic barriers to droplet-droplet
coalescence20-22. In Part I of this work, small angle neutron scattering (SANS) was used to
evaluate two defining characteristics of these asphaltenic interfacial networks: (i) the film
thickness and (ii) the total asphaltene composition in the films. Emulsions prepared with 1%
(w/w) Hondo asphaltenes in toluene, 1-methylnaphthalene, and decalin resulted in films with
an average thickness of 100 Å and asphaltene content between 12 and 30% by volume of the
film.
In the samples in Part I, neutron scattering contributions from the bulk (oil) and dispersed
(water) phases were effectively removed by matching their neutron scattering length
densities (SLDs). Due to their equivalent SLDs, the water and solvent contributions to the
film SLD could not be isolated. However, controlled variation of the water and solvent
SLDSs can be used to elucidate the water, oil, and asphaltene compositions within the
interfacial film. Contrast variation methods were used by Reynolds, Gilbert, and White to
evaluate properties of micron scale water-in-hexadecane emulsions stabilized by
polyisobutylene-derived surfactants23. Contrast variation enabled the authors to evaluate
emulsion interfacial specific surface area (0.6-0.7 m2/mL) and total surfactant interfacial
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concentration (0.8-2.2 mg/m2).

Staples, Penfold, and Tucker used contrast variation to

elucidate the mixed surface compositions for dilute sub-micron hexadecane-in-water
emulsions (6.4% by volume) made with mixtures of nonionic (C12E6) and anionic (SDS)
surfactants24. This was accomplished using both hydrogenated and perdeuterated forms of
C12E6. Unique changes in scattering behavior with increasing total surfactant concentration
(2-14 mM) corresponded to decreases in SDS surface composition, deduced from interfacial
layer SLD changes.

Further elaborated in Figure 4.1 is this concept of SLD contrast

variation, shown for a spherical scattering body with core/shell (film) geometry. By relative
contrast of the three components of the system – the core, the shell, and the free external bulk
phase – we observe the conditions of complete contrast mismatch (cf. Figure 4.1a), as well as
contrast matching of the core and bulk (1b), core and shell (1c), and shell and bulk phases
(1d). The observed scattering behavior from each of the four conditions in Figure 4.1 should
be distinct, the degree of which will depend on the SLD values associated with the black,
gray, and white phases, as well as the relative size of the shell compared to the core. In the
work presented here we use SLD contrast variation to elucidate the entire emulsion system,
including the total surface area, interfacial film thickness, and, particularly, the film
composition.
Asphaltenes represent only a portion of the surface-active species in crude oil; thus we
also evaluate film properties when a relevant surface-active species, 9-anthracene carboxylic
acid (ACA), is added to asphaltenes.

From previous investigations, in which various

naphthenic and aromatic organic acids were systematically added into different crude oils,
we observed an increase in critical electric field (i.e. emulsion stability). This enhanced
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stability was thought to result from a synergistic relationship between the asphaltenes and
ACA at the interface, in which the ACA molecules acted as a secondary cross-linker.
Presumably, with its fused aromatic anthracene ring structure, ACA can participate in
physical cross-links with asphaltenes by overlapping ! orbitals. The carboxylic acid group,
located on the central anthracene ring, gives rise to the molecule’s interfacial activity. In this
investigation we will identify and discuss the differences in film properties of water-in-model
oil emulsions prepared at pH 7 and pH 10 for asphaltenes in the absence and presence of
ACA.

4.2

Materials & Methods

4.2.1 Sample Preparation
Asphaltenes were recovered from Hondo crude oil, a California offshore crude, in
adherence to the techniques described in ASTM D-2295 (IP143). A detailed description of
this recovery process can be found elsewhere25. We refer to these materials as Hondo whole
(HOW) asphaltenes, as they were not further fractionated in any way. Combustion elemental
analysis (CHNSO) was performed in duplicate at University of Alberta on a Carlo Erba EA1108 Elemental Analyzer. The average elemental compositions were 79.4% C, 8.3% H,
2.2% N, 2.1% O, and 8.0% S.
Solutions were prepared by dissolving the appropriate mass of HOW asphaltenes to
achieve a concentration of 3% (w/w) in toluene-d8 (CDN, D-40, 99.6% D), HPLC grade
toluene (Fisher, T290), 80:20 d:h-toluene, or 60:40 d:h-toluene. When samples with added
acid were prepared, we added enough 9-anthracene carboxylic acid (ACA) (Aldrich, A8,940107

5) or the deuterated version (CDN, D-6063, 98% D) to achieve a concentration of 0.4%
(w/w). Alone, ACA was sparingly soluble in toluene (<10 mM), but we have observed
enhanced solubility when it was dissolved into crude oils or into solutions containing
asphaltenes. However, at this asphaltene concentration of 3 wt%, the maximum ACA/HOW
ratio (w/w) we could achieve was 0.133, which equated to the aforementioned 0.4 % (w/w).
In an effort to assist dissolution of ACA, we sonicated the solutions in a Fisher FS9H
sonication bath at 45 ºC for 15-30 minutes.
The aqueous phase for our emulsions was a 1% (w/w) NaCl solution in deionized H2O
(18.2 M!-cm) prepared using a Millipore Milli-Q system, D2O (CDN, D-175, 99.9% D),
89:11 D2O:H2O, or 80:20 D2O:H2O. These were pH-adjusted to either 7 or 10 using dilute
HCl or DCl and NaOH or NaOD. The organic phase consisted of the previously described
asphaltene or asphaltene/ACA solutions. Equal volumes (1.5 mL) of both phases were added
to an 8-mL glass vial, in which emulsification was administered at 15,000 RPM, for 5
minutes each, on a Virtis Cyclone IQ2 homogenizer equipped with 7-mm rotor-stator tip.
Due to the density differences between the aqueous and organic phases, and the size of the
droplets, the emulsion droplets always settled to 2/3 of the total sample height. Given the
prepared water volume fraction of 0.5 in the emulsion, the settled phase was approximately
75% (v/v) water.
Using our previous work as a guideline, we rinsed away the asphaltenic aggregates by
multiple solvent replacement steps, described elsewhere26. This procedure ensured that the
scattering signal would arise solely from the emulsion droplets and their asphaltenic films,
and not asphaltenic aggregates. Due to their affinity for the interface, and with ample
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interfacial aging for physical cross-linking to occur, “consolidated” asphaltenes do not
appreciably desorb during solvent replacement27, and emulsion stability is not compromised
by such a procedure28.

4.2.2 Neutron Scattering
Neutron scattering data were collected at two different national laboratories; the National
Institute of Standards and Technology (NIST) and Argonne National Laboratory (ANL). At
NIST’s Center for High Resolution Neutron Scattering (CHNRS), experiments were run on
the NG3 30-m SANS instrument using two unique instrument configurations with
overlapping Q ranges. The neutrons at NIST are produced by a reactor and are collimated
into a beam of a single wavelength (i.e. energy) and the accessible Q range can be adjusted
by changing the sample-to-detector distance (SDD) and/or the neutron wavelength. The lowQ configuration settings of the instrument were SDD = 1300 cm, ! = 6 Å, Qmin = 0.0025 Å-1
("Q/Q = 0.294), Qmax = 0.049 Å-1 ("Q/Q = 0.139). The high-Q region was accessible using
SDD = 133 cm, ! = 6 Å, Qmin = 0.017 Å-1 ("Q/Q = 0.223), Qmax = 0.446 Å-1 ("Q/Q = 0.046).
Sample scattering times varied depending on the sample contrast and instrument
configuration, but ranged between 5 and 60 min. Transmission on each sample at NIST was
collected using the 13-m configuration, with an attenuated beam, over the duration of 3
minutes. For samples where either the aqueous phase contained 50% H2O or the solvent
phase had 40% C7H8, we used 1-mm path length cylindrical quartz cells. For all other
samples, 2-mm path length cells were employed.
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Alternatively, the Intense Pulsed Neutron Source (IPNS) at ANL uses a spallation
neutron source, in which neutrons of different energies are produced upon the collision of
high-energy H- ions with a depleted uranium target. Samples containing ACA were run on
the Small Angle Neutron Diffractometer (SAND) instrument, which is a time-of-flight (TOF)
instrument capable of probing Q values between 0.0035 – 0.6 Å-1.

Core/bulk contrast

matched emulsion samples were scattered for 2 hr, while all other emulsions were scattered
for 1 hr each. Neutron transmission data was collected in one 15-min scan per sample. All
samples were run in 2-mm path length cylindrical quartz cells (Hellma).

4.2.3 Data Reduction and Analysis
Reduction of data collected on the NG3 instrument at NIST was performed using Igor
Pro (Wavemetrics) and macros provided on the NIST website. A detailed description of the
reduction routine is offered by Kline29. Data from the SAND instrument at IPNS was
reduced using user-defined scripts in the open-source ISAW data visualization/analysis
package. Both protocols reduce the scattering signal to absolute scattering intensity as a
function of the wavevector, Q, by accounting for transmission through the sample and cell,
scattering from the quartz cell, stray neutron background, and the detector efficiency. With
data normalized to an absolute intensity, comparisons can be made among samples run on
instruments at different institutions.
We elected to use an emulsion rinsing protocol from Part I to eliminate the asphaltenic
aggregate scattering contribution to the total sample26. This removed the need to subtract a
volume fraction-weighted asphaltene solution scattering curve from the emulsion data, which
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led to data with increased relative error and thus decreased reliability of model fits. Rinsed
emulsion samples consist of water droplets having a protective interfacial film surrounded by
fresh asphaltene-free solvent. Depending on the hydrogen content of each phase, and the
sample composition, the incoherent background can vary significantly. The incoherent
scattering contribution to the data was removed by preparing a Q4*I vs. Q4 plot, fitting a line
to data where Q4 > 1x10-4 Å-4, and subtracting the value of that slope from the absolute
intensity data. This type of background subtraction has been documented elsewhere30.
As illustrated in Figure 4.1, whether droplet or film scattering will dominate the total
signal depends on the relative SLDs of the individual phases. When the aqueous core and
bulk organic phases are contrast-matched, only the film structure contributes to the total
scattering. The small volume fraction of film material in the sample causes the maximum
scattering intensity in the accessible Q-range of SANS to be fairly low (10-100 cm-1).
Conversely, when the SLDs of each phase are sufficiently different, the scattering is
dominated by the droplets, which, due to the high volume fraction (>70%), can have
scattering intensity several orders of magnitude higher at low-Q. Using samples prepared
with varying contrast conditions, we are able to evaluate important characteristics of the
entire emulsion system.
Studies on polymers adsorbed or grafted to silica surfaces provide an approximation of
thin shell scattering from core/bulk contrast matched samples31-33. The approximation is
valid if the shell thickness is much smaller than the core radius. The scattering from such
samples is modeled as that of a planar thin sheet, and Equation 4.1 can be used to evaluate
the film thickness, and, to some extent, the film composition:
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2
I(Q) = IoQ"2 exp("RG,TS
Q2 ) + bkg

(4.1)

where Io is the limit of I(Q) as Q approaches zero, RG,TS is the radius of gyration of a thin
! sheet, and bkg is the residual background scattering. The square of the radius of gyration is

the second moment of the mass distribution about an object’s center of mass, and for a
uniform thin sheet the thickness, !TS, is related to the radius of gyration by:
2
RG,TS
=

"2TS
12

(4.2)

For some core/shell type scatterers, such as liposomes and vesicles, it is easy to achieve a
! core/bulk contrast-matched sample, as the internal and external phases are typically an

identical aqueous solution. In emulsion systems, perfect contrast matching of the aqueous
and organic phases is not as straightforward and requires great precision.23, 26
The emulsion specific surface area can also be extracted from a special contrast case such
as that in Figure 4.1D. We define this term as the total emulsion surface area, S, per unit
sample of volume V. Evaluation of the (S/V) term from neutron scattering data is derived
from Porod’s scattering laws34. The first of Porod’s laws states that the total scattering from
a system is a constant, C:

C=

#

"
0

I(Q)Q2 dQ = 2$ 2V (%&)

2

(4.3)

where V is the total volume through which the beam passes and (!!)2 is the square of the

! difference between the emulsion droplet and the bulk solvent phase SLDs. The second law
states that the scattering from a sample will asymptotically approach a Q-4 dependence at
high-Q, relative to some characteristic dimension, D, of the scatterer (Q >> 1/D). Therefore,
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a plot of I*Q4 vs. Q will asymptotically plateau at high-Q, provided the incoherent scattering
is completely removed, which is not always the case. However, the value of the plateau is
related to the specific surface area by:

"S%
P
P
$ ' = ( Porod = Porod 2
#V &
C
2( ()* )

(4.4)

where PPorod is the plateau value of the I*Q4 vs. Q plot. Generally, for nanoscopic scatterers,

! this plateau appears at Q > 0.1 Å-1, but for our microscopic emulsions droplets, the Porod
(Q-4) regime begins below the low-Q limit for SANS due to the large dimensions (>10000 Å)
of the droplets. The high-Q regime, as described earlier, can be used to assess the incoherent
background scattering using the slope of an I*Q4 vs. Q4 plot. We find that converting the
data to the I*Q4 plot leads to higher relative error, both in the data and the resulting analysis.
For this reason, we fit the absolute I(Q) data with the following function:
(4.5)

I (Q) = PPorod Q !4 + bkg

The resulting PPorod value from the fit, which will herein be referred to as the Porod slope, is
used along with Equation 4.4 for evaluation of the sample S/V.
Ideally, the specific surface area could be used to ascertain the emulsion droplet size.
Assuming the droplets have spherical geometry and are monodisperse, then the specific
surface area simply becomes,

" S % 3(
$ '=
# V & Rdrop

(4.6)

!
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where ! is the volume fraction of droplets and Rdrop is the radius of the droplets. However,
microscopic observations indicate that the droplets are significantly polydisperse, and can be
adequately described by a Schultz distribution.26 When applying the Schultz formalism to
the droplet size distribution, a modified form of Equation 4.6 is recovered:

" S % 3( " z + 1 %
$ '=
$
'
# V & Ravg # z + 3 &

(4.7)

where Ravg is the average droplet radius consistent with the distribution and z is the

! polydispersity index. The z term is defined as (Ravg/"R)2 -1, where 2"R is the full-width at
half-maximum of the distribution. Note that Equation 4.7 has two unknowns, Ravg and z,
such that without a complementary experiment to obtain either Ravg or z, it is not feasible to
recover both Ravg and z from only the Porod slope. Regardless, Equation 4.7 will prove to be
useful in the application of the core/shell form factor modeling.
For the form factor modeling analysis, we opted to use the core/shell model of Bartlett
and Ottewill.35 Their geometric description involves a core/shell type spherical scattering
bodies, where the core radius is described by the Schultz distribution and the shell thickness
is constant. The description also includes the SLDs for the aqueous core, interfacial film, and
organic bulk phases. In all, the model consists of 8 inputs: !drop, Ravg, p, !film, #core, #film, #bulk,
and Ibkg. For this work !drop is the emulsion volume fraction, Ravg is the average core radius,
p is equivalent to "R/Ravg from the droplet size distribution, !film is the film thickness, #i is the
scattering length density of phase i, and Ibkg is residual incoherent background scattering.
Provided in Table 4.1 are the scattering length densities for the materials used in this study.
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The film SLD term was replaced with a volume fraction weighted sum of the individual
components that make up the film:

! film = " Asph, film ! Asph + "9# ACA, film ! 9# ACA + "Tol , film !Tol + "Wat , film !Wat

(4.8)

where !X,film and "X are the volume fraction in the film and scattering length density of
component X, respectively. Along with the condition that !!X,film = 1, Equation 4.8 directly
incorporates the film composition into the core/shell model. For each unique emulsion
condition (i.e. pH and ACA content), we prepared several chemically identical samples that
differed only in the degree of deuteration. Our supposition is that samples prepared under
identical conditions yield emulsion with identical properties.

Thus we employed a

simultaneous fitting routine, in which several “global” model parameters were shared among
the chemically identical samples for a given condition (e.g. pH 7, no ACA).

Only 2-3

parameters, depending on ACA composition, were considered “local” parameters in a
contrast variation series: "Tol, "Wat, and, when applicable, "ACA. All local parameters were
held constant during model fitting, with their values depending on the degree of deuteration.
Of the global parameters, p, !drop, "film, and "asph were held constant during fitting; the rest,
however, were allowed to vary. To better delineate the parameters in the model, Figure 4.2
depicts the parameter types and their roles during model fitting.
Fits were optimized by minimizing the sum of the reduced chi-squared terms from all 6
samples in a contrast variation series,

115

2
)+ red

2
'
' I CS ,i ( I data ,i $
%
%
"
%
"
%!
* I ,i
i &
#
%
=!
j % n pts ( n params + n fixed
%
%
&

$
"
"
"
"
"
"
#j

(4.9)

where ICS Idata, are the scattering intensity from the core/shell model and the data,
respectively, !I, is the statistical error on the data, npts is the total number of data points for a
sample, nparams is total number of parameters in the model, and nfixed is the number of
parameters held constant during fitting. The average "2red values reported later in the text are
simply the summation in Equation 4.9 divided by the number of samples in each summation
(j = 6). To be consistent, core/shell model fits were performed over the same Q range as the
thin sheet fits (0.004 – 0.04 Å-1).

4.2.4 Interfacial Tensiometry
To qualitatively evaluate the adsorption behavior of the HOW asphaltenes and 9-ACA,
we utilized an ODT-540 drop tensiometer (Teclis ITC) in rising drop mode. Solutions were
prepared in toluene with 2mM 9-ACA, 1 % (w/w) HOW, or a 1 % (w/w) HOW and 5 mM 9ACA mixture and contacted with a 1% (w/w) NaCl solution in deionized H2O at pH 7 and
10. Interfacial tension measurements were recorded over the duration of 1hour of interfacial
aging. A 250-µL glass syringe was used to house the oil phase and it was equipped with a
curved 20-gauge, flat-tipped, stainless steel needle. The drop volume was 25 µL, and the
instrument was set to maintain a constant area using PID control. All experiments were
performed at room temperature, which typically was 21 ± 3 °C.
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4.3

Results & Discussion

4.3.1 Special Scattering Approximations vs. Core/Shell Modeling
The goal of our study was to elucidate the specific interfacial area, the interfacial film
thickness, and the compositional makeup of the interfacial films stabilizing water-in-model
oil asphaltenic emulsions. We develop our analyses by describing HOW-only and then
ACA-added model-oil emulsion results at pH 7 and 10. Two approximations are applied
under specific contrast conditions to yield film thickness and the emulsion interfacial area per
volume. These results agree with those from a more complex model that assumes core/shell
geometry. By simultaneously fitting SANS scattering data from each series of chemically
identical, yet isotopically distinct, emulsion samples, we then evaluate the individual
component compositions within the films. Finally, we discuss the changes in the emulsion
properties that occur with pH variation and ACA addition.
The two special contrast conditions are those that result in either film-only (cf. Figure
4.1b) or droplet-only (cf. Figure 4.1d) scattering, which exhibit either Q-2 or Q-4 dependence
at low-Q, respectively. This type of scattering behavior is seen with the two samples in
Figure 4.3, in which is shown absolute scattering intensity data for two pH 7 emulsions made
from 3% HOW in toluene and 1% NaCl aqueous solutions. When the bulk phase consisted
of perdeuterated toluene and the aqueous phase composition was 89:11 (v:v) D2O:H2O
(!),the aqueous phase SLD is closely matched to that of the toluene phase26. The guideline
in Figure 4.3 indicates that the data approach a Q-2 dependence at low-Q, indicative of thin
sheet scattering.

