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ABSTRACT: The presence of asphaltene at both fluid—fluid and
fluid—solid interfaces has a wide impact on petroleum recovery
processes, for example, by stabilizing oil—gas—water dispersions,
adsorbing on reservoir rock surfaces and thus changing their
wetting properties, and forming deposits in oil—gas production
systems. The Yen-Mullins model for asphaltene behavior in bulk
fluids provides a framework for understanding a diverse range of
phenomena related to the adsorption dynamics of asphaltene at
interfaces and how the adsorbed layers are structured. In this work,
we address the relatively less explored parameter, which is
accounting for the size and shape of the particles on the interfacial
properties and emulsion stability. We discuss our investigations of
the asphaltene adsorption and its effects, focusing on oil—water
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The interfacial effects of adsorbed asphaltenes follow
the predictions of the “Hexagonal Lattice Gas Model”.

interfaces, and propose a lattice-gas model to explain the experimental observations of the interfacial tension and rheology.

1. INTRODUCTION

Asphaltenes are made of a peripheral alkyl chain attached to
polycyclic aromatic hydrocarbon rings' and are among the
most surface-active and polarizable components of crude oil.
They are classified as a solubility class that is soluble in
aromatics like toluene but insoluble in n-heptane. Molecular
structure analysis using atomic force and scanning tunneling
microscopy methods shows polydispersed asphaltene with a
variety of molecular structures.” Following the widely accepted
Yen-Mullins model for asphaltene, a molecule’s typical
molecular weight is about 750 g/mol, and the asphaltene can
exist as a monomer, nanoaggregate, or clusters based on their
concentration in oil."”’

The stability of crude oil—water emulsions is known to
increase with the asphaltene adsorption at an oil—water
interface, impacting the process of the oil—water separation
and subsequently affecting the oil production.” The interfacial
interaction of the asphaltene-rich crude oil and reservoir rock is
also known to influence the reservoir wettability and oil
recovery process. Additionally, the precipitation and deposition
of asphaltene during various stages of the oil production
process can negatively affect the reservoir recovery and result
in increased costs because of the downtime in production
facilities. Therefore, understanding the interfacial properties of
asphaltene is important for the efficient management of
petroleum production.

There are several studies focused on understanding the
physicochemical effects of asphaltene at interfaces. For the
elucidation of the mechanism of adsorption and emulsion
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stability, a series of experiments using the pendant drop
technique covered by asphaltene have been reported.””'* A
summary of these experimental results are described in the
next sections in the context of other studies, which show that
many interfacial properties of asphaltene agree with the
Langmuir equation of state (EOS). However, there are
deviations from the Langmuir model above the surface
coverage of ~65%. We introduce a lattice-gas-based approach
to address the limitations of the Langmuir model, which
enables us to account for the size and shape of the particles on
the interfacial properties of asphaltenes and the emulsion
stability. The numerical simulations are in the context of
lattice-gas theory; more details can be found in section 3. The
bulk composition is related to the com})osition at the interface
using the Gibbs adsorption isotherm."

2. INTERFACIAL EFFECT OF ASPHALTENES AT THE
OIL-WATER INTERFACE

2.1. Adsorption Kinetics and Solubility Effect.
Asphaltene adsorption at the oil—water interface results in
the decrease of dynamic interfacial tension.”'® The interfacial
activity depends on the solubility of asphaltenes at the oil—
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water interface.'”'? The interfacial tension rapidly declines
initially and varies linearly with the square root of time,
indicating a diffusion-controlled adsorption.”'*'*~!°

For low-solubility asphaltene solutions (asphaltene solutions
in mixtures of toluene and aliphatic base oil), the adsorption
barrier regime follows the initial diffusion-controlled adsorp-
tion because of the steric hindrance effect between already
adsorbed molecules. The equilibrium interfacial tension is
found to be independent of the asphaltene concentration in an
aliphatic oil, and the surface coverage asymptotically reaches
the 2D packing limit of polydispersed disks.”® However, for
high-solubility asphaltene solution (asphaltene in toluene), the
interfacial tension dependent on the asphaltene concentration
in the solution and the equilibrium surface coverage can be
obtained from the Ward-Tordai equation.'® Another effect of
solubility is that lower surface pressures and higher critical
nanoaggregate concentration (CNAC) is obtained in high-
solubility asphaltene for the same amount of asphaltene.'’ The
equilibrium interfacial tension is reached faster at higher
asphaltene concentrations for aromatic solvents and slower for
aliphatic solvents,'”” and a lower amount of asphaltene is
required to stabilize the emulsion in the aliphatic solvent.'®
However, the surface concentration of ~4 mg/ m? is found for
the emulsion stability regardless of the asphaltene solubility.”"*