Also, for this core/bulk phase contrast matched sample, the absolute
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intensity is rather low, on the order of 10 cm-1. This is consistent with a low volume fraction
of scattering components, in this case the volume fraction of interfacial film material
throughout the sample. When the water phase was 1% NaCl in D2O and the organic bulk
phase was a 60:40 (v:v) blend of deuterated:hydrogenated toluene (!), the data clearly
approach a Q-4 dependence at low-Q consistent with Porod scattering from the droplet
surface. The scattering intensity from this sample is several orders of magnitude greater in
the low-Q range than the previous sample, reflective of a much higher volume fraction of
scattering components, i.e. droplets plus interfaces. The background value in intensity that
occurs for Q > 0.1 Å is representative of the cumulative incoherent scattering from toluene,
water, and asphaltene.
The plots in Figure 4.4 reflect the ability of thin sheet and Porod scattering
approximations to fit the four sets of emulsions.

Fits for background-subtracted data

exhibiting Q-2 dependence at low-Q were performed using Equation 4.1, where the Io and !TS
terms were allowed to vary, and the bkg term was fixed at 0 cm-1.

Asphaltene-only

emulsions with this scattering behavior are designated as !, while ACA-added emulsions
carry the " designation. For background-subtracted data exhibiting Q-4 dependence at low-Q,
fitting was performed using Equation 4.5, with PPorod the only fitted parameter and bkg fixed
at 0 cm-1. Samples with this Q-4 dependence are labeled # for HOW-only emulsions, and $
for ACA-added ones. All thin sheet and Porod slope fits were performed in IGOR Pro by the
minimization of the reduced chi-squared term. Each plot in Figure 4.4 stands as visual
evidence of the good fitting quality for each approximation.
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However, as these are

approximations, their validity holds only for samples that satisfy the appropriate contrast
conditions.
The resulting film thickness and surface area evaluations from the fits shown in Figure
4.4 are provided in Table 4.2, along with the corresponding properties obtained from the
core/shell model on the same samples; the agreement is excellent. Although the core/shell
model can be considered a simple approximation of the emulsion sample, it offers significant
additional detail beyond that of the thin sheet and Porod analyses, largely embedded in the
film SLD. This is particularly important if the film is expected to have more than one
component. The agreement in Table 4.2 between !TS and !C/S arises in part from the fact that
during fitting, we did not relax the assumption that the core and bulk SLDs were equivalent;
they were both fixed at 5.61!10-6 Å-2. Of note, the values for !TS and !film,C/S from these four
series are roughly 20-30% less than what we previously recovered from 1% HOW in toluene
emulsions, and considerably lower than the 120-150 Å films reported by Jestin et al36. It is
plausible that the thinner films here result from the adsorption of asphaltenes from a solution
of higher concentration (3%) that either leads to a denser film due to more rapid adsorption
or because of the chemical discrimination of the adsorbing species.
The results presented in Table 4.2 also indicate a decrease in the total droplet surface area
per unit volume, S/V, with increasing pH, irrespective of the ACA content in the sample. For
both pH conditions, we observe small, but statistically significant decreases in S/V with ACA
addition. For each of the four separate emulsion series, two evaluations of S/V are provided
in Table 4.2. One was the result of the Porod scattering analysis (cf. Equation 4.4) on the
samples prepared with 60:40 d:h-toluene in the bulk phase. The other was calculated using
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Equation 4.7 and Ravg from the simultaneous core/shell fits (recall p is fixed at 0.4 during the
fits). The values for S/V calculated with the Porod slope were systematically larger than
those calculated from the core/shell model fits. This discrepancy likely results from SLD
mismatch between the bulk solvent and interfacial film. Analysis using the Porod slope
assumes that contrast conditions are such that the film is indistinguishable from the bulk
solvent; an assumption that is relaxed, but not ignored, when fitting with the core/shell
model.

Even relatively small mismatch of the bulk and film SLDs can lead to an

overestimate of the Porod slope and thus a systematically larger S/V. With this in mind, we
describe the scattering from such samples as droplet-dominated rather than droplet-only.
It is important to clarify that Ravg, not S/V, was the fitted parameter in the core/shell
modeling. However, we observed that, for a given sample, independent of the fixed p value
used in the model, the fitted Ravg value yielded identical S/V calculations with Equation 4.7.
Thus, S/V was treated as a fitted parameter, for which comparative interpretation requires an
independent measure of the either the average droplet radius or polydispersity, or an
assumption about the system polydispersity. More discussion on this issue can be found in
the supporting information.

A complement to SANS is Ultra Small-Angle Neutron

Scattering (USANS), which extends the low-Q range of SANS down to 5 ! 10-5 Å-1, thus
accessing larger scattering length scales. However, the average droplet radii in the model
emulsions studied here were too large to observe definitive characteristic features (i.e. the
Guinier region) even at the lowest Q of USANS. Future work may require implementation
of techniques such as static light scattering or acoustic wave spectroscopy to complement
SANS-based S/V determination.
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4.3.2 Core/Shell Fitting – Interfacial Composition
The core/shell model is a simple but powerful description of our scattering system and is
capable of unraveling interfacial film composition when coupled with controlled contrast
variation experiments.

Shown in Figure 4.5 are core/shell fits to the corresponding

background-subtracted data for four contrast variation samples of ACA-doped HOW
emulsions prepared at pH 7. The agreement between the model and the data is excellent.
Similar plots for the other three series, as well as individual !2red values, can be found in the
supporting information. A complete list of results from the core/shell fitting is presented in
Table 4.3, which includes film constituent compositions, S/V, and the average !2red value.
Values for Rcore correspond to those that satisfy S/V when p = 0.4. When film thickness was
allowed to vary during fitting, the fitted values of !C/S were much lower than those obtained
only from the contrast-matched samples (cf. Table 4.2). This results from incorporation of
contrast-mismatched samples, for which droplet surface scattering is of much greater
intensity than that of the film. Thus, !C/S was held constant at the average thickness from the
thin sheet and core/shell evaluations from Table 4.2, which had already demonstrated
excellent agreement. Notably, although the footnote in Figure 4.2 identifies water and ACA
as the film components chosen to satisfy the ""X,film = 1 constraint during model fitting, the
optimum composition from the was independent of this component designation.
Using the film compositions from Table 4.3, the component SLDs, and Equation 4.8, we
illustrate in Figure 4.6 changes in film SLD for the 3% HOW-only emulsions at pH 7 (6A)
and pH 10 (6B) as functions of either the water or toluene SLD. For reference, the core/bulk
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contrast matched condition occurs where !Wat = !Tol = 5.61 ! 10-6 Å-2, at which resulting
values for !film were roughly 4.4 ! 10-6 Å-1 at pH 7 and 4.3 ! 10-6 Å-2 at pH 10. From
Equation 4.8, !!film/!!X must be equivalent to the volume fraction of component X in the
film ("X,film). The highest slope on both plots in Figure occurs for SLD changes in toluene,
compared to those for water, indicative of solvent-rich films. Between pH 7 and 10, small
changes in these slopes reflect the relative impact of pH on toluene and water film
composition. Similarly, for the ACA-doped samples !film values are presented as a function
of the individual component SLDs (cf. Figure 7). Again, the !film dependence on the toluene
SLD at both pH conditions is indicative of solvent-rich films.
An oft-reported property of emulsions is the adsorbate surface concentration, which is
usually determined by measuring changes in bulk surfactant concentration after adsorption
(using UV-visible spectrophotometry), and dividing by the total droplet surface area
(calculated from average droplet size).

However, this surface projection can also be

accomplished using only SANS data,
(4.10)

"Asph = $ m# Asph , film ! film

where "Asph is the asphaltene surface mass concentration and !m is the mass density of the
asphaltenes (1.1 g/cm3). The assumption inherent in Equation 4.10 is consistent with that
which has been imposed throughout the entirety of the study, i.e. that the composition is
uniform throughout the entire thickness of the film. Using Equation 4.10 and "asph,film from
Table 4.3, the asphaltene surface concentrations from 3% HOW-only emulsions prepared at
pH 7 and pH 10 were 2.2 and 2.5 mg/m2, respectively. These interfacial concentrations are
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roughly twice that of 1% HOW-only emulsions prepared in toluene in Part I26, consistent
with the larger bulk asphaltene concentration used here. With ACA present, the asphaltene
surface concentrations actually decrease by 0.2 mg/m2 each, mainly as a result of slightly
thinner films than HOW-only emulsions. However, since !Asph is directly proportional to the
film thickness, it alone cannot provide information on how densely-packed the film is with
asphaltene. For example, a 100-Å thick film that is 50% asphaltenic will yield the same
surface concentration as a 200-Å thick film that is 25% asphaltenic. This makes SANS an
even more appealing interfacial characterization tool for asphaltenic emulsions, since one can
resolve all of the following items: film asphaltene composition, film thickness, and total
adsorbate surface concentration.
Overall, the film compositions provided in Table 4.3 offer a particularly comprehensive
description of asphaltenic interfacial films. Additionally, these compositions were elucidated
from data acquired using only SANS. Interestingly, the results suggest that the films consist
not only of asphaltenes and solvent, but water as well. In fact, for HOW-only emulsions at
pH 7, about 8% (v/v) of the interfacial film structure was determined to be aqueous. This
film-based water most likely arises from an affinity to polar moieties of the asphaltenes at or
near the film/water interface, e.g. phenols, pyrroles, pyridines, and carboxylic acids. At pH
10, water composition increased to 12 % (v/v) of the film, which may be the result of
increased surface activity for acidic asphaltenic species, which is in line with the larger

!Asph,film recovered at elevated pH conditions. When the acidic asphaltenic moieties adsorb to
the oil/water interface, and the aqueous phase pH > pKa of the –COOH group, equilibrium
favors proton donation to the aqueous phase. This increase in film water composition may be
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necessary to maintain the deprotonated state of the resulting carboxylate ion, which has a
high affinity for the briny water. This phenomenon is plausible, provided the adsorbed
molecules are of sufficient size and/or overall chemistry to prevent them from completely
traversing the interface into the alkaline aqueous phase, where they may be soluble. More
simply stated, asphaltene molecules that are able to cross the interface will do so, while those
that are too bulky to be soluble in the aqueous phase may actually draw water into the film.
This behavior could continue with increasing pH until the water phase basicity/alkalinity
warrants larger molecules to cross the interface and cause phase inversion, i.e., O-W
emulsions, or even O-W-O multiple emulsions37.
A similar discussion arises when ACA is added to the system, as the polar –COOH group
provides a driving force for interfacial adsorption. However, larger and bulkier surfaceactive asphaltenes can exclude ACA from available adsorption sites, and thus limit ACA
inclusion presence at the film/water interface. From film composition changes with ACA
addition at pH 7, the inclusion of ACA into the films corresponds with a partial exclusion of
toluene from the film, with almost no change in water or asphaltene film composition. This
implies that the ACA incorporation occurs uniformly throughout the film, adsorbed both as
mixed HOW/ACA aggregates as well as free molecular monomers/dimers, i.e. it is not
concentrated near the film/water interface. Alternatively, at pH 10 the reduced toluene film
volume fraction arises not only from ACA inclusion, but also an increased water volume
fraction in the film. Again, this could be the result of an increased concentration of acidic
species adsorbed directly at the film/water interface. This would suggest that at pH 10 ACA
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incorporation occurs primarily as free molecules adsorbed at the film/water interface, rather
than mixed ACA/HOW aggregates uniformly distributed throughout the film.
These changes in ACA film composition with pH are consistent with changes in the
protonation state of the acidic functional group. When the –COOH group is uncharged, ACA
is well solvated in the low dielectric constant medium of the film. At pH 10, where it is
predominantly negatively charged, it is surface active and thus cannot be imbedded in the
middle of the film. This rationale is consistent with the reduced !ACA,film reported in Table 4.3
at pH 10 compared to pH 7. Thus, even though the concentration of interfacially active ACA
in the films at pH 10 was probably greater than at pH 7, the overall film ACA composition
was lower because these directly adsorbed ACA molecules occupy a smaller portion of the
entire film than at pH 7.
These arguments are in accord with the dynamic interfacial tension profiles shown in
Figure 4.8. The apparent band from 600-700 seconds is actually a series of oscillatory area
deformations, which are normally used to evaluate interfacial viscoelasticity. Instead, the
focus here was the time-dependent interfacial tension, which would be constant at 36.1
mN/m for a clean toluene/water interface13.

The decaying dynamic interfacial tension

profiles in Figure 8A agree with those reported for asphaltenes and acidic petroleum species
at neutral pH38-43. Even at low bulk concentration, 9-ACA reduced the interfacial tension to
28 mN/m, while a solution of 1 wt% HOW asphaltenes reduced the tension to almost 24
mN/m.

Mixtures of both 9-ACA and HOW asphaltenes appeared to reduce tension

cooperatively, achieving a lower tension (19 mN/m) than either of the individual components
at pH 7. However, the interfacial tension evolution profiles changed significantly at pH 10
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(cf. Figure 8B). First, the minimum tension achieved for each sample was lower at pH 10
than at pH 7. This enhanced surface-activity and tension reduction is consistent with the
energetically favored deprotonation of the –COOH groups on asphaltenes and ACA upon
adsorption at the interface. Second, time-dependent features appear in all three systems: two
plateau tension values in ACA-added samples and a time-dependent tension minimum in the
HOW-only sample. Tension minima can indicate removal of material from the interface,
which for the asphaltene-only sample was initially surprising since asphaltenes are often
considered irreversibly adsorbed to the interface42, 44, 45. However, this can be attributed here
to the transport of a highly charged acidic asphaltene sub-fraction into the water phase, as has
been documented for acidic crudes40, 46-50. The unique behavior for samples with ACA could
signify the following two-step process occurs at pH 10: (i) initial rapid adsorption of
uncharged species – evident from nearly identical tension values for pH 7 and the first
plateau at pH 10 for both samples containing ACA – followed by (ii) the deprotonation and
subsequent rearrangement of highly surface-active ACA and acidic asphaltene species. This
is consistent with our previous inference that at pH 10 the ACA must reside primarily at the
interface to maintain its surface activity, while at pH 7 it is free to reside throughout the film.
In Figure 4.9 we present the variation in average !2red with overall film composition,
which provides an effective map of the model fitting optimization. A total of 861 ternary
composition inputs ("X,film in 2.5% increments) were used to prepare each ternary contour
plot. Aside from composition, no other parameters were varied; instead they were fixed to
the values in Table 4.3.

The large errors associated with a purely asphaltenic film

composition (lower left corner) clearly indicate the film is not entirely composed of
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asphaltene. As expected, this is also true for water and toluene. Furthermore, only a narrow
area of each plot produced an average !2red below 20, which visually occurs at the transition
from orange to yellow. Within this section of each diagram, the minimum average !2red is
sharp with respect to varying asphaltene composition, but less so for varying water and
toluene composition (cf. supporting Figure S3). This indicates a higher sensitivity of the
analyses to the asphaltene composition compared to toluene or water, though we clearly see a
finite !2red minimum with respect to toluene and water film composition in Figure S3C. This
sensitivity arises from the individual component impact on the overall contrast term (") in
the core/shell model,

"=

! bulk # ! film

(4.11)

! core # ! film

A weak dependence of " on #Tol,film (and subsequently #Wat,film)for samples in the
pH10/HOW-only emulsion contrast variation series is apparent in Figure 4.10A.
Alternatively, " depends strongly on #Asph,film for the same series(cf. Figure 4.10B). This
behavior arises from the challenge of maximizing scattering signal while minimizing
interference from incoherent and multiple scattering when varying the sample hydrogen
content. Only up to 20% H2O in the water phase and 40% h-toluene in the bulk phase was
used, above which such interference issues arose.

These limits on SLD variation

consequently limited the maximum scattering impact of water or toluene inclusion in the
films. However, this does not detract from the optimization, which identified a nonnegligible amount of water in the films, which varied explicably with pH adjustment and
organic acid addition.
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4.4

Conclusions
We have measured several properties of asphaltenically stabilized water-in-model oil

emulsion samples using small-angle neutron scattering, including total droplet surface area
per sample volume (S/V) and the thickness of the stabilizing interfacial film (!film). Using a
modified polydisperse core/shell form factor and contrast variation, we were able to ascertain
the film composition. It is our understanding that this is the first such in situ evaluation of
the total composition for asphaltenic interfacial films in water-in-model oil emulsion
samples, as opposed to spread mono- or multilayers and extruded films. Interestingly, our
investigation reveals that while HOW asphaltenic interfacial films are primarily composed of
solvent and asphaltene, water has a measurable presence in these films.

Our analyses

indicate an increase in film water composition with increasing pH and 9-ACA addition,
which together suggest that the polar moieties of asphaltenes, in this case carboxylic acids,
dictate the overall interfacial film structure. Furthermore, the presence of water within
asphaltenic films leads to many scientific questions for future work, including the impact of
film water composition in emulsion stability, how this composition may change in the
presence of chemical demulsifiers, and the nature of water transport to/from/within the film.
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Figure 4.1.

The concept of contrast variation and contrast matching, applied to a
core/shell scattering geometry. Four cases are presented: (a) All three phases
have unique SLD values, (b) the core and bulk phases have matching SLD
values, (c) the core and shell are matched, and (d) the shell and bulk phases
are contrast-matched. The bold lines around each phase are drawn in only to
identify geometric boundaries for the reader.
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† !Wat,film = 1 – !Asph,film – !Tol,film in HOW-only samples, but fitted in ACA-added samples
‡ !ACA,film = 1 – !Asph,film – !Tol,film – !Wat,film in ACA-added emulsions

Figure 4.2.

Core/shell form factor model parameters and how they are treated during
simultaneous fitting. Global parameters are those that are the same for all
samples in a given contrast variation series. The droplet volume fraction,
asphaltene SLD, film thickness, and droplet polydispersity are the only global
parameters held constant during fitting, while the rest are fitted as part of the
optimization. Local parameters are those that differ among samples in a
contrast variation series, and no local parameters were fitted.
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Figure 4.3.

Manifestations of contrast variation in scattering for water-in-model oil
emulsions.

For the core/bulk contrast-matched condition (!), when the

organic phase consisted of perdeuterated toluene and the aqueous phase was
1% NaCl in 89:11 (v:v) D2O:H2O, the resulting scattering approaches a Q-2
dependence at low-Q, consistent with film-only scattering. When the organic
phase consisted of 60:40 (v:v) C7D8:C7H8 and the aqueous phase was 1%
NaCl in D2O ("), the resulting low-Q

scattering approaches a Q-4

dependence, consistent with droplet-dominated scattering.
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Figure 4.4.

Emulsion samples made with (a, b) 3% HOW or (c, d) 3% HOW & 0.4%
ACA in toluene.

Open data points (!,") designate samples with film-

dominated scattering (89:11 D2O:H2O / d-Toluene / [d-ACA where
applicable]), while filled data points (#,$) correspond to droplet-dominated
scattering conditions (40:60 d:h-Toluene in the bulk, D2O or 89:11 D2O:H2O
in aqueous phase). Corresponding thin sheet fits (% %) and Porod slope fits
(%) performed using Equations 4.1 and 4.5, respectively.
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Figure 4.5.

Example core/shell model fits for a system of chemically equivalent emulsion
samples in which only the isotopic hydrogen:deuterium composition differs
between samples. Samples shown are for ACA-doped emulsions at pH 7,
including two film-dominated contrast variation (CV) conditions (!, "), a
droplet-dominated condition (#), and a mixed contrast sample ($).
Core/shell fits (%) to the data are provided over the range of Q = 0.04 – 0.04
Å-1. Sample condition details for CV1-4 can be found in Table 4.3.
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Figure 4.6.

Impact of changes in water (!) and toluene (") SLD on the resulting film
SLD from the core/shell model fitting for emulsions made with 1:1 (v:v) 3
wt% HOW in toluene solution and 1 wt% NaCl in water solution at (a) pH 7
and (b) pH 10.
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Figure 4.7.

Impact of changes in water (!), toluene ("), and 9-ACA (#) SLD on the
resulting film SLD from the core/shell model fitting for emulsions made with
1:1 (v:v) 3 wt% HOW/0.4 wt% 9-ACA in toluene solution and 1 wt% NaCl in
water solution at (a) pH 7 and (b) pH 10.
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Figure 4.8.

Dynamic interfacial tension during the first hour after formation of a rising
model oil drop in 1 wt% NaCl solution at (a) pH 7 and (b) pH 10. Three
model oil solutions were tested, all prepared in toluene, including 2 mM 9ACA (! • !), 1 wt% HOW asphaltenes (!), and a mixture of 1 wt% HOW
and 5 mM 9-ACA (! !). The apparent bands between 600-700 seconds are
actually applied area oscillations, which result in tension oscillations.
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Figure 4.9.

Average reduced chi-squared as a function of interfacial film composition for
emulsions made with 1:1 (v:v) 3 wt% HOW in toluene solution and 1 wt%
NaCl in water solution at (a) pH 7 and (b) pH 10. Averages are calculated
from 6 isotopically unique/chemically identical emulsion samples. A total of
861 composition conditions are used to prepare each plot. Other emulsions
properties such as Ravg, p, and !film were fixed at their corresponding values
from the optimized fit (Table 4.3).
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Figure 4.10. Core/shell contrast ratio term, !, as a function of (a) "Tol,film and (b) "Asph,film
for pH10/HOW-only emulsion contrast variation series. Sample conditions
corresponding to the CV-A to CV-E designations can be found in Table 4.4.
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Table 4.1.

Table 4.2.

Scattering length densities at 20ºC of the materials used in this study.
Material X

! X (10-6 Å-2)

1% NaCl in D2O

6.35

1% NaCl in 89:11 D2O:H2O

5.60

1% NaCl in 80:20 D2O:H2O
d-Toluene
80:20 d:h-Toluene
60:40 d:h-Toluene
9-ACA

5.00
5.61
4.68
3.75
2.61

9-ACA-d9
HOW Asphaltenes

6.14
1.10

Film thickness and specific surface area obtained from special contrast cases
(thin sheet and Porod scattering) compared to values recovered from
individual core/shell fits of relevant samples in a contrast variation series.
! TS

! film.C/S

Emulsion Identification
pH 7 / 3% HOW (*)
pH 10 / 3% HOW (*)

(Å)
82 ± 5
87 ± 5

(Å)
84 ± 1
88 ± 1

S/VPorod
S/VC/S
2
(cm /mL) (cm2/mL)
3383 ± 12 3057 ± 16
2877 ± 12 2622 ± 15

pH 7 / 3% HOW & 0.4% 9-ACA (**)
pH 10 / 3% HOW & 0.4% 9-ACA (**)

74 ± 5
82 ± 5

71 ± 4
79 ± 4

3074 ± 39 2763 ± 51
2563 ± 30 2320 ± 40

*Averaged from fits to NIST & ANL data
**Data collected at ANL
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Table 4.3.

Resulting fitted parameters from simultaneous core/shell model for each of
four unique emulsion systems, specifically HOW-only and ACA-doped
emulsions at pH 7 and pH 10.
pH 7
HOW HOW/ACA

!Asph,film

0.24

0.26

0.27

0.26

!Tol,film

0.68

0.58

0.61

0.48

!Wat,film

0.08

0.09

0.12

0.21

!ACA,film
!film (Å)a

--83.0

0.07
72.5

--87.5

0.05
80.5

Ravg (µm)

5.5

6.1

6.4

7.2

S/V (cm /mL)

3100

2800

2600

2400

Avg. "2red

7.1
6

1.3
6

3.4
6

1.4
6

2

# Samples in Fit
a

pH 10
HOW HOW/ACA

Average of the corresponding thin sheet and core/shell results from Table 4.2.
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4.6

Supporting Information

4.6.1 Remaining Core/Shell Fits
Exhibited in Figure S1 are the core/shell fits for HOW-only emulsions at (A) pH 7 and
(B) pH 10, as well as ACA/HOW emulsions at (C) pH 10. Designations of CV-A through
CV-E are identified in Table 4.4, while designations of CV1 to CV4 are identical to those
from Figure 4.5 and Table 4.5. The poor fitting ability of the core/shell model identified in
Table 4.4 for sample CV-D at pH 7 is clear from Figure 4.11A. However, the model clearly
captures the scattering behavior of the other samples in this contrast variation series.
Tables 4.4 and 4.5 report the !2red values for each sample within a contrast variation
series for HOW-only and ACA-doped emulsions, respectively. For the pH 7 HOW-only
emulsion series, the sample with D2O and d-toluene had a significantly greater !2red than the
other samples. This may be due to the assumptions inherent in the model, although one
would expect more than one sample to yield such large !2red values if this were the case.
Another possibility is multiple scattering, which could cause significant deviation from the
expected core/shell scattering behavior. Alternatively, the cause for such deviation could
simply be a perturbation in Ravg or "film resulting from unintended coalescence. That said, the
low !2red values for the rest of this samples in this series suggest that globalization of certain
parameters (cf. Figure 4.2) was defensible. Additionally, for the other three emulsion series,
a narrow spread of !2red values suggests there were no such gross inconsistencies among
emulsions in these series.
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4.6.2 Erroneous Determination of Drop Radius from S/V
Ignoring the sample polydispersity can lead to incorrect comparisons among emulsion
samples based solely on the S/V term. Replacing the z terms in Equation 4.7 with 1/p2-1 and
rearranging to get Ravg as a function of p, one obtains

Ravg =

3' & 1 #
$
!
(S V )$% 2 p 2 + 1 !"

(4.12)

Our observations suggest that the volume fraction of droplets in our samples after settling is
always around 0.75.

Thus, for a given S/V, the average droplet radius decreases with

increasing polydispersity. This is evident in Figure 4.12, where we present Ravg calculated
from S/VC/S for HOW-only emulsions at pH 7 and pH 10 as a function of p. Three possible
scenarios exist regarding the polydispersity of these emulsions at pH 7 (p7) compared to
those at pH 10 (p10): p7 = p10, p7 > p10, and p7 < p10. From Figure 4.12a and 4.12b, it is
evident that when p7 ! p10, the average droplet radius will always be greater at pH 10 (Ravg,10)
than at pH 7 (Ravg,7). However, from Figure 4.12c and 4.12d, we observe that when p7 < p10,
comparison of the average droplet radius between the two is not as straightforward. In the
current example, if p7 = 0.3 and p10 = 0.4 (Figure S2C), the pH 10 emulsions would still have
a larger average droplet radius than those at pH 7. However, if p7 = 0.3 and p10 = 0.6, the
comparison reverses, and Ravg,7 > Ravg,10. Thus, it is imprudent to make inferences about the
average droplet radius in similar asphaltenic emulsions from the S/V recovered from SANS
data, as has been reported in the literature, without adequate knowledge of the relative
polydispersity between emulsions.
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4.6.3 !2Red Dependence on Film Composition
From the ternary diagram in Figure 4.9b, one can evaluate the !2Red term at constant
water, toluene, and asphaltene composition in the film as a function of the remaining film
composition. When performed using the optimized film composition from Table 4.3 for the
HOW-only emulsions at pH 10, the result is Figure 4.13. It becomes even clearer here that
when either the water or toluene film composition is fixed at the optimum, the minimum in
the !2Red profile was sharp with respect to asphaltene film composition. However, when the

"Asph,film was fixed at 0.27, the resulting !2Red profile led to a shallower minimum as a
function of "Tol,film and "Wat,film.
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Figure 4.11. Example core/shell model fits for a system of chemically equivalent emulsion
samples in which only the isotopic hydrogen:deuterium composition differs
between samples. (A) Core/shell fits (!) to the data are provided over the
range of Q = 0.04 – 0.04 Å-1. Sample condition details for CV-A-E can be
found in Table 4.2, while CV1-4 conditions are in Table 4.3.
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Table 4.4

Reduced chi-squared values from the simultaneous core/shell model fitting for
emulsions made with 3 wt% HOW in toluene at pH 7 and pH 10.
! 2red
Emulsion Sample
3% HOW / 60:40 d:h-Toluene / D2O (*)‡
3% HOW / 80:20 d:h-Toluene / D2O (*)†
3% HOW / d-Toluene / 89:11 D2O:H2O (*)
3% HOW / d-Toluene / D2O (**)§§
3% HOW / d-Toluene / 89:11 D2O:H2O (**)§
3% HOW / d-Toluene / 80:20 D2O:H2O (**)††

pH 7
4.35
2.89
5.41
23.6
2.65
3.58

pH 10
4.38
2.85
3.40
6.52
1.61
1.70

*Data collected at NIST
**Data collected at ANL
cf. Figure S1: § CV-A, † CV-B, ‡ CV-C, §§ CV-D, †† CV-E

Table 4.5.

Reduced chi-squared values from the simultaneous core/shell model fitting for
emulsions made with 3 wt% HOW and 0.4 wt% 9-ACA in toluene at pH 7
and pH 10.
! 2red

Sample
3% HOW / 0.4% ACA-d9 / 60:40 d:h-Toluene / 89:11 D2O:H2O †
3% HOW / 0.4% ACA-d9 / 80:20 d:h-Toluene / 89:11 D2O:H2O
3% HOW / 0.4% ACA-d9 / d-Toluene / 89:11 D2O:H2O *
3% HOW / 0.4% ACA-d9 / d-Toluene / D2O §
3% HOW / 0.4% ACA / d-Toluene / 89:11 D2O:H2O **
3% HOW / 0.4% ACA-d9 / d-Toluene / 80:20 D2O:H2O

pH 7
1.28
1.15
0.69
2.20
1.28
0.89

pH 10
1.93
2.04
1.20
1.08
0.83
1.21

cf. Figures 5 and S1: § CV1, * CV2, ** CV3, † CV4
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pH 7

9
8

pH 10

p7 = p10
Ravg,7 < Ravg,10

Ravg (µ m)

7
6

p7 > p10
Ravg,7 < Ravg,10

5
4
3
2

(A)

(B)

9
8

p7 < p10
Ravg,7 < Ravg,10

Ravg (µ m)

7
6

p7 < p10
Ravg,7 > Ravg,10

5
4
3
2

(C)

(D)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Polydispersity, p

Polydispersity, p

Figure 4.12. Manifestations of droplet size polydispersity assumptions with respect to Ravg
determined from S/V. Curves shown represent Equation 4.12 in increments of
p = 0.1 for HOW-only emulsions at pH 7 and 10 using S/VC/S from Table 2.
(A) If we assume the droplet polydispersity at pH 7 (p7) is equal to that at pH
10 (p10), then the average radius of the pH 7 emulsion (Ravg,7) at pH 7 is
greater than that of pH 10 emulsion (Ravg,10). (B) When p7 > p10, Ravg,10 is
always greater than Ravg,7. However, when p7 < p10, Ravg,7 can be either (C)
less than, equal to, or (D) greater than Ravg,10.

151

!tol,film
0.88
100

0.76

0.64

0.52

0.40

0.28

(A)

0.16

0.00

0.34

0.29

0.24

!wat,film
0.19

0.14

0.09

0.04 0.00

0.20

0.25

0.30

0.35

(B)

Constant !wat,film = 0.12

!tol,film = 1 - !asph,film - !wat,film

80
2

Average"Red

Average"Red

80
2

0.39
100

60

60

40

40

20

20

!wat,film = 1 - !asph,film - !tol,film
Constant !tol,film = 0.61

0
0.00

0.12

0.24

0.36

0.48

0.60

!asph,film
0.73
100

0.72

0.53

0
0.00

0.84

!wat,film

0.33

(C)

0.05

0.10

0.15

0.13

!asph,film

0.39

0.00

Constant !asph,film = 0.27

!wat,film = 1 - !asph,film - !tol,film

2

Average"Red

80

60

40

20

0
0.0

0.2

0.4

!tol,film

0.6

0.73

Figure 4.13. Average !2Red profiles from HOW-only emulsions at pH 10 through the
optimized film composition from Table 4.3. Plots correspond to calculations
made with constant (A) water, (B) toluene, and (C) asphaltene composition
within the film.
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CHAPTER 5
The Role of Electrostatics in Asphaltenic Self-Assembly
at the Oil/Water Interface
Chapter 5 is essentially a manuscript prepared by Vincent J. Verruto, Rosemary K. Le, and
Peter K. Kilpatrick for submission to the Journal of Colloid and Interface Science

Abstract
The formation of stable water-in-petroleum emulsions is a costly challenge when
transporting, processing, and refining of heavy crude oil and bitumen. The stability of these
emulsions is attributed to interfacial films with well-documented viscoelastic properties that
are known to vary with concentration, solvent quality, and asphaltene chemistry. In this
study, we explore the impact of aqueous phase chemistry, namely pH and salinity, on the
transient interfacial rheological properties of asphaltenic films. With two chemically unique
asphaltenes, interfacial shear rheology revealed an apparent salt-induced retardation of the
interfacial consolidation process that ultimately engenders elasticity to the film. With Hondo
asphaltenes at pH 7, a linear dependence of this retardation on the Debye parameter (!)
suggested that shielding of electrostatic attraction was responsible. Further investigation
with dynamic oscillating drop tensiometry at pH 3, 7, and 10 illustrated that intralayer
repulsive and attractive electrostatic interactions can significantly influence the evolution of
the interfacial structure. More specifically, the transient tension and dilatational modulus
profiles indicated several interfacial processes were affected by the addition of salt,
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including: (i) interfacial activity and the extent of adsorption, (ii) interfacial rearrangement
and consolidation, and (iii) interfacial transport and/or displacement. As a whole, these
observations stress the importance of transient emulsion stability in crude oil processing.

5.1

Introduction
The formation of highly stable water-in-petroleum emulsions provides an ongoing

challenge to the transportation and processing of heavy crude oil and bitumen1, 2. These
emulsions result in increased viscosity3-5, buildup in processing equipment, and impact total
oil recovery6. The high stability of these emulsions arises in part from the formation of an
interfacial film that exhibits mechanical rigidity7-11 and/or viscoelasticity12-14.
Some early investigations have focused on the mechanical and rheological properties of
these interfacial films9,

15

.

Using a lab-built rotational viscometer, Dodd evaluated the

rheological properties of films formed at a crude oil/artificial brine interface15. He observed
various thixotropic effects, which were heavily influenced by aging time, temperature, and
water salinity and pH. Dodd credited such rheological observations to the interfacial activity
of naphthenic and asphaltic sub-fractions of the crude, comparing the film formation process
to those formed by fatty acid soaps. This was one of the earliest rheological investigations
into the changes in film properties associated with the aqueous phase chemistry. However,
the use of crude oil as the oil phase, while realistic, led to a very complex interface, for which
tracking interfacial material was a challenging task.
Subsequently, others have looked at the properties of interfacial films formed by specific
fractions of crude oil and bitumen. One fraction, called asphaltenes, has been extensively
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studied with regards to its interfacial activity and film forming abilities. Asphaltenes are the
fraction of crude oil or bitumen that is insoluble in an aliphatic solvent, usually n-pentane or
n-heptane, but soluble in an aromatic solvent such as toluene16. They are the heaviest and
among the most polar fraction, and possess fused aromatic ring structures.

They are

characteristically polydisperse in size and chemically heterogeneous, with molecular weights
determined using vapor pressure osmometry and mass spectrometry ranging from a few
hundred to a few thousand Daltons17-20.
After adsorption to a fresh oil/water interface, asphaltenes are believed to undergo
interfacial reorganization. This supposition is strongly supported by the observations of
several researchers. For example, Spiecker and Kilpatrick used a stress-controlled biconical
bob interfacial shear rheometer to evaluate the evolution of the elastic storage modulus for
asphaltenic interfacial films13.

In an experiment in which an asphaltene solution was

replaced with fresh solvent after several hours of interfacial aging, they observed a continued
increase in the elastic modulus for up to 8 hours after replacement. This increase in film
shear elasticity in the absence of additional interfacial material was indicative of a slow
interfacial rearrangement, which the authors called consolidation. In another study, utilizing
dynamic drop tensiometry, Freer and Radke observed a similar increase in interfacial
elasticity after replacing a dilute asphaltene solution with pure toluene, though in their work
the applied deformation was dilatational in nature21.

Also using an oscillating drop

tensiometer, Sztukowski and Yarranton investigated the impact of asphaltene concentration
and interfacial aging on the dilatational modulus22. In their work, the application of a
modified Butler surface equation of state (SEOS), along with the Lucassen-van den Tempel
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(LVDT) viscoelastic model, was met with the need to modify the asphaltene diffusivity term
with a concentration dependent power law decay function. This suggested that the limiting
factor in the dilatational rheology was a slow interfacial diffusion or related molecular
rearrangement, as opposed to a bulk-to-surface diffusion limitation; though the authors
suggest mass transfer limitations could occur as the interface becomes increasingly populated
by adsorbed species.
Yarranton and coworkers have recently investigated asphaltenic interfacial adsorption
and rearrangement, with a focus on the compressibility of the interfacial assembly and its
relation to both the interfacial rheology12 and ultimately emulsion stability7. Using drop
tensiometry, the authors constructed !-A/Ao diagrams, analogous to !-A isotherms
traditionally prepared using a Langmuir trough, to characterize the interfacial states during
contraction of an asphaltenic solution droplet in water at different aging times. During
contraction, they identified a phase transition, between a high-compressibility state (Phase 1)
and a low-compressibility state (Phase 2). Further contraction while in Phase 2 resulted in
visible crumpling of the interface, akin to a deflated balloon. Rigid skin formation by
asphaltenes had been observed previously in the literature 8, 10 and was often credited for the
high stability of asphaltenic emulsions. Impressively, Yarranton et al. expanded on this to
include the time-dependent compressibility profiles and subsequently were able to predict
water-in-model oil emulsion coalescence behavior. Once again, however, the focus was on
oil-side chemistry with little exploration on the aqueous phase pH or the influence of salt.
In fact, aqueous phase chemistry has been the focus of a very small number of
investigations of the interfacial properties of asphaltenes. Sheu and coworkers studied the
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effects of basic23 and acidic24 aqueous phase pH conditions on asphaltene interfacial
dynamics. They found that at pH both pH values below pH 7 (HCl solutions) and above pH
7 (NaOH solutions), the dynamic interfacial tension was reduced compared to the pH 7
value. At asphaltene concentrations relevant for aggregation, tension profile variation with
pH signified the importance of interfacial reactions for adsorbed asphaltenes, possibly due to
protonation/deprotonation of basic/acidic functional groups. Poteau et al. observed the same
dynamic interfacial tension variation with pH, i.e., the highest tension values were found in
intermediate pH conditions (pH 6-8)25. They attributed this behavior to the acidic and basic
moieties present in asphaltenes, noting that the prevalence of acid groups was responsible for
the strong interfacial tension reduction and the accompanying elasticity increase at elevated
vs. intermediate pH. However, all of their measurements were made at a concentration of 5
g/L NaCl, with no investigation on the interfacial role of the aqueous counterions.
In this investigation, we evaluate the role of electrostatics in mediating the interfacial
arrangement of asphaltenes into a viscoelastic network. Using model oil systems comprised
of two chemically unique asphaltenes dissolved in an aromatic/aliphatic solvent mixture, we
will demonstrate how the addition of electrolyte to neutral, acidic, and basic pH-adjusted
water impacts the evolution of the stabilizing interfacial film as measured by interfacial shear
rheology and oscillating droplet tensiometry.
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5.2

Materials & Methods

5.2.1 Sample Preparation
Asphaltenes were recovered from Hondo (HO) crude oil and a bitumen from the
Athabasca region (BitA) according to ASTM method D-6560 (IP143).