2.2. Interfacial Rheology and Equation of State.
Particle-laden interfaces between two immiscible liquids can
be studied by deformations in the dilatational mode."”~>* The
surface pressure rises as the interfacial layer is compressed
because of an increase in the surface concentration. Droplets
aged in low-solubility asphaltene solution were rapidly
extended until the droplet detachment stage using a pendant
droplet apparatus, and the interfacial tension was determined
as a function of the interfacial area. The results show that, for
asphaltene adsorption, results could be explained by a unique
equation of state. The correlation between the surface excess
coverage (I',) and interfacial tension was interpreted by a
Langmuir EOS expressed as

y(T) =y, + kTT In(1 — T'/T) (1)

where y, is the interfacial tension of a clean surface, T is the
temperature, and k is the Boltzmann’s constant.

The fitting parameter for the Langmuir EOS surface excess
coverage was calculated as 3.2 molecules/nm?, corresponding
to the area of the cross section of 0.31 nm? which is in
agreement with the reported range by Chaverot and co-
workers.'> These results are consistent with the Yen—Mullins
model,"”* correspond to the average size of the polyaromatic
hydrocarbon core of 6—8 rings in asphaltene, and indicate a
configuration where alkyl chains orient perpendicularly to the
oil phase, and the aromatic cores lie flat at the interface.

The results of the sum frequency generation (SFG)
vibrational spectroscopy on the Langmuir—Blodgett film*’
support this interpretation of the asphaltene molecule
orientation. Hydrogen bonding between the OH group and
the z-electrons of the polycyclic aromatic hydrocarbons rings
leads to the flat adsorption of the polyaromatic hydrocarbon
core at the interface.”* The results of SFG are confirmed by the
coarse-grained molecular simulation using dissipative particle
dynamics (DPD) for different initial molecular orientations.
The coarse-grained model shows that asphaltene molecules
remain g%rallel to the interface, even at a high surface
coverage.”

The applicability of the Langmuir EOS is also established for
petroleum-derived asphaltene extracted from Kuwaiti UGS,
coal-derived, and synthetic asphaltene. Analysis of the surface
excess coverage for petroleum-derived, coal-derived, and
synthetic asphaltene yielded an approximately 6-ring core, 4-
ring core, and a 13-ring core, respectively. Estimates of the
average ring size in the polyaromatic core obtained from
interfacial property measurements are consistent with the
understanding from other studies,”**® proving the validity of
the Langmuir EOS for the adsorption of asphaltene derived
from a range of materials.

2.3. Mechanism for Coalescence Blocking. When
emulsions are left at rest or gently stirred, the coalescence
process continues until the surface concentration reaches a
significant value of approximately 4 mg/m? This critical value
of surface concentration is found to be independent of
adsorption properties such as the bulk concentration or the
nature of the solvent.””

The rapid increase and decrease in asphaltene concen-
trations occurring during coalescence events is simulated using
the pendant drop experiments through rapidly contracting and
expanding asphaltene-laden interfaces.” Until surface pressure
values of ~21 mN/m, contraction curves for droplets aged in
asphaltene solutions follow the Langmuir EOS (Figure 1),
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Figure 1. Surface pressure vs interfacial coverage for contraction/
expansion experiments. Reproduced with permission from ref 9.
Copyright 2014 American Chemical Society.

beyond which the contraction curves deviate from the
Langmuir EOS. At this point the droplet shows solidlike
behavior on the surface as it does not conform to the shape
predicted by the Young—Laplace equation. Further contrac-
tions cause wrinkles to develop, which disappear in a short
time, which is thought to be the result of gradual desorption
followed by a change to a glassy surface. This happens when
the contraction exceeds a packing limit of ~85%. The surface
pressure versus interfacial coverage for expansion and
contraction experiments is shown in Figure 1. The findings
demonstrate that there does not appear to be aging, cross-
linking, or gelation at the interface as all the curves fall onto the
same Langmuir EOS curve for a surface pressure value of
approximately 21 mN/m.