Recovered

asphaltenes were stored in PTFE-capped glass jars under a blanket of argon and wrapped in
aluminum foil to minimize oxidation. Asphaltene solutions were prepared by first weighing
the appropriate mass of HO or BitA asphaltenes in a 20-mL glass vial. Then, after toluene
(Fisher, HPLC-grade) was added, the vial was capped and placed on a gyrotary shaker. After
18-24 hours of shaking, the appropriate mass of n-heptane (Fisher, HPLC-grade) was added
to the vial and again placed on the shaker for another 18-24 hours. The final sample
consisted of a 1% asphaltene (w/w) solution in a 40:60 (v:v) heptane:toluene mixture. This
solvent blend will herein be referred to as heptol.
The aqueous phase for our experiments utilized deionized (DI) water collected from a
Millipore Milli-Q system, out of which the water product always had a resistivity of 18.2
M!-cm. In testing the impact of electrostatics on film assembly, we have prepared salt
solutions with ionic strengths of I = 0 – 240 mM using either NaCl or CaCl2 as the
electrolyte. Each solution was adjusted to a pH of 3, 7, or 10 using dilute HCl and NaOH,
depending on the experiment.
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5.2.2 Interfacial Shear Rheology
Interfacial shear rheology measurements were made on an AR 1000 stress-controlled
rheometer (TA Instruments). The rheometer was equipped with a serrated-edged stainless
steel biconical bob (cf. Figure 5.1c) that was placed at the oil/water interface to allow for the
interfacial film to form between the “teeth” on the bob edge (Figure 5.1d). This measure
significantly reduces the probability of film detachment from the bob during applied
deformation13. With the biconical bob geometry, the instrument can be used to evaluate the
interfacial film viscoelastic properties, just as it could for a bulk fluid using a parallel plate or
cone-and-plate geometry (Figure 5.1a and 5.1b).
We operated the instrument in two dynamic oscillatory modes: (1) frequency sweep
mode, in which the applied stress was constant and the oscillation frequency, !, varied from
0.01 – 2 rad/s, and (2) stress sweep mode, in which ! was constant at 1 rad/s and the stress
varied from 0.3 – 100 mN/m. In both modes, the instrument applies an oscillatory torque, ",
on the bob while measuring the rotational displacement of the bob, !x. The applied torque
signal is converted to shear stress, #, through multiplication by the shear stress factor (SSF).
Similarly the resulting displacement signal is converted to strain, $s, using a shear rate factor
(SRF). Both the SSF and SRF are calculated using an interfacial analog of the concentric
cylinder (couette) geometry, leading to:

SSF =

2
2
1 Rcup + Rbob
2
2
4! Rcup
Rbob

(5.1)
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SRF =

2
2
Rcup
+ Rbob

(5.2)

2
2
Rcup
! Rbob

where Rbob is the bob radius and Rcup is the radius of the vessel in which the two bulk fluids
and the bob will reside during the experiment. For our system Rbob = 2 mm and Rcup = 4 mm,
resulting in SSF = 248.7 m-2 and SRF = 1.667.
Inspection of the applied sinusoidal stress and resulting strain signals identifies any
resulting phase shift between the two waveforms. This shift is described by the phase angle,

!, which is measured as the separation distance between the peaks of both waveforms. When
! = 0 rad, the stress and strain are said to be in-phase; characteristic of a purely elastic
system. Alternatively, a purely viscous system would be completely out-of-phase, i.e. ! =

"/2 rad. The instrument computes the elastic storage modulus, G!, and the viscous loss
modulus, G", by

"
G $ = cos(# ) o
!o

(5.3)

"
G $$ = sin (# ) o
!o

(5.4)

where #o and $o are the amplitudes of the stress and strain waveforms, respectively. A
common measure of the relative viscous and elastic contributions to the sample rheology is
the loss tangent, tan(!); low values correspond to more elastic systems, while the opposite
holds true for predominantly viscous systems. From Equations 5.3 and 5.4 we can recover
the relationship tan(!) = G"/G!.
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Several researchers postulate that the strength of the films formed by interfacially
adsorbed asphaltenes is due to a physically cross-linked network.13, 26-28 In traditional bulk
phase cross-linked or gel-forming systems, gelation kinetics are often tracked by applying
frequency sweeps at discrete sample aging times and inspecting the frequency dependence of
the elastic and viscous moduli. Three distinct regimes are typically observed in cross-linking
systems, corresponding to the degree of cross-linking. At short aging times, when crosslinking is absent or insufficient for percolation, one typically observes tan(!) > 1 , G!""2,
and G#"" (Figure 5.2a). This is classic rheological behavior for polymer melts at low
frequencies29. After enough cross-linking occurs and a percolated network forms, both
viscoelastic moduli are proportional to "n, appearing parallel on a log-log plot (Figure 5.2b),
with tan(!) < 1. In a completely cross-linked, fully gelled system, both G! and G!! would
exhibit frequency independent behavior, shown in Figure 5.2c, again with tan(!) < 1. This
third regime is usually characteristic of systems utilizing chemical, rather than physical,
cross-links. Similar to such bulk-phase gelation studies, we can track the evolution of film
elasticity through scheduled frequency sweeps on an aging asphaltene-in-heptol/water
interface. Examples of such frequency-based measurements are shown in Figures 5.2d-e,
which act as pre- and post-consolidation snapshots of an asphaltenic interfacial network. The
viscoelastic response in Figure 5.2d closely resembles the expected response (Figure 5.2a),
except G!""1.6 and G#""0.7, though bulk-phase rheology behavior can deviate from the ideal

"2 and " dependence. After consolidation, however, the film behaves exactly as expected,
with both G! and G# exhibiting a dependence on "n, with n = 0-1 (~0.15 here).
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When preparing the interface for shear rheology, a series of steps were followed to
ensure recovery of a good signal. First, the glass cup was placed on the rheometer platform
such that it was concentric with the biconical bob. Then 40 mL of the pH-adjusted aqueous
phase was transferred to the cup. Using the TA Advantage™ control software, the bob was
then lowered to the air/water interface. When the bottom tip of the bob first reached the
water, a reverse meniscus formed and the water appeared as if it was clinging to the bob. As
the bob was slowly drawn nearer to the interface, this feature diminished until the bob was
flush with the interface, at which point the meniscus was completely gone. This task was
accomplished visually, as the instrument was not equipped with a normal force transducer
that now comes standard the newest models. Once the bob was in place at the air/water
interface, 10 mL of asphaltene solution was slowly dispensed at the bob center, allowing the
solution to radially spread across the interface with minimal disruptive interfacial agitation.
Finally, a two-pieced Teflon lid with solvent troughs was placed atop the cup, sealed with
silicone grease, and the troughs were loaded with toluene and n-heptane to minimize
evaporative solvent loss during significant interfacial aging. In some experiments, the first
frequency sweep was started after 2-8 hours followed by interfacial aging for 24-48 hours,
with frequency sweeps performed every 1-2 hrs. In other cases, we sequentially reduced the
aging time prior to the first frequency sweep until the measured G! value of the interface fell
below 10 mN/m. We selected this value, at our discretion, as the minimum reliable G! that is
measurable using the given equipment. The rationale for this experimental methodology will
be elucidated in the discussion to follow.
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5.2.3 Interfacial Dilatational Rheology
Measurements of interfacial tension and dilatational elasticity were performed using a
Tracker ODT-500 drop tensiometer (Teclis ITC), capable of performing drop volume
oscillations. More details regarding this particular instrument are provided elsewhere30. The
instrument is able to record up to 12 tension measurements per second, allowing for smooth
tracking of dynamic interfacial tension immediately after drop formation.

Through

computer-controlled movement of a motorized threaded rod, one can vary the drop volume,
and thus the interfacial area, in linear, step-wise, and oscillatory fashion. The relationship
between the applied strain (area deformation) and resulting stress (interfacial tension) is the
basis for evaluating interfacial dilatational rheology behavior. It is known that the interfacial
Gibbs elasticity is a function of the interfacial area and tension31,

E =2

d"
= 2#
d ln A

(5.5)

where E is the Gibbs elasticity, A is the interfacial area, ! is the interfacial tension, " is the

! dilatational modulus, and the factor of 2 arises from the contribution from both sides of the
interface. Similar to shear rheology, with oscillatory area deformation, a phase shift is often
observed between the tension and area waveforms. The dilatational phase shift, #, equals 0
or $/2 rad for purely elastic or viscous interfaces, respectively. Generally, # is limited to a
maximum of $/4 rad, due to the system geometry. As such, the oscillatory response renders
the dynamic dilatational modulus a complex quantity, with real and imaginary parts
corresponding to the elastic and viscous contributions, respectively12, 32,
(5.6)

" = "d + i#$d

!
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where !d is the dilatational interfacial elastic modulus, " is the oscillation frequency, and #d
is the interfacial dilatational viscosity. The magnitude of the modulus is simply the square
root of the sum of the elastic and viscous components,

" = "d2 + (#$d )

2

(5.7)

Given the elastic nature of the asphaltenic interfacial films reported here, the transient

! behavior of |!| and !d were nearly identical, thus we elected to report |!| in this work.

5.3

Results & Discussion

5.3.1 Film Consolidation: Salt Induced Retardation
To illuminate the effect of electrolyte on film formation we present the evolution of the
shear elastic modulus for interfaces prepared between 1% (w/w) HOW in heptol and pH 7 DI
H2O with 0 and 2% (w/w) NaCl (cf Figure 5.3). Immediately, differences in the film growth
kinetics were evident between these two model interfaces. For the sample with no added
electrolyte, we observed a significant increase in G! during the first 24+ hrs after the interface
was formed. Conversely, for the system having 2% NaCl, the elastic modulus fails to
materialize appreciably until at least 40 hours of aging, after which the initial rate of film
growth remains much slower than that of the salt-free experiment. This behavior appears to
indicate that the salt had imposed a delayed or retarded consolidation of adsorbed
asphaltenes, which was manifested in the shear elastic modulus.
Initially, a delay in film formation with salt addition was unexpected; our own
experimental observations suggested that HOW asphaltene water-in-model oil emulsions
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were more stable with added NaCl, albeit after significant interfacial aging (unpublished).
Surprisingly, there is little information in the literature on the impact of electrolyte on
asphaltenic emulsion stability, though the impact of aqueous phase electrolyte on crude oil
emulsion stability and interfacial properties has been explored somewhat.33-36 It appeared
then that perhaps the delay was the result of interfacial disruption prior to the formation of a
sufficiently consolidated network, i.e., the hourly frequency of disruption could have
severely hindered such interfacial reorganization. The experiment was adjusted such that a
fresh asphaltene-solution/water interface was prepared and allowed to age for N hours before
performing the first frequency sweep. If the resulting G! at 1 rad/s was more than 10 mN/m,
and tan(!) < 1, the experiment was repeated with a reduced aging time, e.g. N – 1 or N – 2
hours. This process was repeated until the aging time was insufficient to observe an elastic
modulus of 10 mN/m. We will herein refer to this minimum aging time, at which G! = 10 ±
2 mN/m, as tfilm,o.
Shown in Figure 5.4 are the tfilm,o values for interfaces formed between 1% HOW in
heptol and DI H2O with varying salt concentrations.

The salt impact on aging time is

significant, even at low concentrations. With no salt, the system forms a film of adequate
strength with just 2 hours of aging. With 1, 5, and 10 mM of NaCl in the water phase, this
required aging time increases to about 6, 8, and 12 hours, respectively.

At a salt

concentration of 100 mM NaCl, tfilm,o approached 30 hours, 15 times that of the salt-free
condition. Similar experiments using CaCl2 instead of NaCl were performed at only one
concentration (5 mM). This particular electrolyte led to a much larger tfilm,o than the value
recovered with NaCl at the same concentration. In general, variations in a measured property
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with different inorganic salts are often an indication that electrostatic interactions have an
important role in that system.
Any discussion of electrostatics, and the role of ions in mediating electrostatic
interactions, relies on the Debye parameter, !,37

"=

1000N A
#o kb T

$z M
2
i

(5.8)

i

i

where NA is Avogadro’s number, "o is the permittivity in a vacuum, kb is the Boltzmann

! constant, and T is temperature in Kelvin. The term in the summation is equivalent to twice
the ionic strength, where zi is the valence charge on a dissociated ion and Mi is the molar
concentration of that ion. For a 1:1 electrolyte like NaCl, the ionic strength is equivalent to
the salt concentration, whereas for a 2:1 electrolyte like CaCl2 it equates to 3X the salt
concentration. The characteristic length scale of electrostatic interactions is actually the
inverse of the Debye parameter, !-1.

As ionic strength increases, ! increases, and

subsequently !-1 decreases; meaning that the range of electrostatic association shortens.
Noting that the film delay had a square-root dependence on the salt concentration, i.e, tfilm,o !
(csalt)0.5, and that the Debye parameter had a similar dependence on ionic strength, i.e., ! !
I0.5, we plotted tfilm,o vs. !, shown in Figure 5.5. Two key aspects of this plot are worth noting
here: (1) the film delay correlates linearly with the Debye parameter and (2) the CaCl2 data
point now collapses onto all of the NaCl data. These two points illustrate that electrostatic
interactions are indeed playing an important role in the interfacial consolidation kinetics.
Interestingly, the data in Figure 5.5 indicate that film consolidation is slower as these
electrostatic interactions become increasingly shielded.
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This unique behavior may seem counterintuitive because in many colloidal systems,
including proteins and nano- or microparticle suspensions, repulsive electrostatics often
dominate due to the high degree of self-similarity and subsequently similar surface charge
distributions of the colloidal materials. The addition of an electrolyte screens such repulsion,
and can reduce the interparticle spacing. Asphaltenic aggregates, however, are amphoteric
and consist of a broad range of molecules with varying size and functional moieties. When
asphaltenic aggregates adsorb at the oil/water interface they can have dissimilar surface
charges, depending on the pH and the asphaltene chemistry. It is feasible then that, at pH 7,
some adsorbed aggregates have a net negative surface charge due to deprotonation of acidic
groups while other aggregates exhibit a positive net surface charge from basic moieties. This
would lead to attractive electrostatic interactions that act over a long range in the absence of
electrolyte, but are significantly shielded in the presence of added salt (cf. Figure 5.6). In
such a case, the attractive electrostatics may act as a significant driving force for asphaltenic
interfacial consolidation, facilitating rapid formation of a physically crosslinked network.
Adding electrolyte would weaken the primary driving force for interfacial consolidation,
resulting in the longer time to form the interfacial network.
Additional confirmation of this type of interfacial rearrangement at neutral pH is evident
in oscillating drop tensiometry on the same 1% HOW in heptol solutions in DI H2O and 1%
NaCl, presented in Figure 5.7. The salt-free system approaches a near-constant value of |!|
around 20 mN/m after only 8 hours of interfacial aging, whereas the system with 1% NaCl
requires close to 20 hours to reach the same value of the dilatational modulus. However, the
salt-added system shows indications that if the experiment was continued for another several
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hours, |!| could have continued to increase, consistent with previous observations of more
coalescence-resistant emulsion droplets with added electrolyte33,

34, 36

. Additional subtle

differences in dynamics are observed at very short times (< 2hours), although it is difficult to
know whether these modest changes are completely reproducible. One can well imagine that
this unexpected impact of electrolyte on asphaltenic interfacial film strength, as measured by
elastic modulus, would be strongly dependent on asphaltene chemistry and polar functional
group distribution.
To further test this electrolyte effect, BitA asphaltenes were subjected to the same
experimental investigations using shear and dilatational rheology (cf. Figure 5.8). Figure
5.8a exhibits the dependence of tfilm,o on " for BitA asphaltenes in heptol contacted with
different NaCl solutions at pH 7, which is clearly non-linear over the same salt range used for
HOW. This could indicate that at pH 7, the impact of salt on film consolidation for BitA
asphaltenes was governed by a different mechanism than HOW. The elemental compositions
in Table 5.1 provide some insight as to why the interfacial consolidation behavior for each
asphaltene differed so greatly. Most notably, the nitrogen content for HOW was about 1.75
times that of BitA. Smaller relative discrepancies between the two asphaltenes were evident
in sulfur and oxygen content, as well as the atomic H/C ratio.

Asphaltenic nitrogen

predominantly occurs in the form of pyrrolic and pyridinic functional groups.38, 39 Pyridines
have strong basic character and can become protonated due to their lone pair of electrons on
the nitrogen, thus contributing a positive charge to an adsorbed asphaltenic aggregate surface.
Carboxylic acids can lose their hydrogen after adsorption, leaving a negatively charged
surface group. Calculating the N/O atomic ratio we obtain 1.2 and 0.75 for HOW and BitA
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asphaltenes, respectively. Although not every nitrogen or oxygen represents a basic or acidic
species, some inferences can be drawn from the N/O ratio. In particular, this elemental ratio
suggests that differences in the relative acidic/basic nature of HOW and BitA are significant.
Moreover, the larger N/O ratio for HOW suggests a more basic character for interfacially
adsorbed species, or at least a balance between basic and acidic functional groups, compared
to BitA asphaltenes, which appears weighted toward acidic functionalities.

5.3.2 Drop Tensiometry – pH and Salt Dependence
The drop tensiometer, with its ability to track dynamic surface properties immediately
after drop formation, serves as a useful tool to compare the impact of electrolyte addition at
acidic, neutral, and basic pH conditions for both HOW and BitA asphaltenes. Based on the
observed film consolidation delay and its dependence on electrolyte addition, the tensiometer
should illuminate which dynamic interfacial phenomena are affected most by electrostatic
interactions: (i) diffusive transport to the interface, (ii) adsorption, and (iii) rearrangement
and consolidation. For item (i), since the asphaltenes are oil-soluble and do not become
charged until they reach the interface, and because the oleic phase has a very low dielectric
constant, one would expect bulk diffusion to be independent of !. Regarding item (ii), two
plausible electrostatics-driven adsorption barriers could retard or inhibit asphaltenic
adsorption: (1) repulsion between a charged interfacial layer and “near-interface” bulk solute,
and (2) intralayer repulsion between charged adsorbed species that limit the interfacial
packing. Due to the low-dielectric medium that constitutes much of the bulk organic phase,
we expect the interface-bulk repulsion barrier does not bear the same importance in these
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asphaltenic systems that it would for water-soluble amphoteric species such as proteins.
Alternatively, the intralayer electrostatics limitations are expected to be very important, and
certainly would vary with electrolyte in the aqueous phase.

This would be evident in

significant changes in the interfacial tension and dilatational modulus with salt addition.
Finally, regarding item (iii), manifestations of the salt influence on consolidation should
occur primarily in the transient development of the dilatational modulus.
For HOW asphaltenes, we observe characteristically distinct interfacial tension and
elasticity profiles at each pH in the absence and presence of a simple 1:1 electrolyte, NaCl
(cf. Figure 5.9). Only at pH 7 did the addition of salt fail to appreciably alter the !(t) profile.
This behavior contrasts with the interfacial tension reducing effect observed with salt
addition at acidic (pH 3) and basic (pH 10) aqueous phases.

These observations are

consistent with a pH-dependent surface charge for interfacially adsorbed colloidal
asphaltenic aggregates. At pH 3 and pH 10, where the adsorbed nanoaggregates exhibit net
positive or negative surface charge, respectively, repulsive electrostatic interactions at low
ionic strength limit the interfacial packing, and hence the magnitude of the interfacial
tension.