An alternative school of thought is that the formation of the
gel through a physically cross-linked network of asphaltene
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4,5,19,30—34 . .
prevents a coalescence.”” Gel point rheology is

supported by the experimental observation that the shear
elasticity increase is correlated with the chemical condition and
aging time, causing emulsion stability.””** Alicke and co-
workers find that the packing of the asphaltene nanoaggregate
is responsible for the emulsion stability.*®

Interfacial rheology is shown to be correlated with the
emulsion stability and is a better indication of stabilization than
interfacial tension reduction.””** The emulsion stability occurs
because of the mechanical resistance to coalescence,”® where
the magnitude of elasticity depends on the asphaltene
molecular structure. The result of the interfacial shear rheology
shows that the bulk concentration and aging time are
increased, and the interface becomes more elastic.””>°

It is reported that the shear elasticity increases suddenly with
an increase in the asphaltene mass fraction, whereas the
dilatational elastic modulus levels off by increasing the
concentration before a sharp decline.”*¥**3°~*! "This
observation is in contrast with gel point rheology, where
decreasing the modulus by increasing the concentration is
unexpected.”’

2.4. Reversibility of Asphaltene Adsorption and
Polydispersity of Asphaltene. Observations from contrac-
tion experiments of the droplet aged with asphaltene left at rest
indicate a relaxation toward higher interfacial tensions until
values similar to those before the compression are approached
and the wrinkles formed on contraction also disappear after
some time, suggesting the partial desorption of asphaltene
from the interface.”'” The coarse-grained model coupled with
dissipative particle dynamics (DPD) also shows that, at high
surface coverage, some asphaltene molecules desorbed into the
oil region because of the steric hindrance between adsorbed
particles.”> The investigation of surfactants and proteins
indicate that the desorption kinetics are dependent on the
surface activity of the materials,"** and the more surface-
active the surfactant, the slower the desorption.

Many studies have shown that a small fraction of the
asphaltene is surface-active, indicating that a fraction of the
overall bulk concentration is responsible for the emulsion
stability.”'¥*"*%* The surface-active fraction depends on the
source of asphaltene and could vary from 2 to 65%.° It was
observed that when the most surface-active subfraction is
removed, the interfacial tension increases, emulsion gradually
becomes less stable regardless of the asphaltene origin,”” and
the less soluble fraction is found to be the strongest
stabilizer.”***

3. LATTICE GAS ADSORPTION OF ASPHALTENE AT
OIL-WATER INTERFACES

Molecular ordering at interfaces determines the ability of a
surface-active agent to bring dissimilar materials such as oil and
water together at the microscopic scale where these materials
prefer to be phase-separated on a macroscopic scale.*
Adsorption of asphaltene at the oil-—water interface is
thermodynamically favorable, but the adsorption process can
be kinetically limited because of the presence of an adsorption
barrier.”> The adsorption of asphaltene at the oil—water
interface can be considered a multistage process. In the first
stage, asphaltene will transfer from the bulk solution to the
vicinity of the interface, the so-called subsurface layer. In the
second stage, adsorption of asphaltene from the subsurface to
the interface will occur, which can lead to the formation of a
monolayer. The same approach is widely used for the

adsorption of protein®® and surfactant in the literature. The
first step can be due to convection or diffusion.** The
schematic of the adsorption of asphaltene at the oil—water
interface below the critical nanoaggregation concentrations is
presented in Figure 2.

Figure 2. Adsorption of asphaltene from the oil phase to the interface.