With added electrolyte, this Coulombic repulsion is shielded; the asphaltenic

aggregates can pack more densely on the interface and the interfacial tension is reduced. By
contrast, at pH 7, the adsorbing species are amphoteric and thus the addition of salt could be
expected to only modestly impact the !(t) profile. Shielding of attractive interactions could
actually result in a higher interfacial tension compared to the salt-free experiment, as
observed after long aging times in Figure 5.9b.
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This salt dependence is also manifested in the dilatational modulus evolution at each pH.
Starting with pH 10 (cf. Figure 5.9f), a distinct |!|(t) profile is observed: a maximum in
elasticity occurs after about 1 hour, after which the modulus steadily decays in the absence of
salt. The timing of this maximum in |!|(t) corresponds well with that of the minimum in "(t)
seen in Figure 5.9c. From the literature we infer this behavior is due to the transfer of
relatively small (300-800 Da)40, highly surface-active acidic species into the water phase.
These tension minima have been heavily studied for acidic crudes41-46 but not extensively for
asphaltenes25. If interfacial transport is responsible for the tension minimum at pH 10, it
appears to occur rapidly initially, but slows down with further interfacial equilibration. Since
the aggregate interfacial rearrangement also occurs over a long time, the loss of these acidic
species to the water phase may leave behind interfacial vacancies. As time goes on and
interfacial consolidation proceeds, it likely takes longer for these interfacial vacancies to
relax and become filled with replacement species from the bulk oleic phase. Coupled with
the electrostatic repulsion experienced by the remaining like-charged adsorbed aggregates,
the result is a steadily weakening interface. Plausibly, with added electrolyte and mitigated
repulsion between surface-active, negatively charged species, these vacancies are more
readily filled by adsorbed materials into a favorable conformation for film stabilization.

At

pH 3, the "(t) and |!|(t) dynamics differ significantly from those at pH 3 (Figs 9a and 9c).
The enhanced reduction in "(t) with salt addition initially (t < 2hr) led to a more elastic
interface, but in contrast to pH 10, a maximum in dilatational modulus occurs without a
corresponding tension minimum. Furthermore, the overall modulus values are lower for the
salt-added sample. We attribute this behavior to displacement of film-forming asphaltenes
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by those asphaltenes with a higher affinity for the interface and initial interfacial sublayer,
but which do not consolidate as well, possibly due to their charge. Since asphaltenes are well
known to form multilayer structures, we should expect multilayer dynamics to greatly impact
|!|(t), with little impact on the transient tension profile. Thus the displacement must occur
within layers atop the primary adsorbed layer at the interface. This physical description is
consistent with the observation at pH 3 that a more densely populated interface of a highly
surface-active asphaltene subfraction yielded films with weaker elastic moduli.
Performing the same experiments with BitA asphaltenes yielded markedly different
behavior. First, the interfacial tension variation with pH and salinity indicate the asphaltenes
acidic/basic moiety balance is weighted toward acidic functionalities, while the Hondo
asphaltenes are more evenly balanced in charge or possibly basic. This inference is based on
the weak dependence of "(t) on salt addition at pH 3 coupled with the notable reduction in
interfacial tension with salt addition at pH 7 and 10. With fewer basic moieties to balance
any deprotonated acidic groups at pH 7, the adsorbed aggregates bear a net negative surface
charge, much like at pH 10, and with the addition of salt this repulsion is once again shielded,
leading to the observed reduction in ". This is consistent with the inferences drawn earlier
from the atomic N/O ratio for BitA asphaltenes. Additionally, the salt dependence of the
dilatational modulus at pH 7 differs significantly for BitA vs. HOW asphaltenes. The saltfree pH 7 condition for BitA actually resembles the corresponding condition for HOW; |!|(t)
quickly approaches an equilibrium value in 6-8 hours of aging. However, when 1% NaCl is
present, |!|(t) maintains a steady value for almost 8 hours after droplet formation before any
indications that the adsorbed material was rearranging to form a more elastic network
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(signified by an upturn in |!|(t) after long aging). This is surprising, since, in contrast to
HOW asphaltenes at pH 7, BitA asphaltenes appeared to experience screened repulsive
electrostatics.

As previously postulated, this could arise either from mobility penalties

associated with densely packing the interface or a slow displacement of secondary and
tertiary multilayer material. Researchers have observed a similar retardation on hexanoic
acid reorientation at the air/water interface.47 They attributed this effect to the increased
surface coverage (and thus reduced adsorbate molar area), as well as the formation of ionic
solvation shells that constrained the water-headgroup interactions. Interfacially adsorbed
asphaltenic aggregates are considerably bulkier than molecular adsorbates, and as such,
crowding could be even more important here than for molecular systems.
Interestingly, the dilatational rheology behavior for pH 3 / BitA system resembles the pH
7 / HOW system. This suggests similar neutral charging of the adsorbed BitA asphaltenes at
pH 3 as was observed for HOW at pH 7. This likely reflects the relative balance of basic and
acidic functional groups, similar to the isoelectric point of polyelectrolyte polymers and
proteins.

Although we did not perform the experiment, one might infer from these

similarities that for BitA asphaltenes at pH 3, the shear rheology behavior would resemble
HOW at pH 7, i.e., tfilm,o ! ". Finally, the pH 10 dilatational behavior of BitA (Figure 5.10f)
is similar to that of HOW (Figure 5.9f). The main difference is the poorer signal to noise in
the data for BitA with added electrolyte. This arises from the very small volumes needed to
maintain a drop at the needle tip; any bigger and the initial rapid tension reduction below 4
mN/m would lead to detachment. Consequently, the oscillations had to be even smaller,
leading to the noisy data. Despite this caveat at pH 10 with 1% NaCl, |!| was again observed
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to decrease for several hours as ! passed through a minimum and returned to an intermediate
tension, followed by an apparent increase in |"| after 18 h, akin to the behavior of HOW at pH
10 and 1% NaCl.

5.3.3 Comparison of Shear and Dilatational Rheology
In using these two rheological tools to elucidate the interfacial phenomena that dictate
asphaltenic film formation, it is important to recognize the fundamental differences between
the measurements.

Unlike dilatational deformation, shear deformation does not impose

interfacial area changes, i.e., the surface concentration is not affected by deformation. Due to
the inertial properties of the steel biconical bob, the shear rheometer has limited sensitivity to
the viscoelastic development of the interface, i.e., viscoelastic behavior arising solely from
interfacial adsorption of material is not captured well by the instrument. As consolidation of
interfacially adsorbed material progresses, the interface exhibits the behavior illustrated in
Figure 5.2d, in which the elasticity of the film begins to dominate its rheology. With
continued consolidation, similar to bulk phase gelation, the interface begins to resemble an
elastic solid film, as exemplified by the behavior in Figure 5.2e. This consolidation and its
extent are dependent on a variety of parameters including the bulk asphaltene concentration,
the bulk solvent composition, the aqueous phase pH and salinity. Additionally, for the
interface to exhibit elastic “gel-like” rheological behavior, the interfacial network must
bridge the bob edge and cup wall.
Alternatively, by definition the dilatational modulus is a measure of an interface’s ability
to respond to area deformation. Three significant mechanisms can contribute to ": (i)
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diffusional exchange, (ii) the Gibbs-Marangoni effect, and (iii) interfacial consolidation.
Diffusional exchange refers to the ability of an adsorbate to freely exchange between the bulk
and the interface, in order to recover from area expansion and contraction.

During

expansion, patches of uncovered interface are formed, leading to local interfacial tension
gradients; if diffusional exchange is sufficiently rapid in a system, bulk surface-active
components will adsorb to fill in the high-tension regions. The opposite occurs during
contraction; increasing adsorbate surface density causes material desorption into the bulk
phase. Diffusional exchange is important when the time-scales of the applied deformation
are sufficiently long for adsorption barriers to be overcome. Low-amplitude and highfrequency oscillations, like those employed in this study, minimize the contribution of
diffusional exchange to the dilatational modulus.
The Gibbs-Marangoni effect describes the ability of adsorbed species to diffuse along the
interface to alleviate the tension gradients formed during deformation. This mechanism is
particularly important at short times, when aging is insufficient for a gel-like film to have
formed. Evidence of this is found in Figures 5.9 and 5.10, particularly at pH 3 and pH 7. For
both HOW and BitA asphaltenes, at short aging times (< 3 hrs), the dilatational modulus was
consistently larger for the more populous interfaces (i.e., lower !) that occurred when free
counterions were present. After this threshold, salt-free systems typically surpassed their
saline counterparts, a sign of the salt-imposed retardation of the interfacial consolidation
process. This was not the case at pH 10, where despite lower ! values when salt was added,
the resulting |"| values were less than or equal to those from the salt-free sample during the
first 6-12 hours of interfacial aging. One possible explanation for this behavior is that the
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interfacial mass transfer initially impedes the Marangoni effect. If their affinity for the water
phase at pH 10 rendered the acids effectively “anchored” to the interface, and this affinity
strengthened with added electrolye, their tension-reducing response could be inhibited.
However, without detailed spectroscopic identification of these species, such an explanation
may be speculative.
Of these three contributions to elasticity, interfacial consolidation should be the most
dependent on interfacial aging, primarily because it depends on interfacial rearrangement.
Additionally, it is the mechanism probed by both shear and dilatational rheology and is
expected to be the dominant stabilizing mechanism for asphaltenic emulsions.

This is

evident from the frequency response of shear moduli in Figure 5.2e and the analogous
dilatational measurements of Dicharry et al. on asphaltenic films formed at the cyclohexane
water interface.48 This is why similar, but not necessarily identical, elasticity evolution
behavior was observed between both interfacial probing techniques. Furthermore, due to the
sensitivity of the tensiometer to the aforementioned interfacial phenomena, we should expect
these two techniques to agree the most when the interfacial elasticity is owed mostly to a
consolidated crosslinked network, usually after several hours of aging.

5.3.4 Implications on Emulsion Stability
Previously, the interfacial shear elastic and dilatational moduli of aged asphaltenic
interfaces have been found to correspond well with aged water-in-model oil emulsion
stability.13, 47 The question is how do the transient elasticity profiles measured here relate to
the transient emulsion stability? In a previous study on mixed asphaltenes/resins solutions,
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we observed similar qualitative characteristics (i.e, time-dependent maxima) in the transient
profile from critical electric field (i.e., emulsion stability) and dilatational modulus.31
However, the times corresponding to these maxima did not match between the two
techniques, arising from the significant discrepancy in the average diffusional length scale,
and thus the time scale (!D), of each experiment. Since bulk-to-interface diffusion is the
initial step in both experiments, the interfacial consolidation in emulsion sample benefits
from an effective head-start (!D ~ 10 s) compared to the rising drop on the tensiometer (!D ~
104 -105 s). Spiecker et al. observed that even after removing the diffusion driving force, i.e.,
the bulk asphaltene solution, consolidation was a several-hour process.13

Thus, the

dilatational modulus at 24 h could actually correspond to only 8 h (or less) of aging in the
emulsion sample. The same is expected to hold true for the transient stability of the systems
tested here.
What, then, can we glean from the markedly different transient interfacial properties
of both asphaltenes, and what are the ramifications of neglecting transient interfacial
properties? First, although asphaltenes are oil-soluble surfactants, the interfacial ionization
of their acidic and basic subfractions takes place in and is dictated by the aqueous phase.
Interfacially adsorbed asphaltenes are similar to proteins: both have an isoelectric point (pI),
i.e., the pH at which the net surface charge is neutral. While this has been elucidated from
previous works in which the equilibrium interfacial tension passes through a maximum as a
function of pH, the implications on the film stability were assumed to be constant after only
1.5 hrs of interfacial aging.25 If we make the same comparisons of |"|(1.5 hrs) for BitA or
HOW asphaltenes at pH 3, 7, and 10 we do not recover the same trends as |"|(8 h) or |"|(20 h).
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We often observed that at short aging times the dilatational modulus depended strongly on
the extent of interfacial tension reduction, perhaps due to differences in interfacial
concentration and because the Gibbs-Marangoni effect dominates at short times. However,
as the interface ages, the tension reaches a plateau value, but the elasticity can vary
dramatically as rearrangement, displacement, interfacial transport, and consolidation take
place. This is a crucial point worth repeating: the transient elastic profile is not simply
predicted by the transient tension profile, even when considering electrostatics. The tension
lowering effect with salt addition for HOW asphaltenes at pH 3 and 10 is consistent with a
more densely populated interface, and consequently one might expect this to enhance the
elasticity.

Instead, the transient elasticity profiles illustrate a complex combination of

interfacial phenomena that can assist or retard film consolidation.

Thus, in making

inferences on emulsion stability, it is also important to consider the transient elasticity
profile.

5.4

Conclusions
The combination of interfacial shear and dilatational rheology as experimental probes for

asphaltenic films yields many conclusions about the interactions and dynamic phenomena
that govern the rearrangement and consolidation of adsorbed asphaltenes into an interfacial
“gel-like” film. Through pH and electrolyte concentration adjustments, we have focused on
the changes in the transient evolution of the interfacial rheological properties. What we
observed was a general retardation of film growth with respect to interfacial shear elasticity
(G!) and dilatational modulus (|!|) with salt addition at neutral and acidic pH. We believe this
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delayed film reorganization results from three different inter-related mechanisms, dependent
on the specific asphaltene chemistry and aqueous phase pH conditions:
(1) electrolyte screening of attractive electrostatics between amphoteric asphaltenes
having neutral net charge, but a non-uniform charge distribution (signified by no
change in interfacial tension),
(2) interfacial crowding, resulting from screened electrostatic repulsion between likecharged adsorbed asphaltenes, that hindered interfacial rearrangement,
(3) displacement of a film-forming subfraction by a more surface-active subfraction
with weaker consolidation capabilities
These proposed mechanisms offer novel qualitative insight regarding asphaltenic
interfacial dynamics. Furthermore, the results presented here stress the complexity of the
phenomena occurring at the interface in asphaltenic systems, including: adsorption,
rearrangement, consolidation, and desorption either from interfacial transfer or displacement
by other asphaltenic species. Finally, one can expect electrostatics-mediated transient film
properties to be of great importance in many aspects in crude oil processing performance.
This may be particularly true in desalting units, in which the addition of fresh water to a
brine-in-crude emulsion feed leads to new emulsions of varying ionic strength and interfacial
film stability during operation.
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Figure 5.1.

Typical geometries used for bulk phase rheology (a) parallel plates and (b)
cone and plate. In interfacial rheology, (c) a biconical bob rests at the
oil/water interface, where an adsorbed film forms (d) between the cup wall
and the serrated edge of the bob.
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Figure 5.2.

Frequency dependent behavior of bulk or interfacial network-forming systems
from oscillatory shear experiments.

In early stages of bulk gelation, the

system may exhibit behavior similar to that of (a) a typical polymer melt,
where G! > G", G"#!2, and G!#!. After a consolidated network is formed,
(b) both moduli are proportional to !n, where 0 < n < 1, but G" > G!. (c) If the
material were completely crosslinked using a chemical crosslinking agent,
then G" > G! and little or no frequency dependence would be observed. (d)
Measured frequency dependence of a pre-consolidated interface having
adsorbed asphaltenes.

The power law fits indicate that G"#!1.55, and

G!#!0.72, similar to what was expected from (a).

(e) A consolidated

asphaltene interfacial network demonstrates the expected frequency
dependence depicted in (b). The dashed box encloses the data at ! = 1 rad/s,
the frequency at which all subsequent reported shear moduli were obtained.
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Figure 5.3.

Time-dependence of elastic shear modulus (G!) for 1% HOW in heptol
contacted with pH 7 DI H2O with no salt (!) and 2% NaCl (").
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Figure 5.4.

Salt dependence for the interfacial aging time required to achieve G! ~ 10
mN/m (tfilm,o). The oil phase was 1% HOW in heptol, with data presented for
NaCl (!) and CaCl2 (") as the salts. The dashed curve is drawn only to lead
the eye and does not represent a fit.
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Figure 5.5.

Dependence of tfilm,o on the Debye parameter, !, of pH 7 aqueous phases.
Effective shielding of electrostatic interactions, repulsive or attractive,
increases with increasing !. The oil phase was 1% HOW in heptol. Data
presented for NaCl (!) and CaCl2 ("). The line represents a linear fit to the
NaCl data.
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Figure 5.6.

(a) Amphoteric asphaltenic aggregates at the oil/water interface at pH 7
experience long-range electrostatic attraction, facilitating faster film formation
kinetics in the absence of salt. (b) With counterions present in the aqueous
phase, charged asphaltenic aggregates experience shielding of long-range
electrostatic interactions, leading to the slower film formation kinetics
observed.
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Figure 5.7.

Dilatational modulus evolution over 24 hours for drops of 1% HOW in heptol
in either DI H2O (!) or a 1% NaCl solution (") at pH 7. Vdrop = 25 µL, Vosc
= 2.5 µL , and ! = 0.1 Hz.
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Figure 5.8.

(a) Debye parameter dependence of the time required to achieve a measurable
film on the shear rheometer from 1% BitA asphaltenes in heptol contacted
with NaCl solutions of varying salt concentration at pH 7. The dashed line is
drawn in only to lead the eye, and is not a fit. (b) Evolution of the dilatational
modulus for drops of 1% BitA asphaltenes in heptol in DI H2O containing 0
mM (!), 10 mM ("), 50 mM, and 1 wt% () NaCl (#) at pH 7. The
tangential lines drawn here are intended to illustrate the differences early
aging film growth rate when 0mM, 50 mM, and 1 wt% NaCl were present in
the water phase. Vdrop = 15 µL, Vosc = 1.5 µL, and ! = 0.1 Hz.
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Figure 5.9.

Dynamic interfacial tension for drops of 1% HOW in heptol in DI H2O (solid
line, !) or 1% NaCl (dashed-dotted line, ! " !) at (a) pH 3, (b) pH 7, and
(c) pH 10. Corresponding dilatational modulus evolution (d) – (f) of the same
droplets from (a) – (c), respectively. Open symbols are for samples where the
aqueous phase was DI H2O and filled symbols are for those with 1% NaCl.
Vdrop = 25 µL for pH 3 and 7 and 5 µL for pH 10. Vosc = 2.5 µL for pH 3 and 7
and 0.5 µL for pH 10, with ! = 0.1 Hz for all samples.
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Figure 5.10. Dynamic interfacial tension for drops of 1% HOW in heptol in DI H2O (!)
or 1% NaCl (! " !) at (a) pH 3, (b) pH 7, and (c) pH 10. Corresponding
dilatational modulus evolution (d) – (f) of the same droplets from (a) – (c),
respectively.

Half-filled symbols (e.g., !) represent samples where the

aqueous phase was DI H2O and open symbols (e.g., ") are for those with 1%
NaCl. Vdrop = 15 µL for pH 3 and 7 and 3-10 µL for pH 10. Vosc = 1.5 µL for
pH 3 and 7 and 1 µL for pH 10, with ! = 0.1 Hz for all samples.
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Table 5.1.
Source
HOW
BitA
a

Asphaltene elemental compositions from duplicate combustion analysis.a
%C
79.6 ± 0.4
79.9 ± 0.1

%H
8.3 ± 0.0
8.0 ± 0.0

%N
2.2 ± 0.0
1.2 ± 0.0

%S
8.0 ± 0.0
8.5 ± 0.1

%O
2.1 ± 0.1
1.9 ± 0.0

H/C b
1.25
1.20

The C, H, N, S, and O compositions are presented as a weight percentage of the whole asphaltene
b
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The H/C ratio is on an atomic basis

CHAPTER 6
Elucidating Asphaltene Interfacial Adsorption and Rheology
Using Model Fused-Ring Species
Chapter 6 is essentially a manuscript by Vincent J. Verruto and Peter K. Kilpatrick prepared
for submission to the Journal of Colloid and Interface Science

Abstract
Asphaltene interfacial behavior is responsible for the formation of stable water-inpetroleum emulsions in various stages of heavy crude oil and bitumen recovery and
processing. Here, we evaluate the interfacial behavior of commercially available model
organic compounds, each sharing some chemical characteristic with asphaltenes, with
dynamic interfacial tensiometry, dilatational rheology (oscillating drop tensiometry), and
interfacial shear rheology. Small (<300 g/mol) molecules can mimic the interfacial tension
(!) and dilatational modulus (|"|) profiles during significant interfacial aging (> 20 hrs). The
interface between a solution of 2-aminoanthracene in toluene and pH-adjusted water (pH 3)
exhibited elasticity values in both dilatational and shear rheology that were greater than any
asphaltenic film we have tested. Despite generating such significant dilatational moduli,
none of the model compounds stabilized emulsions, even after extensive homogenization.
These experiments illustrate the three key adsorbate characteristics required to confer both
interfacial elasticity and enhanced emulsion stability: (i) good bulk solubility, (ii)
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intramolecular and intraaggregate flexibility and (iii) multi-dimensional interfacial
association.

6.1

Introduction
Asphaltenes represent a clear and present challenge in the processing of heavy crude oil

and bitumen. Their associative nature can cause instabilities (flocculation and precipitation)
during “live oil” recovery1 and when blending feedstocks during various flow and refining
conditions2, 3. Their interfacial activity is responsible for adsorption at oil/water interfaces,
whereupon they rearrange into an interfacial network with observed elasticity4-6 and even the
formation of rigid interfacial skins7-9. However, despite what is now known about adsorbed
asphaltenic film properties, including interfacial shear elasticity4 and viscosity10, dilatational
elasticity5, 11-13, and recently, the in situ film thickness (~100 Å) and composition (~15-30%
asphaltene) from water-in-model oil emulsions14,

15

, much about the chemically specific

mechanisms that drive interfacial reorganization are not understood.
Much of the research on asphaltenic interfacial assembly has focused on thermodynamic
variables, including temperature, solvency, pH, and concentration and operational variables
such as oscillatory deformation frequency or amplitude5, 6, 13. In this study, we explore the
transient evolution of the interfacial tension, dilatational modulus, and shear elastic modulus
of several organic compounds and compare with the corresponding asphaltene behavior. The
goals of this work are threefold: (1) elucidate functional moieties that contribute to
asphaltene interfacial activity, (2) explore modes of intermolecular association at the
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interface that assist in elastic network formation, and (3) evaluate the relationship between
interfacial rheological properties and emulsion stability.

6.2

Materials & Methods

6.2.1 Sample Preparation
Whole asphaltenes were recovered from Arab Heavy (AH) and Hondo (HO) crude oils
by n-heptane precipitation and Soxhlet rinsing according to ASTM D6560 (IP143) and as
documented elsewhere.16 Three different kinds of functionalized fused-ring systems were
employed in this study: (1) fused aromatic ring (FAR) bases, (2) FAR acids and (3) a
naphthenic acid. From category 1, we purchased phenanthridine (Aldrich, 157384), 1,10phenanthroline (Aldrich, 131377), and 2-aminoanthracene (Lancaster, 14269). For organic
acids we used 9-anthracenecarboxylic acid (Aldrich, A89405) and 5!-cholanic acid (Sigma,
C7628). Structures of all model compounds are presented in Table 6.1, along with the
molecular weight and atomic H/C ratio.
Solutions were prepared by first weighing the appropriate mass of solute in a 20-mL glass
vial followed by addition of the necessary mass of toluene and placed on a shaker overnight
to allow for complete dissolution. For samples in which we reduced the aromatic character
of the solvent, we added a pre-determined mass of heptane to achieve a 40:60 (v:v) ratio of
heptane to toluene, and agitated on the shaker for another 24 hours. Asphaltene solutions
were prepared at 1% (w/w) while other model compounds were prepared at lower
concentrations (<0.5% w/w), typically due to solubility concerns.
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6.2.2 Interfacial Drop Tensiometry
To evaluate the time-dependent evolution of the interface, we used an oscillating drop
tensiometer called the TRACKER™ from Teclis (formerly IT Concept). Details of this
equipment can be found elsewhere.12 We operated in rising drop mode, with the organic
drop phase volume controlled by a motor attached to a housing syringe. For imposed
deformation, we opted to use the area oscillation.

With this setting, the instrument

maintained the initial interfacial area (Ao) for all times except during oscillation, when the
area was oscillated between Ao±!A and !A/Ao < 10%. The oscillations were imposed for 10
cycles with a period of 10 seconds (! = 0.1 Hz). Drop volumes were typically between 1520 µL, though in cases where the interfacial tension (") dropped below 5 mN/m, droplets of
this size detached, thus requiring 5-µL or smaller drops. In most cases, the interface was
probed with oscillations every hour, with the first oscillations imposed after just 10 minutes
of aging. During the first 5 minutes of interfacial aging, 12 measurements of " were recorded
every second, but one measurement every 20-200 seconds thereafter. This was done in order
to prevent overloading the instrument and control software with large amounts of data
collected during the 24-hr aging experiments.

6.2.3 Interfacial Shear Rheology
Evaluation of the interfacial shear elastic modulus (G') was achieved using an AR-1000
stress-controlled rheometer (TA Instruments). The instrument was equipped with a serrated
steel bicone, which was placed at the air/water interface prior to the addition of the organic
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solution phase and subsequent interfacial aging.

After 4 hours of interfacial aging, an

oscillatory interfacial stress (~0.4 mN/m amplitude) was applied over a range of frequencies
(0.1-3 rad/s). This was repeated every 1-2 hrs thereafter up to roughly 24 hrs of aging. As in
Spiecker’s previous interfacial rheology study,4 the measured G' values presented in this
study represent those recovered at ! = 1 rad/s.

6.3

Results & Discussion
Elastic network formation by asphaltenes has repeatedly been reported in the literature.4,

5, 17, 18

The results in Figure 6.1 are consistent with these observations. Here we present the

transient evolution of the interfacial tension (Fig. 1a) and the magnitude of the dilatational
modulus (|"|, Fig. 1b) at pH 3, 7, and 10 for AHW asphaltenes. The tension profile for pH 3
and pH 7 are consistent with the oft-documented monotonic decay behavior for asphaltene
adsorption to oil/water interfaces.6, 7, 13, 19, 20 However, at pH 10 the tension passes through
an aging-dependent minimum (~15 mN/m) before asymptotically returning to a plateau
tension value around 20 mN/m. This behavior has been observed in acidic crudes21, 22 and
has been associated with desorption and interfacial transport of acidic fractions at high pH,23,
24

but has not been extensively explored within the asphaltene fraction. In one of the few

studies on asphaltene adsorption kinetics with pH variation, Sheu et al. observed similar
minima in asphaltene dynamic interfacial tension studies, but only at concentrations greater
than 0.1% (w/w) and at pH ! 4.25 Since the authors of that study did not employ the widely
used Soxhlet rinsing step (boiling n-heptane for over 24 h), it is possible that their Ratawi
asphaltenes contained significant co-precipitated acidic resins that assisted in desorption of
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asphaltenes and the observed tension minima. Acevedo et al. offer a different explanation
based on their experiments with oleic acid solutions contacted with alkaline aqueous phases;
tension minima observed in such systems were attributed primarily to a reduction in surface
activity by sodium carboxylate formation and subsequent desorption.26
We chose to expand the investigation of interfacial tension minima beyond simple fatty
acids like oleic acid to molecules more reflective of the functional groups in asphaltenes.
Here we exposed solutions of either 9-anthracenecarboxylic acid (ACA) or 5!-cholanic acid
(BCA) in toluene to water adjusted to pH 10 with NaOH and compared with AH asphaltene
interfacial behavior at the same conditions (Fig. 6.2a-c). The two organic acids showed
distinct behavior: the aromatic acid (ACA, Fig 2b) exhibited characteristics of asphaltenelike “consolidation,” i.e., film elasticity growth with aging, and, in contrast, the naphthenic
acid (BCA, Fig 2c) formed weakly elastic films (|"|<15 mN/m) that weakened with further
aging. Additionally, the tension profiles for BCA and AH asphaltenes (cf. Fig 6.2a) at pH 10
both pass through a minimum # before returning to a higher plateau tension. This suggests
that (i) the tension minimum did not arise solely from sodium carboxylate formation at the
interface, but interfacial transport into the water phase, and (ii) much of the transient
interfacial behavior of AH asphaltenes at pH 10, which was in sharp contrast with the neutral
and acidic pH conditions, can be attributed to the presence of naphthenic acids or similar
structures that report to the asphaltene fraction during n-heptane-induced precipitation.
These acids must be strongly associated with the asphaltenes as they remain even after the
24+ hours of Soxhlet rinsing with n-heptane we employed. Strausz et. al showed that acidic
structures similar to BCA, as well as some aromatic acids, were found in asphaltenes
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repeatedly re-precipitated with n-pentane27.

However, their affinity for the water and

formation of the sodium soap are clearly favored at alkaline conditions. Their impact on the
film properties at the interface is particularly important at these high pH conditions, where
this sodium soap can transfer into the water phase. This has strong implications for the
whole crude or bitumen, in which the population of such species can vary greatly depending
on the source. Even at low concentrations, the naphthenic acids appear to have a destructive
effect on the interfacial films, resulting in weakly associative films, though researchers have
noted that higher concentrations of naphthenic acids can form stable emulsions by forming
lamellar liquid crystalline (LLC) films at the oil/water interface28.
Asphaltenes also contain basic functional groups, often in the form of pyrollic or
pyridinic groups.

These kinds of species have been observed in ESI-FT-ICR-MS

experiments on interfacial material recovered from crude oil emulsion samples, which
implies their importance in asphaltene interfacial activity.29 Thus, we exposed toluene
solutions of either phenanthridine or 1,10-phenanthroline to pH 3-adjusted water (cf. Figure
6.3). From the molecular structures in Table 6.1 we see that phenanthridine and 1,10phenanthroline have pyridine groups, which are capable of accepting a proton, and hence are
basic.

Qualitatively, the interfacial tension and elasticity evolution at pH 3 for

phenanthridine and AH asphaltenes are remarkably similar, with some discrepancies: the
initial tension reduction is rapid for the asphaltenes, but less so for phenanthridine, though
they both appear to approach similar 20-hr tension values between 19-21 mN/m. This
significant difference in the tension reduction kinetics in the first 12 hours cannot be
attributed to concentration differences alone, as the phenanthridine concentration was only
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half that of the asphaltenes (0.5% versus 1%, w/w). Furthermore, the elasticity attained after
20 hrs of interfacial aging by the asphaltenes (28 mN/m) was much greater than that of
phenanthridine (17 mN/m), which must be related to the differences in the rearrangement and
consolidation behavior of the asphaltenes compared to phenanthridine. In particular, these
differences must arise from intralayer interactions that are unique to each system.
Asphaltenes adsorb as polydisperse aggregates, each comprised of many molecules, whereas
phenanthridine likely adsorbs as smaller aggregates (dimers) or monomers.
A similar comparison of 1,10-phenanthroline to AH asphaltenes at pH 3 reveals distinctly
different behavior. First, the tension profile of phenanthroline reached a minimum almost
immediately after formation, followed by an approach to a slightly higher equilibrium
tension. This resembles the previously discussed cholanic acid dynamic tension profile,
which arose from interfacial transport. A non-negligible solubility (>300 ppm) of 1,10phenanthroline in water would appear to be consistent with this inference. In fact, this
behavior was observed for phenanthroline at pH 7 and pH 10, so this interfacial transport
does not arise solely from protonation at the interface, though this may enhance the effect at
pH 3. Interestingly, unlike the cholanic acid system, for which the elasticity decreased after
reaching the tension minimum, the phenanthroline-populated interface asymptotically
approached 16 mN/m by 20 hours of aging. This is suggestive of stronger intermolecular
association among the remaining adsorbed species in the phenanthroline system compared to
the cholanic acid system.
When similar experiments were performed using 2-aminoanthracene and pH 3-adjusted
water, unexpectedly large values (>100 mN/m) of the dilatational modulus were recorded
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(Fig. 6.4a). Amine (R-NH2) groups are not particularly prevalent in asphaltenes or petroleum
liquids, but this was a readily available compound with this petro-relevant molecular
geometry. Compared to films from a solution of Hondo asphaltenes in 40:60 heptane:toluene
(v:v) at pH 7, the aminoanthracene films yield moduli that are 3-4 times larger. Hondo
asphaltenes come from a well-studied California offshore heavy crude oil that is known to
form very stable emulsions and interfacial films with some the highest shear elastic moduli
measured by Spiecker and Kilpatrick.4 Suspicions that these high elastic moduli were a
systematic anomaly unique to dilatational rheology were quelled by the observation of
similar behavior in shear rheology (Fig. 6.4b). In fact, the large enhancement in the shear
elastic modulus (G') of aminoanthracene films compared to HO asphaltene films were even
more pronounced: initially the aminoanthracene films at 4 hrs of aging yielded G' that was
45X the value obtained for HO asphaltenes, although this was only about 10X by 24 hrs of
interfacial aging. This behavior was unique among all of the “small” fused-ring compounds
(compared to asphaltenes) used in this study.
In order to study the effects of interfacial competition, a similar dilatational rheology
experiment was performed, but with a mixture of cholanic acid and 2-aminoanthracene in
toluene and contacted with water adjusted to pH 10 (Fig. 6.5a). Not surprisingly, the early
aging (<2 hrs) behavior of the mixture (filled pentagons,!) overlaps with the cholanic acidonly response (open squares,"). Interestingly, after this initial 2-hr aging, the interface
transitions to behavior consistent with the aminoanthracene-only system (open circles,#).
Additionally, evidence of interfacial competition between the two molecules only appeared at
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pH 10, while at pH 3 and 7 the moduli were representative of aminoanthracene dominated
interfaces (Fig. 6.5b) within 10 minutes of drop aging (i.e. the first data point collected).
Previous studies on asphaltenes have led to some general observations of increasingly
stable emulsions with increasing shear elastic modulus4 and dilatational modulus13, 30. Thus
the expectation was that 2-aminoanthracene would form highly stable emulsions. On the
contrary, attempts to emulsify a concentrated solution of 2-aminoanthracene in toluene (0.4
wt%) with a pH 3 NaCl solution failed to form stable emulsions. Similar conditions for
many asphaltenes have repeatedly been reported to from to micron-scale droplets that
partially resist coalescence and phase separation even in high centrifugal fields31, 32. For
aminoanthracene, as well as the other compounds used in this study, phase separation was
observed immediately after cessation of mixing (15,000 RPM for 5 minutes on a VirTis IQ2
homogenizer). Further inspection of the aminoanthracene sample revealed a visible film at
the boundary between the aqueous and organic phases (Fig. 6.6a). In the picture provided
here, the film is anchored to oil-wetted portions of the vial bottom, and extends back to the
oil/ water boundary, which occured after slow rotation of the vial. This allowed for a better
visual inspection of the film, which is magnified in Figure 6.6b according to the dashed
boundary drawn in Figure 6.6a. This observed rapid macroscopic interfacial film formation
was unique to the aminoanthracene system among all those investigated in this study, and
perhaps this film hindered the dispersion of the water phase within the oil phase, even with
the high mechanical energy input of the homogenizer. This may be resolved by a planned
future experiment, in which water and toluene are continuously homogenized during dropwise addition of a 2-aminoanthracene solution.
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In many studies in the literature, researchers suggest formation of a rigid skin is
responsible for the stability of many water-in-crude oil emulsions33,
experimental observations challenge this notion7,
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34

, though some

. In the systems tested here, we did

observe interfacial “skin” formation, typically upon contraction of a drop in the tensiometry
experimental set-up. In Figure 6.7, images of drops before and after contraction are shown
for (a) AH asphaltenes, (b) BCA, (c) 2AA+BCA, and (d) 9ACA after 20 hrs of aging or
more. In all four cases, a “crumpled” film or “skin” was observed after substantial solution
retraction by the syringe.

However, the emulsification behavior of each system is

characteristically distinct: asphaltenes typically can stabilize emulsions over a fairly wide
range of conditions (T, P, pH, concentration, and water content); BCA can form stable
emulsions but only at relatively high concentrations (> 1.5-2.0 wt%), and at specific pH and
salinity28; 2AA alone or mixed with BCA did not stabilize emulsions; and 9-ACA alone
could not form stable emulsions. Inability to stabilize emulsions for these model systems
perhaps arises from a lack of three key properties that asphaltenes possess: (i) solubility, (ii)
flexibility, and (iii) dimensionality. Regarding item (i), asphaltenes are present in crude oils
in significant concentrations (5-15% by weight), and this concentration correlates well with
emulsion stability in crude oil systems36.

This high solubility equates to increasing

concentrations of interfacially active film-forming constituents with increasing bulk
concentration. Many of the model compounds used here were much less soluble in toluene
than asphaltenes, such that we were limited in our experiments to concentrations of 500-5000
ppm (w/w). Because of the strong associative nature between the fused aromatic rings as
well as the polar heteroatoms, model compounds such as 9-ACA either do not dissolve or,
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once dissolved, easily recrystallize out of solution. This may hinder the ability to supply
sufficient inventory of interfacially active material to adequately cover the interface. In fact,
asphaltenes often form the strongest emulsions near the solubility limit, when they form the
largest stable aggregates without precipitation.
With respect to property (ii), some proposed structures of asphaltene molecules consist of
islands of fused aromatic and alicyclic rings interconnected by aliphatic chains37,

38

.

Molecules with this type of structure, often referred to as the “archipelago” model, are
capable of intramolecular rotation that engenders flexibility during molecular reorganization.
In addition to the lateral diffusion of adsorbed species, this molecular flexibility adds an
additional mode of interfacial reorganization. The fused ring compounds in this study have
few, if any, opportunities in their structures for intramolecular rotation, which limits their
nearest neighbor interactions and leads to item (iii), dimensionality.

This concept is

illustrated in Figure 6.8, which compares the associative differences between adsorbed
asphaltene aggregates (Fig. 6.8a) and a simple FAR species (Fig. 6.8b). Here the small
circles act as physical interactions or crosslinks between adsorbed species. The flexibility of
the asphaltene molecules in the adsorbed aggregates enables physical crosslinks between
multiple nearest neighbors, which leads to a 2D network that eventually becomes 3D as
multilayers form atop the initial interfacial sublayer. Thus when droplets collide in an
asphaltenic emulsion, the many crosslinks within the network act to stabilize the interface
against coalescence (Fig. 6.8a).
Alternatively,

for

a

fused

ring

compound

like

2-aminoanthracene,

the

crosslinking/associative dimensionality may be likened to a 1D chain propagation that forms

208

long strands due to repetetive !!! stacking. Perhaps the mechanical strength of these chainlike structures engenders a high interfacial elasticity, but does not prevent coalescence of
colliding droplets (Fig 6.8b). This behavior could arise from one of at least three possible
reasons: (1) weak association between chains expose interfacial openings that act as water
bridges during droplet collision, (2) interfacial layers on colliding droplets cannot
discriminate between intralayer and interlayer neighbors and strong intermolecular aromatic
stacking interactions force rapid reorganization upon collision, or (3) the interfacial layer
forms instantaneously at the macroscopic phase boundary such that it prevented dispersion of
the aqueous phase required for emulsification.
It appears, then, that a high interfacial elastic modulus is not a sufficient condition for
emulsion stabilization. Instead, to correlate interfacial elasticity and stability, the adsorbate
must exhibit good bulk solubility, molecular or aggregate flexibility, and multi-dimensional
association or crosslinking. This is consistent with the many observations for asphaltenes
and proteins – which characteristically exhibit these three properties – of increasing emulsion
or foam stability with increasing interfacial elasticity. Futhermore, it remains true that no
single molecule has mimicked the entire spectrum of experimental results documented for
asphaltenes. With respect to the interfacial behavior, a model asphaltene compound must
possess the aforementioned chemical and physical characteristics of asphaltenes. Synthetic
heteroatomically substituted asphaltene-like compounds often suffer from low solubility in
toluene39, 40, presumably from strong intermolecular association that either hinder dissolution
or cause recrystallization. While a model archipelago compound with dissimilar “island”
groups may mitigate this issue, the good solubility of asphaltenes over a broad range of
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solvent conditions is likely attributable to the significant polydispersity associated with this
fraction.