In the pendant drop experiment, the asphaltene diffuses to
the subsurface layer initially:

- &) LRSI IEY.

o0 ol or Q)

with the boundary condition

¢(B,t) =¢, t>0 (3)

dr oc

T DE(b’ t), t>0 @
and initial condition:

r()=o0 (5)

c(b,0) =0 (6)

o(r,0) =¢, b<r<B (7)

where I' is the surface concentration and b and B refer to the
subsurface layer and the bulk, respectively. To solve the
diffusion equation, we need to know the surface concentration
(which is unknown in the pendant drop experiment), and we
also need to do kinetic modeling for the adsorption process
from the subsurface layer to the interface. The relationship
between the surface concentration and surface area is obtained
from the expansion—contraction experiment, as explained in
the previous subsections.

3.1. Choice of Lattice-Gas Model. The numerical
simulation is performed based on the triangular lattice with
nearest-neighbor exclusion. This model chosen for exploration
here is based on the geometry of coronene and estimated
molecular area found from the Langmuir model, as illustrated
in Figure 3. The coronene molecule has seven fused aromatic
rings. Each fused benzenoid ring is represented by a bead, so
each coronene is represented by seven beads.

We recently developed a new approach using the random
sequential adsorption model (RSAD) with surface diffusion to
obtain the equation of state of 2D hard-core particles based on
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Figure 3. (a) Molecular structure of coronene. (b) Each asphaltene covers three water molecules. (c) Choice of lattice-gas model: Triangular lattice

with nearest-neighbor exclusion (the “hexagonal” model).
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Figure 4. (a) Comparison of the hexagonal model with experimental results obtained from the compression and expansion experiment in a poor
solvent; (b) residual nonconvergence of the fit with Laplacian shape. Reproduced with permission from ref 9. Copyright 2014 American Chemical

Society.

the Gibbs adsorption isotherm and kinetic arguments.*’~*

With use of this approach, for equilibrium between a 2D lattice
gas with a 3D solution of adsorbate molecules, the equality of
the chemical potential all through the system leads to the
following relation for the surface pressure (IT),

dIl = kT9 dIn C
A, (8)
Here, k is Boltzmann’s constant, C is the total concentration of
the solution, A, is the interfacial area covered by a single
adsorbate, T is the temperature, and © is the total fractional
surface coverage. Integration of the above equation leads to

e
f 09C 4o =tapy

o C 00 kT ©)
Here, we see that the EOS, II(®), can be calculated using
information on the adsorption isotherm and the relationship
among C(@), the fractional coverage, and the bulk
concentration. Kinetic arguments for each species can be
used to obtain the adsorption isotherm. The desorption and
adsorption rates of each species are the same at equilibrium;
therefore,

K,C(1-5(X 0)) =K,0, (10)

where K, is the adsorption rate constant and Ky the desorption
rate constant of species i, (D0, is the fraction of the surface

area excluded from further adsorption by already adsorbed
particles, the “blocking function”, and C,, is the bulk
concentration of species i. Solving for C and substituting
into the integral version of the Gibbs adsorption isotherm

yields
®

(C] 0 Aa
/0 - ﬂ(g))ﬁ{l - /3(6)] O (11)

where ® = Y0, The blocking function, which may be
obtained through RSAD simulations, is the only piece of
information required to compute the equation of state. From
the definition of the adsorption rate,

e, K, 0

i 71(1 s’ ®")) - (12)
0, K K, 0,

o T wAZe) - o )
00 00, 00,

o ot ot (14)

where K; = C,K,/Ky is the ratio of the adsorption-to-
desorption attempt of species i, t = nA,/A, n is the number of
attempts, r = 1 + K + K /a + K;/(aKy), and the effective

adsorption ratio a = K, G, /(K,,Cy,).
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Figure 3b shows the adsorption of molecules covering three
adsorption sites, which is the outcome of the adsorption of
hard-core molecules along with first neighbor exclusion. A
periodic boundary condition is used to mitigate the effects of
finite size in the adsorption method, which involves gradually
adding molecules or particles to an originally empty lattice
surface. Because of the assumption of steric limitation, the
restriction is that overlap is not permitted. A random point
(x,y) representing the particle’s center of mass is chosen for
each attempt at adsorption. Adsorption is accepted if both the
chosen site and its neighbors are vacant; otherwise, it is
rejected. Diffusion is introduced sequentially, which is the
simultaneous movement of particles. A particle that was
adsorbed earlier and a displacement direction for the particle
are chosen randomly for every diffusion attempt. Diffusion is
accepted if moving the center of mass of that particle to the
next node along this chosen direction does not violate the
nonoverlap condition. Upon the fast surface diffusion, the
surface layer is at internal equilibrium, even in the case of
transient adsorption and the blocking function can be
considered as a state function.