6.4

Conclusions
Almost all of the model fused-ring compounds used in this study mimicked the interfacial

rheological behavior of asphaltenes in some fashion. In particular, evidence of interfacial
rearrangement and elasticity growth with aging, almost ubiquitously seen in asphaltenic
systems, was observed for 9-anthracence carboxylic acid and phenanthridine.

The

occurrence of a time-dependent tension minimum for asphaltenes at pH 10 was also observed
in 5!-cholanic acid (pH 10) and 1,10-phenanthroline (pH 3) systems, which arose from
solubility of the model compounds in the water phase at those conditions (i.e., mass transfer
across the interface). However, the elasticity evolution was markedly different between the
two compounds: the cholanic acid interface weakened after the tension minimum, whereas
the phenanthroline system strengthened after this minimum. This supports the notion that
aromatic !-stacking interactions are a strong contributor to interfacial assembly of
asphaltenes.
From visual inspection and interfacial rheology, the interfacial structure formed by 2aminoanthracene was unlike any asphaltenic films we have previously measured. First, the
elastic moduli from these systems were several times greater than those reported from
asphaltenic systems. Second, despite the formation of this rubbery interfacial film, 2AA did
not stabilize water-in-oil emulsions. This brought to light at least three prerequisites for
correlating interfacial elasticity and emulsion stability: solubility, flexibility, and associative
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dimensionality. While the organic molecules used in this study shared some key properties
with asphaltenes, e.g., fused ring aromaticity and polar heteroatom functional groups, only
asphaltenes satisfy all three prerequisites and thus were capable of stabilizing water-in-oil
emulsions.
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Figure 6.1.

Time-dependent evolution of (a) interfacial tension and (b) dilatational
modulus for AH asphaltenes at pH 3, 7, and 10.
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Figure 6.2.

Comparisons of dynamic interfacial tension, !(t) (lines), and dilatational
modulus, |"|(t) (lines and points), for (a) 1 wt% AHW asphaltenes, (b) 9anthracene carboxylic acid, and (c) 5#-cholanic acid in toluene contacted with
DI H2O at pH 10. The more “asphaltene-like” model acidic compound in this
series, 9-ACA appears to contribute positively to dilatational elasticity,
compared with cholanic acid, which detracts from the elastic nature of the
interface.
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Figure 6.3.

Comparisons of dynamic interfacial tension, !(t), and dilatational modulus,
|"|(t), for (a) 1 wt% AHW asphaltenes, (b) phenanthridine, and (c) 1,10phenanthroline in toluene contacted with DI H2O at pH 3. Both organic
model compounds can be considered “asphaltene-like” as they contribute
positively to dilatational elasticity. The unique interfacial tension profile for
phenanthroline arises from it having non-negligible solubility in water.
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Figure 6.4.

Interfacial rheology comparison of films from 2-aminoanthracene (50 ppm in
toluene) and the strongest films from HOW asphaltenes (1 wt% in 40:60
heptane:toluene) contacted with deionized water at pH 3 and 7, respectively.
Film “strength” as determined by (a) dilatational rheology and (b) interfacial
shear rheology. Both measures indicate much more elastic interfaces arise
from 2-aminoanthracene.
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Figure 6.5.

(a) Evolution of the dilatational modulus at pH 10 for toluene solutions of 2aminoanthracene, 5!-cholanic acid, and a mixture of the two species. At short
times, the elastic behavior of the film is dictated by the cholanic acid, but
transitions to a 2-aminoanthracene dominated interface. (b) Water phase pH
dependence of the dilatational modulus for the 2-AA/5!-CA mixture from the
plot in (a). Only pH 10 shows any significant indications of competition for
the interface by cholanic acid.
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Figure 6.6.

Visual evidence of a physical film formed between a pH 3 NaCl solution in
H2O and 2-aminoanthracene in Toluene. (b) Expansion of the dashed box in
(a) reveals some of the fine structure of the “drawn” film.

Despite the

formation of such highly elastic skins, droplet coalescence, and subsequent
phase separation, is not prevented by 2-aminoanthracene alone.
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Figure 6.7.

Examples of rigid film formation upon compression of (a) HOW asphaltenes,
(b) 5!-CA, (c) 2-AA & 5!-CA, and (d) 9-ACA. Even though we observed
films with measurable dilatational elasticity, and visible rigidity upon
retraction of the droplet volume, of this grouping only asphaltenes were able
to stabilize emulsion droplets. The surface concentration at which onset of
rigidity (incompressibility) occurs is likely much higher than what was
achieved during emulsification attempts.
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Figure 6.8.

Differing methods of interfacial network formation.

(a) Nano-scale

aggregates with multiple surface sites for inter-aggregate association lead to a
2D and ultimately 3D viscoelastic interfacial network. (b) Strong
intermolecular

association

of

adsorbed

molecular

species

is

not

multidirectional, leading to 1D chain-like structures that do not prevent
coalescence after droplet collisions.
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Table 6.1.

Chemical structures, molar masses, and atomic H/C ratios of the model
compounds used in this study.

a

a

a

b

c

a

aromatic base
aromatic acid
c
naphthenic acid
b
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CHAPTER 7
Concluding Comments and Looking Ahead
7.1

Lessons Learned
In the previous chapters we employed some sophisticated experimental methods to

evaluate the properties of asphaltenic self-assembly as they pertain to bulk phase aggregation
and interfacial film formation. A summary of the key findings is presented below:
•

When dissolved in mixtures of organic solvents, the composition of the solvent
entrained within nano-scale asphaltenic aggregates does not necessarily match
that of the bulk phase. In fact, due to the characteristic polynuclear aromatic
chemistry of asphaltenes, we ascertain from SANS experiments the preferential
entrainment of the more aromatic solvent in binary mixtures of toluene with
heptane, decalin, and 1-methylnaphthalene. Along with the total entrainment, this
preferential entrainment illustrates the important balance of asphaltene-solvent,
asphaltene-asphaltene,

and

solvent-solvent

interactions

in

dictating

the

equilibrium asphaltenic aggregate structures.
•

The application of SANS to water-in-model oil emulsions prepared in toluene,
decalin, and 1-methylnaphthalene has shed some light on the physical and
chemical properties of the film that influence emulsion stability. Through neutron
contrast matching of the aqueous core and the organic bulk phase, we were able to
recover the interfacial film thickness and it’s asphaltenic makeup. Surprisingly,
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the film thickness did not vary significantly (100-110Å) between the three
chemically unique solvent systems. However, the asphaltene volume fraction
within the films increased in the series toluene < 1-methylnaphthalene < decalin
and did not exceed 33% of the film. Not surprisingly, the stability of these
emulsions under centrifugation and the 20-hr dilatational modulus (i.e., elasticity)
shared the same solvent trend.
•

A second SANS investigation on the interfacial films that stabilize water-in-oil
emulsions shifted from the solvent influence to impact of aqueous phase pH and
the presence of an “asphaltene-like” aromatic acid dopant. By expanding the
sample set for each emulsion to include the hydrogen/deuterium contrast variation
of the water, solvent, and additive materials, we have evaluated the total film
composition solely from model fitting of SANS data. For 1:1 W:O emulsions
prepared using 3 wt% Hondo asphaltenes in toluene and 1 wt% NaCl aqueous
solutions, we observed films that were roughly 25% asphaltene, 50-70% solvent,
and, interestingly, 7-20% water. Even more intriguing was the impact of aqueous
phase pH and 9-anthracene carboxylic acid on the film properties. Specifically,
we found larger water content in the film when the pH was increased from 7 to
10, as well as when we added 0.4% ACA to the oil phase. Furthermore, this
increased water content arose at the expense of toluene in the film, rather than
asphaltene, and these changes in the film properties were consistent with the
increased surface-activity associated with acidic asphaltene subtractions and ACA
at pH 10.
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•

We observed a salt-dependent retardation effect on the development of interfacial
film elasticity for two chemically unique asphaltenes. Further investigation with
interfacial shear rheology identified a linear dependence of this retardation on the
Debye screening parameter (!) for Hondo asphaltenes, and an exponential
dependence on ! for asphaltenes from an Athabasca bitumen. This signified the
importance of electrostatic association in interfacial film consolidation, and in the
case of Hondo asphaltenes at pH 7, shielding of attractive interactions were
largely responsible for the observed delay. Additionally, dynamic tensiometry
experiments carried out at pH 3, 7, and 10, in the absence and presence of salt
indicated that the transient evolution of interfacial elasticity is a nonstraightforward combination of several interfacial dynamic processes, particularly
adsorption, displacement from the interface, interfacial transport, and interfacial
rearrangement. Furthermore, all of these processes were impacted by the addition
of salt, either in complementary or detractive fashion with respect to elasticity
development.

•

When comparing transient interfacial properties, particularly interfacial tension
and dilatational modulus, measured from asphaltenes and five different polar
fused ring organic species, we observed characteristically “asphaltene-like”
behavior in almost all of the model species. Specifically, three-ringed fused
aromatic molecules such as 9-anthracene carboxylic acid, phenanthridine, and
1,10-phenanthroline, all demonstrated the same monotonic elasticity growth
characteristic of asphaltenic films. Alternatively, 5"-cholanic acid (BCA), with
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no aromatic rings, formed weakly elastic films that became progressively weaker
with aging. The interfacial tension profile at pH 10 of AH asphaltenes and BCA
each exhibited a time-dependent minimum, consistent with removal of material
from the interface, either due to oil-soluble sodium-carboxylate formation or
transfer to the alkaline water phase. Similarly, 1,10-phenanthroline exhibited a
similar minimum tension, independent of pH, arising from interfacial transport
due to its non-negligible solubility in water.

Interestingly, even at low

concentrations, 2-aminoanthracene rapidly formed highly elastic interfacial films;
much higher than any asphaltenic films previously measured.

Unlike

asphaltenes, which emulsify water over a wide range of conditions, none of the
model compounds tested could stabilize a 1:1 W:O emulsion, including 2aminoanthracene and its extremely rubbery interfacial films. The observations
suggested that the relationship between interfacial rheology and emulsion stability
for unconventional surface-active species is not straightforward. Furthermore,
these kinds of materials must possess three key properties to form stable
interfacial networks like asphaltenes: (i) good solubility, (ii) molecular flexibility,
and (iii) multi-dimensional association.

7.2

Moving Forward
The tools used throughout this body of work have helped to shed light on some long-

standing scientific questions that are critical to understanding asphaltene self-assembly. That
said, these techniques can be used to expand upon the knowledge base and address more
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thoroughly the equilibrium interfacial structures of asphaltenic films, as well as their
dynamic assembly. For example, the core/shell form factor model employed in chapters 3
and 4 to describe the scattering of our emulsion systems assumes that the interfacial film is of
uniform composition.

For the purposes of the investigation, and the novelty of the

experiments to the petroleum research field, we did not relax this approximation. However, a
more realistic description is one in which the asphaltene volume fraction in the film decays
from the droplet surface toward the organic continuous phase. This kind of description
would require very careful decoupling of the film and droplet surface scattering, and because
of the droplet polydispersity, much of the film scattering intensity features are smoothed out.
However, such detail would clearly benefit the petroleum industry.
Furthermore, the ability to measure differences in interfacial film thickness and
composition with pH and dopant addition should excite the petroleum research community.
Currently, the design of polymeric demulsifiers is akin to trial-and-error: the formulations
that break emulsions are then reformulated and re-tested for improved efficacy. The use of
SANS not only provides the ability to measure not only changes in the macroscopic emulsion
properties (i.e., S/V) after demulsifier addition, but also the changing composition of the
interfacial material. We believe this vein of research would help producers better understand
the mechanisms of demulsification by developing experimental correlations with the
changing film composition in the films as the emulsions destabilize.
The role of asphaltene chemistry in bulk self-assembly and emulsion stability has been
heavily studied, but SANS enables a comprehensive exploration of the relationship between
asphaltene chemistry and interfacial film structure and composition. In particular, metals are
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thought to play a role in asphaltene self-assembly, both in the bulk and at the interface.
Specifically, heavy metals, such as vanadium and nickel, can be complexed with porphyrin
structures that have very interesting aggregation and interfacial properties.

Thus, we

envision a series of experiments in which: (a) these petroporphyrins are exhaustively
removed from the asphaltene fraction, (b) emulsions are made with varying amounts of these
porphyrins, and (c) the emulsion and film properties are evaluated using SANS. Coupled
with interfacial shear and dilatational rheology, these experiments would be very revealing
about the impact of porphyrins on asphaltenic film stability.
Our experimental observations with “asphaltene-like” compounds revealed that to truly
replicate all aspects of asphaltene behavior, we likely need compounds with good solubility,
molecular flexibility, and multiple dimensions of crosslinking or association. One avenue is
to synthesize such a molecule from some of the molecules explored in chapter 6, in which
these compounds act as the “islands” of an archipelago asphaltene structure. However, since
asphaltenic aggregates surface-active, a possibly more fruitful avenue could be to
functionally modify the surface chemistry of inorganic nanoparticles.

In one example,

various aliphatic, aromatic, and polar thiol species could be attached to gold or silver
nanoparticles and then dispersed in a sutiable organic solvent.

Then using interfacial

rheology, the interfacial self-assembly associated with these various surface chemistries
could further elucidate the nature of asphaltene-asphaltene interactions (dispersion, hydrogen
bonding, electrostatic, etc.) that dictate film formation.
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A: Dynamic Asphaltene-Resin Exchange at the Oil/Water
Interface: Time-Dependent W/O Emulsion Stability for
Asphaltene/Resin Model Oils
Appendix A is essentially a manuscript by Xiaoli Yang, Vincent J. Verruto, and Peter K.
Kilpatrick that was published in Energy & Fuels (Volume 21 (3), pp. 1343-1349, (2007)).

Abstract
The critical electric field (CEF) technique was used to determine the time-dependent
stability of water-in-oil emulsions in which asphaltenes stabilize the film. Stabilizing films
comprising purely asphaltenes were observed to increase monotonically in stability with
time. However, in the presence of resins, particularly in mass ratios of resins to asphaltenes
of 0.5-1.0, the stability of the emulsions as probed by CEF were observed to exhibit a very
sharp local maximum. Similar behavior was observed in dilatational interfacial rheology
experiments using an oscillating drop tensiometer. The dilatational modulus (!) for the
stabilizing film, as obtained from the variation of interfacial tension with interfacial area, of
an aging asphaltene/resin model oil droplet in water exhibited a time-dependent local
maximum. Values of ! were nominally lower for asphaltene/resin model oil systems than
asphaltene model oil systems, qualitatively similar to CEF trends.

These observed

phenomena are similar to the “Vroman effect,” observed in competitive protein adsorption.
One plausible explanation is that resin-solvated asphaltenic aggregates are able to diffuse and
adsorb to the interface more quickly than larger pure asphaltenic aggregates, but then a
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molecular rearrangement occurs in which resins become the primary adsorbent in the
monolayer by reptation through the consolidated asphaltene network, displacing the
asphaltenes and reducing the stability and the dilatational elasticity.

A1.

Introduction

Water-in-crude oil (W/O) emulsions continue to challenge the petroleum industry during
crude oil production, transportation, and processing.1, 2 Asphaltenes and resins have been
well-known to play very important roles in stabilizing water-in-crude oil emulsions.3-10 They
adsorb onto and accumulate at W/O interfaces to form elastic, mechanically strong films
surrounding water droplets. Formation of an interfacial film possessing certain surfacerheological properties is obviously of fundamental importance for the stability of crude oil
emulsions.11, 12 Many research groups have studied extensively this subject for decades.13-31
The results of both surface and interfacial film studies of asphaltenes or resins indicate that
asphaltene films are elastic solids and relatively immobile and irreversibly adsorbed, while
resin films are less dense and easily disrupted. However, resins are known to adsorb more
strongly than asphaltenes, as evidenced by the lower interfacial tension that they impart to
oil-water interfaces, Asphaltenic film properties are significantly influenced by the oil phase
aromaticity, the concentration of asphaltenes, and aging time, whereas resin film properties
are much less influenced by these factors,20, 31 For mixed asphaltene/resin systems, the resin
to asphaltenes ratio (R/A), the aromaticity of the oil phase, and the aging time dictate the film
properties.
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Although surface and interfacial film phenomena occur on a molecular scale, most
investigations of film properties were performed on a more macroscopic scale.

For

example, Langmuir-Blodgett and planar interfacial rheology studies are constrained to
much lower total interfacial areas than actual emulsions. The complexity of the mixture
that makes up crude oil, as well as the opacity of their emulsions makes measuring
emulsion film properties in situ a difficult task. Additionally, the correlation of emulsion
stability with a fundamental knowledge of the film formation is still far from completely
understood.
Here we use the critical electric field technique32-34 to investigate the stability of water in
model oil emulsions in which mixtures of asphaltenes and resins stabilize the film. In the
critical electric field technique, a W/O emulsion sample is placed between two electrodes
with a well-defined gap width and the current across the gap is measured as the voltage is
increased in a step-wise fashion. Increasing the voltage induces the water droplets to become
polarized, which subsequently form chains of droplets spanning the gap between the
electrodes. As the voltage increases, the electromotive force on ions within the droplets
becomes sufficient to cause the ions to rupture the stabilizing films and the current is
observed to increase sharply. This observed electric field (in kilovolts per centimeter) is
called the critical electric field (CEF). The emulsion stability as gauged by critical electric
field correlates with the properties of the interfacial films including the concentration of
asphaltenes, resin-to-asphaltene ratio (R/A), and aging time.32, 33
Asphaltenic films at model oil/water interfaces have recently been investigated using a
serrated-edge biconical bob interfacial shear stress rheometer.35 The authors tracked film
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strength with frequency sweeps at 1-hr intervals to recover the elastic storage (G') and
viscous loss (G'') moduli. In asphaltene-only systems, the interfacial shear elasticity (G')
increased monotonically for hours-to-days due to a plentiful asphaltene supply.

After

replacing the asphaltene solution with fresh solvent, the elastic modulus increased for another
8 h; a result of the molecular rearrangement of asphaltenes at the interface that leads to a
cross-linked network. Replacement of the asphaltene solution with a resin solution led to a
rapid reduction in elasticity followed by a slow increase, presumably due to solvation of
asphaltenes and their removal/replacement at the interface.
Interfacial dilatational rheology has proven to be a useful technique for probing the
interfacial adsorption behavior of surfactants36,

37

, proteins38 and mixed protein/surfactant

systems39 as well as the elasticity of protein films at air-liquid40 and liquid/liquid41 interfaces.
This technique has also been used to explore film elasticity for crude oil-water42-44, model
oil-water45-48, and model oil-air49 interfaces. In interfacial dilatational rheology of a liquidliquid interface, a droplet is formed and the interfacial tension (!) is tracked as a function of
time. To recover rheological information about monolayers or third-phase films at the
interface, controlled oscillatory strain deformations of interfacial area (A) are applied and the
resulting stress, i.e., interfacial tension, is recorded. The interfacial dilatational modulus (")
is defined by the following expression42:

"=

d!
d ln A

(A.1)

With small oscillatory deformation of area with frequency #, the dilatational modulus
can be expressed as a complex quantity, with elastic and viscous contributions:
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# = # d + i!" d

(A.2)

where !d is the dilatational viscous modulus and "d is the dilatational elastic modulus.
Depending on the system of interest, the #(t) response may lag behind the imposed A(t) and
this lag is described by a phase shift, $. Purely elastic interfaces exhibit #(t) behavior
completely in-phase with A(t), i.e. $ = 0 radians, whereas purely viscous interfaces are
completely out-of-phase, having $ = %/2 radians. The elastic and viscous moduli can then be
expressed as functions of the magnitude of the dilatational modulus, |"| = ("d2 + !d2)1/2, and
the phase shift can be expressed by the following:

A.2

" d = " cos !