Desorption is incorporated into the system with identical
binary species, which have the same size and shape, but
different Ki’s. A particle gets removed in a desorption attempt
if it has the same type as the randomly selected species and if a
chosen site lies inside the adsorbed particle. If not, we choose
one of the six nearby sites at random and remove the particle if
it is related to the center of mass of an adsorbate with the same
type. Or else the attempt is denied. To obtain the blocking
function and to the extract the success rate, we performed
1500 independent runs. Previous experimental data for
interfacial interactions between water and the solution of
asphaltene is re-analyzed in the following section.

3.2. Results. 3.2.1. Comparison between the Hexagonal
Model and Compression—Expansion Experiment. Previous
compression—expansion experimental data’ are re-analyzed
with a hexagonal model, as shown in Figure 4a. The residual
nonconvergence of the fit from a Laplacian shape (r) is
presented in Figure 4b and can be calculated as

ersum
m (15)

where “ersum” is the summation of the square orthogonal
distance (in pixels) between the detected edge point and the
Young—Laplace equation and m is the number of detected
points.

Although the Langmuir model can predict the experimental
data fairly well at low surface coverage, it deviates from
experimental data at higher coverage around 23 mN/m surface
pressure where some fluctuation is also observed in the
residual nonconvergence of the fit from the Laplacian shape, as
illustrated in Figure 4b. This value of surface pressure is
equivalent to the entrance to the coexisting zone found in the
hexagonal model (illustrated in Figure 4a). As a result, the
Langmuir EOS is able to predict the adsorption behavior of
asphaltene fairly well in the fluid regime.

Upon further contraction, wrinkles appear on the droplet
aged with asphaltene solution, which also are explained by the
hexagonal model. A large deviation from the Laplacian shape is
observed around 32 mN/m, which is equivalent to the
prediction of the hexagonal model about the entrance to the
solidification zone. Our results indicate”’ ~* that a sharp
transition occurs from the disorder regime to the order regime

at solidification coverage. The average molecular weight of
asphaltene is 750 g/mol, so the packing fraction of the
hexagonal model corresponds to 3.86 mg/m” surface
concentration, which is in the reported range for emulsion
stability obtained from the experiment._zg’9 Birefringence is also
observed by Varadaraj and co-worker’’ upon contracting the
aged droplet using cross-polarized light microscopy, which
confirms the ordering of the monolayer at high concentration.

For wrinkles to be observed on the droplet aged with
asphaltene solution, the coverage should reach the jamming or
solidification coverage. In the experiment performed by Zarkar
and co-workers,'"® no wrinkles were observed because the
surface pressure after the compression experiment was 13 mN/
m, where this surface pressure corresponds to the liquid regime
in the hexagonal model.

Our new model could explain hysteresis between contrac-
tion and expansion experiments. Because of the rapid
compression of the monolayer, the system does not relax
completely to a new equilibrium state, which causes kinetic
frustration, and hysteresis is observed between compression
(adsorption method in the hexagonal model) and expansion
(desorption method in the hexagonal model).*”*! Because of
the presence of hysteresis between the compression and
expansion experiment, we expect that the droplet relaxes down
to a lower surface pressure based on our model. It is
experimentally observed that when the contracted droplet is
left at rest, wrinkles disappeared and the surface pressure
relaxed down to the value before the contraction experiment.”’