(A.3)

#$ d = " sin !

(A.4)

Experimental

A.2.1 Materials
Two asphaltene samples from Arab Heavy (A) and California offshore (B) crude oils
were precipitated by mixing 40:1 (mL:g) of heptane:crude and stirring for 24 h. Asphaltenes
were vacuum filtered using Whatman 934AH filter paper and then rinsed with boiling
heptane using a Soxhlet apparatus. Asphaltenes were recovered from the Soxhlet using
toluene and a Buchi EL131 rotary evaporator. The two resin fractions were obtained by
sequential elution chromatography5,
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of the deasphalted crude (maltenes), which was

previously adsorbed onto silica gel. To minimize oxidation, all samples were blanketed with
Argon gas in sealed jars and stored in a desiccator cabinet. Properties of A and B asphaltenes
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and resins are listed in Table A.1. As expected, the H/C ratios for the resins are close to 1.5,
while only ~1.2 for the asphaltene fractions.
Toluene and n-heptane were HPLC grade and supplied by Fisher Scientific. The 50:50
(v/v) n-heptane:toluene mixture will be referred to as heptol. Deionized water with 1%
(w/w) NaCl added was used for preparing emulsions. After NaCl addition, the aqueous
phase pH was adjusted to 6 with dilute HCl and NaOH.

A.2.2 Water-in-Model Oil Emulsion Preparation (Asphaltenes)
The required asphaltene amount was weighed and dissolved with 3.5 mL of toluene in a
10 mL vial with a cap. The asphaltene and toluene solutions were shaken for 24 h and 3.5 ml
of n-heptane was subsequently added. This asphaltenes in heptol mixture was shaken for 24
hours, whereupon 3 mL water was added to the asphaltene solution and then was emulsified
for 3 min at 15000 rpm using a Virtis Cyclone IQ2 Homogenizer equipped with a 6-mm
homogenizer tip.

A.2.3 Water-in-Model Oil Emulsion Preparation (Asphaltenes/Resins)
The required asphaltene mass was weighed and dissolved with 3.5 mL of toluene in a 10
mL vial. The required amount of resins was weighed and dissolved with 3.5 mL of nheptane. The asphaltene/toluene solution and the resin/n-heptane solution were each shaken
for 2 h, after which the two solutions were mixed and shaken for 24 h. After 24 h, 3 ml of
water was added to the mixture and then emulsified for 3 min at 15000 rpm.
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A.2.4 Critical Electric Field Measurement
After emulsification, the samples were aged at room temperature up until the CEF
measurement was performed. To measure CEF, an emulsion sample was syringed into the
sample cell consisting of two, 1.0 cm diameter, gold-plated, copper electrodes, separated by
Mylar spacers and held in an aluminum casing (cf. Figure A.1). The cell was connected to a
HP6634B power supply (0-100 V DC source), controlled by a PC through the use of an
HP82350A interface card. The power supply was controlled using an internally coded Visual
Basic program. The gap width, !, of the cell could be varied using Mylar spacers, but for all
of the experiments it was maintained at 0.25 mm. After the cell was loaded with the sample,
the voltage between the electrodes was increased in increments of 0.25 V every 5 s and the
current was measured 2 s after every step change (to avoid current spikes). This procedure
typically continued through an abrupt – although on occasion gradual – change in the slope
of the current (I) vs voltage (V) plot until the instrument overcurrent protection was activated,
ending the experiment. Defining the critical voltage is an important aspect of this work, with
consistency being the most critical concern. Here we define the critical voltage at the
intersection that occurs between tangent lines of the two extreme slopes in the resulting I vs
V plot. The CEF is then defined as this critical voltage divided by the gap width separating
the electrodes. Consistent sampling of the emulsions was also of great importance such that
the emulsions were always pipetted from a location 1 cm below the free surface after
resuspending the settled/aged samples. Microscopic observations were performed on an
Olympus BH-2 stereomicroscope in parallel with CEF measurements to verify valid
sampling procedures. Each of the model oil systems appeared to have appropriate droplet
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size polydispersity (0.5-20 µm) to ensure valid comparisons from sample to sample. All
experiments were performed at room temperature.

A.2.5 Dilatational Rheology
All dilatational rheology experiments were run on an oscillating pendant drop
tensiometer (TRACKER) from IT Concept (now Teclis), for which a schematic is shown in
Figure A.2. This setup was equipped with (A) a halogen lamp light source, (B) a cuvette
containing the model oil drop in water, and (C) a charge-coupled device (CCD) camera. A
DC motor controlled the drop volume by adjusting the plunger position in (D) a microsyringe
containing the model oil. Finer control of drop volume was afforded by using lower-capacity
microsyringes (250 µL) and higher-gauge (!20) curved needles. A personal computer (D)
analyzes images of the droplet shape to solve for ! from the force balance between Laplace
and head pressure on the droplet.
Samples of B asphaltenes were prepared in 1:1 (v:v) blends of toluene and n-heptane and
were run at 2% (w/w) with a 5 µL drop volume and 0.5 µL oscillations. Mixtures of B
asphaltenes and resins were prepared with R/A = 0.5 and asphaltene compositions of 2% and
4% (w/w). A sample of 1% resin-only solution in the same solvent was also prepared and
run on the TRACKER. The aqueous bulk phase was adjusted to pH 6 with dilute NaOH and
HCl. Volume oscillations were induced with a frequency of 0.1 Hz for 10 cycles at each
time point. These oscillations were typically performed every 10-15 min for the first hour of
aging and then every 2 h thereafter. A single drop was used throughout the entirety of a run,
which generally consisted of 15 to 20 time point measurements. This was done in order to
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ensure that time-dependent observations for a sample were not influenced by drop-to-drop
variations that can occur. Total run times were generally 23-30 h. The DROP control/data
analysis program was used to smooth the area and tension oscillations and calculate the
dilatational modulus (|!|) and phase shift ("). For both parameters, |!| and ", the values
presented are from averaging over the 10 oscillation cycles applied at each time point.

A.3

Results & Discussion

A.3.1 CEF of Water-in- Oil Emulsions (Asphaltenes) as a Function of Time
In order to asses emulsion stability kinetics, separate emulsions were prepared using B
asphaltenes in model oil and each emulsion was aged separately prior to the CEF
measurement corresponding to the appropriate aging time (cf. Figure A.3). It is clear that the
CEF, i.e., emulsion stability, of these emulsions is a very strong function of adsorption/aging
time. For B asphaltene concentration below 1 wt%, the CEF increases monotonically for the
first 6 h. After about 1 d of aging, emulsions made with 0.5% or 1% B asphaltenes exhibited
similar stability (~0.8 kV/cm). Emulsions prepared with 2% and 4% B asphaltene model oil
approached their long-time (!24 h) stability within the first few hours, at CEF values of
about 1.2 and 2.8 kV/cm, respectively. These results indicate that for model oils of low
asphaltene composition, the interfacial asphaltene concentration is too small to dictate
emulsion stability immediately after emulsification.

Given enough time, however,

asphaltenic aggregates will continue diffuse to the W/O interface and accumulate with ample
material to cover the droplet surface and rearrange into an elastic film. Alternatively, in
emulsions prepared with concentrated asphaltene model oils, the driving force for asphaltene
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adsorption at the W/O interface from the oil phase is significantly greater than that of less
concentrated asphaltene solutions.

Thus, at short aging times the interfacially active

asphaltene inventory in the continuous phase is plentiful, enabling adsorption to, and
saturation of, the W/O interface, providing a barrier to coalescence rather quickly.
Therefore, further extending the adsorption time for concentrated asphaltene-only systems
has little influence on the overall emulsion stability.
Also presented in Figure A.3 is the CEF for a 4% resin-only model oil emulsion as a
function of aging time. We can clearly observe the weak emulsion stabilizing power of this
concentrated solution of resins.

Resins are thought to be more surfactant-like than

asphaltenes and form a monolayer rather as opposed to the multilayered and crosslinked film
that has been reported for asphaltenes. This should be evident in the discussion of interfacial
rheology of resin-only systems that is found later in this text.

A.3.2 CEF of Water-in- Oil Emulsions (Asphaltenes/Resins) as a Function of Time
Shown in Figures A.4 and A.5 is the time-dependent emulsion stability for emulsions
made with model oils containing both asphaltenes and resins from crude B or A. For the
mixed B asphaltene (BA) and B resin (BR) emulsions, we observed local maxima in the CEF
profile within 50-90 min when R/A is between 0.5 and 1. When R/A = 1 the observed CEF
passed through a maximum ca. 1.9 kV/cm at adsorption times of ~90 min, while after further
aging (several hours), the CEF returned to < 1.0 kV/cm. A similar local maximum also was
observed in time-dependent CEF measurements of A asphaltenes/A resins model oil
emulsions when R/A was 0.25 - 0.5. In Figure A.4 we observe for R/A = 0.25 that this
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maximum of 1.2 kV/cm occurs after nearly 50 ! 60 min after emulsification, while the CEF
then decreased to 0.96 kV/cm after 24 h.
We should note that this behavior is not unique to these asphaltene/resin systems. In fact,
this phenomenon bears strong resemblance to multiprotein adsorption commonly observed in
biomaterials. In such systems, the adsorption of one protein increases with time, attains a
peak value, and then partially or completely desorbs or is replaced by other proteins. This
results from a dynamic exchange of proteins in the adsorbed protein layer. Proteins may
replace each other in a well-defined order before the steady-state composition of adsorbate is
reached, and this phenomenon is now called the Vroman effect.51, 52 Both asphaltenes and
resins exhibit significant molecular size polydispersity and chemical heterogeneity. Resins
can exhibit the ability to solvate “pure” asphaltenes, possibly by disrupting the !!!
overlapping prevalent within asphaltenic aggregates.53

The maximum CEF value of

asphaltene/resins model oil emulsions occurs at short times, which indicates very stable
emulsions and, presumably, higher ordered self-assembled asphaltenic films, which diminish
over time in either film composition or film elasticity per unit mass. In this regard, we
believe resins may change the soluble state of asphaltenes, enhancing their interfacial activity
and self-assembly upon a fresh interface. At longer times, however, thermodynamics favor
resin adsorption to the interface to minimize the surface free energy. Resins modulate the
asphaltenic film and either “loosen” the asphaltenic cross-links at the interface (reduction in
elasticity per unit mass) or “dissolve” the asphaltenes and displace them from the interface
(reduction in interfacial concentration). Such interfacial denaturing would result in the timedependent emulsion stability observed in our experiments.
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A.3.3 Dilatational Rheology
Presented in Figure A.6 are the time-dependent dilatational modulus and phase shift for a
2% B asphaltene model oil droplet. Not only does the dilatational modulus increase with
time, but the phase shift also decreases, indicating the contribution to the modulus is
becoming increasingly elastic. This B asphaltenic film approaches an apparent equilibrium
elasticity near 55 mN/m after roughly 20 h of aging. Asphaltenic films prepared at the
cyclohexane/water interface have demonstrated similar aging dependence for asphaltene-only
systems48.
For asphaltene/resin mixtures at an R/A of 0.5 and a 2% B asphaltene concentration, the
dilatational modulus was well below that for asphaltenes alone but well above the resin-only
curve as seen in Figure A.7. Two runs were performed for this mixed asphaltene/resin
condition to test repeatability. After 18-23 h of aging there was an increase in the dilatational
modulus for the asphaltene/resin mixtures followed by a gradual decrease for each run.
However there is a discrepancy between the two runs regarding this sudden increase in
elasticity. Dilatational rheology reproducibility issues in asphaltene/resin systems have been
previously reported49, which serves as a reminder of the chemical heterogeneity and size
polydispersity inherent in asphaltenes and resins that likely lead to the observed variability
here.
For the resin-only system in Figure A.7 the low dilatational modulus indicates a weakly
elastic adsorbed layer. It should be noted, however, that despite this low elasticity, the resin
adsorption led to an interfacial tension of ~6.5 mN/m. This is indicative of a high affinity for
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the interface by B resins, more so than that of B asphaltenes, which only reduced the tension
to ~18 mN/m. It is important to remember that in this technique, we are testing the ability of
the interface to respond to the interfacial deformation and the resulting changes in interfacial
tension. A likely source for the elasticity in the resin-only system is either the GibbsMarangoni effect37 or diffusion exchange45 between the bulk and the interface during
oscillatory droplet deformation, rather than the formation of a mechanically elastic network.
It is likely then that resins form an interfacial structure comparable to a monolayer, rather
than a crosslinked network, which presumably dictates resin interfacial behavior in mixed
asphaltene/resin systems. Recall that resin-only emulsions showed little or no stability under
the conditions tested, which may be related to the observed low dilatational modulus.
Although the results in Figure A.7 exhibit a time-dependent maximum in film strength,
we acknowledge its occurrence at much longer aging times than those observed in the
emulsion. However, the diffusion length scales likely differ greatly for asphaltenes in the
continuous phase of an emulsion and in the droplet of the tensiometer. In an effort to reduce
the time needed to reach the maximum film strength, we performed two runs for mixtures of
4% B asphaltenes and 2% B resins as shown in Figure A.8. While there is a noticeable
quantitative discrepancy between the two data sets, the dilatational modulus qualitatively
behaves quite reproducibly as a function of time. In both runs, a local maximum occurs
within the first 4 h, but neither reaches the maximum elasticity observed for the 2% B
asphaltene-only or 2% B asphaltene/1% B resin systems.

The increased asphaltene

concentration would have enhanced the inventory capable of migrating to the interface,
which would normally yield an increase in film strength. However, we also increased the
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inventory of resins, which have a higher affinity for the interface than asphaltenes. We
postulate that the resins displace asphaltenes from the interface, but only after reptating
through the consolidated asphaltenic film, as drawn in the schematic in Figure A.9. This
could lead to an elasticity maximum like the one we observe, as opposed to monotonic
growth to values below that of the asphaltene-only system. This disruption of the asphaltene
network results in the lower overall elasticity observed in Figures A.7 and A.8.

A.4

Conclusions

The results presented in this work identify the critical electric field technique as a useful
tool to quantitatively gauge emulsion stability. We observed in the CEF experiments that the
oil-phase asphaltene concentration significantly influenced the emulsion stability.

For

asphaltene-rich model oils, the emulsion system rapidly achieved the long-time stability
within the first few hours. When both resins and asphaltenes were present, the resulting
emulsion stability gauged by CEF was dependent on the R/A ratio and the interaction
between asphaltenes and resins. These complex interactions between asphaltenes and resins
result in a dynamic replaceable adsorption process for asphaltene and resin molecules at O/W
interfaces. This may then allow for the formation of somewhat more stable emulsions in
mixed asphaltene/resin systems at specific compositions and aging times.
Interfacial dilatational rheology experiments performed on O/W interfaces with
asphaltene-only and asphaltene/resin mixtures exhibited similar qualitative trends compared
to CEF. In these rheology experiments, however, asphaltene/resin mixtures always produced
films with lower dilatational moduli than those of asphaltene-only solutions. The time
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dependent local maximum in the dilatational modulus for the mixed B asphaltene/B resin
systems was dependent on the total adsorbate concentration despite a constant R/A of 0.5.
These observed interfacial phenomena suggest that a dynamic adsorption/replacement
process occurs during film formation for the mixed asphaltene/resin systems studied here.
Reptation of resins adsorbed to aggregates through the asphaltenic network is a plausible
limiting step, allowing for significant film consolidation before interfacial replacement and
the observed maximum film elasticity.
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Figure A.1.

CEF sample cell with a two-piece aluminum housing which screws together,
clamping down on Mylar spacers of known thickness. This enables tuning of
the separation gap distance, !, between the two gold plated electrodes. The
expanded portion of the diagram illustrates the aligning of water-in-oil
emulsion droplets with the applied electric field.
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Figure A.2.

TRACKER instrument with (A) a halogen lamp, (B) a glass cuvette in which
a droplet is oscillated, (C) a CCD camera, (D) a microsyringe containing the
model oil, and (E) a personal computer to analyze the drop shape.
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Figure A.3.

CEF for four different B asphaltenes (BA) model oil emulsions (0.5-4 wt %
BA) as a function of time (0-1600 min) and one B resins (BR) model oil
emulsion prepared at 4 wt % BR. A break in the time axis is made, omitting
the 500-1200 min range during which no CEF data was collected.
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Figure A.4.

CEF for six different model oil emulsions made with B asphaltenes (BA) and
B resins (BR) as a function of time (0-1600 min). All BA/BR model oils
mixtures prepared with 1 wt% BA and resin-to-asphaltene ratios (R/A) of
0.25-4. Also presented here is the base case of 1 wt% BA. A break in the
time axis is made, omitting the 500-1200 min range during which no CEF data
was collected.
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Figure A.5.

CEF for 6 different model oil emulsions made with A asphaltenes (AA) and A
resins (AR) as a function of time (0-1600 min). All AA/AR model oils
mixtures prepared with 1 wt% AA and resin-to-asphaltene ratios (R/A) of
0.25-2. Also presented here is the base case of 1 wt% AA. A break in the
time axis is made, omitting the 500-1200 min range during which no CEF data
was collected.
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Figure A.6.

Dilatational modulus and phase angle for 2% B asphaltenes in 50:50 heptol in
pH 6 deionized water. Vdrop ~ 5µl, Vosc ~0.5 µl, ! = 0.1 hz, and T ~ 30ºC.
Note the decreasing phase angle with increasing modulus, indicative of an
increasingly elastic contribution to the total modulus.
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Figure A.7.

Dilatational modulus for two runs of 2% B asphaltenes (BA) and 1% B resins
(BR) in 50:50 heptol mixture in pH 6 deionized water. Vdrop ~ 5 µl, Vosc
~0.5 µl, ! = 0.1 hz, and T ~ 30ºC. Also presented are the dilatational moduli
for the BA-only and BR-only in 50:50 heptol drops in pH 6 deionized water.
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Figure A.8.

Dilatational modulus for two runs of 4% B asphaltenes (BA) and 2% B resins
(BR) in 50:50 heptol in pH 6 deionized water. Vdrop ~ 5µl, Vosc ~0.5 µl, T ~
30ºC. Although not quantitatively reproducible, the maximum in dilatational
modulus as a function of time is qualitatively repeatable.
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Figure A.9.

(A) Asphaltenes and resins co-aggregating into polydisperse oblate cylindrical
aggregates and diffusing to the O/W interface, whereupon the aggregates (B)
adsorb and begin to consolidate into a film. (C) Internal resins reptate through
the film to the interface and (D) replace most asphaltene contacts at the
interface.
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Table A.1.

Elemental Composition of A and B Asphaltenes and Resins.

H/C
C%
H%
N%
S%
O%

A
Asphaltenes
(AA)
1.19
82.69
8.21
1.02
8.32
1.64

B Asphaltenes
(BA)
1.24
78.47
8.09
1.87
6.68
2.9
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A
Resins
(AR)
1.44
79.72
9.55
0.81
6.35
3.58

B Resins
(BR)
1.51
79.21
9.95
1.48
6.91
1.98