Our results indicate*®*" that, at very low surface diffusion,
rapid monolayer compression forces the system toward a
locked or metastable configuration. At high concentrations, the
in-plane rearrangement of particles due to the compression
becomes too difficult and leads to the appearance of
viscoelasticity in the monolayer.”® This system has many
phenomenological characteristics that are qualitatively similar
to those of supercooled liquids and glasses. The system gets
stuck in a metastable state and will only gradually relax toward
equilibrium. The caging effect at high surface coverage can be
relaxed with thermal motion or stress, which has the same
concept as the soft glass rheology model (SGR). This model is
used to explain the shear rheology experimental data.”*®**

3.2.2. Comparison between the Hexagonal Model and
Dilatational Rheology Experiments. Dilatational rheology
versus the surface pressure of a solution of asphaltene in a poor
solvent in the oil—water interface from Rane and co-workers’
is re-analyzed by the hexagonal model. Instantaneous elastic
modulus, E, is equivalent to compressibility (k) in lattice-gas
theory and can be determined through the following equation:

E, = % = @(%)T. Although the Langmuir model can predict

the experimental data at low surface pressure reasonably well,
with increasing surface pressure the Langmuir EOS deviates
from the experimental data, as presented in Figure 5. However,
the hexagonal model is able to predict the experimental data in
the whole range and also more precisely. Instantaneous elastic
modulus, E,, changes linearly by increasing the surface pressure
and passes through a maxima followed by a sharp decrease.
This trend is also reported for the adsorption of a
surfactant.””"*

3.2.3. Comparison between Hexagonal Model and
Dynamic Interfacial Tension Experiment. We previously
showed that the adsorption of asphaltene in toluene followed
the binary diffusional model.”* Here, we compare the dynamic
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Figure 5. Comparison between the hexagonal model and dilatational
rheology experiment in a poor solvent. The experimental data is
obtained from Rane et al.’”

interfacial tension of the hexagonal model with experimental
results of 0.5 and 1 kg/m® of asphaltene in toluene” in Figure
6. The same bulk concentrations and adsorption coeflicients
are used as in our previous paper.”’ The hexagonal model
could precisely predict the experimental results. Our results
confirm that only a small fraction of asphaltene as low as 8%
are surface-active in toluene. The most surface-active
component is less than 0.5% of the bulk concentration,
where this amount is consistent with the amount of asphaltene
responsible for the emulsion stability.”>*

Figure 6b shows the results plotted in a linear time scale.
The simulations results are within the range of experimental
error (+0.5 mN/m). Initially, the interfacial tension decreases
rapidly and varies linearly with the square root of time,
indicating a diffusion-controlled adsorption. With an increase
in surface coverage, the area left free for further adsorption
decreases because (i) the sites are occupied by formerly
adsorbed asphaltenes and (ii) the vacancies can be too small
for adsorption without overlap. A denser, more organized
monolayer results from diffusional relaxation on the surface.

4. CONCLUSION

The interfacial effects of adsorbed asphaltene follow the
hexagonal model EOS. The adsorption of asphaltene at the
oil—water interface can be explained over the whole range of

observations using a lattice-gas approach and are consistent
with the aggregation behavior of asphaltenes in the bulk fluid
and asphaltene average core size expected from the Yen—
Mullins model.

The Gibbs elasticity (E,) rises linearly by increasing the
surface pressure and passes through a maxima followed by a
sharp decrease. This observation merges the mechanical
resistance against compaction of the interface.

The lattice-gas model predicts that the asphaltene-laden oil—
water interface undergoes a fluid-to-solid transition because of
the steric hindrance between the adsorbed particles at 85%
surface coverage where the rise of shear elasticity is expected.
At this coverage, a sharp deviation from the Laplacian shape is
observed on the residual nonconvergence of the fit with the
Laplacian shape. On the basis of this model, the ordering
parameter increases sharply at the solidification coverage,
which is consistent with the experimental observation of
birefringence on the contracting droplet aged with asphaltene.

Because of the rapid compression of the monolayer, the
system does not relax completely to a new equilibrium state,
which causes kinetic frustration in the system, and hysteresis is
observed between the compression and expansion experiment.
The system could be pushed toward a locked or metastable
configuration, where the system behaves like a glass, in the case
of very rapid compression of the monolayer. Indeed, a soft
glass rheology model could be used to explain the shear
behavior of such a system.

The packing fraction of the hexagonal model (shown in
Figure 4) corresponds to a 3.86 mg/m” surface concentration
of asphaltene. This surface concentration is consistent with the
critical value (3.6—3.9 mg/m?) experimentally observed for the
emulsion stability. Our results suggest that the lattice-gas
approach can reliably address the limitations of the Langmuir
model, including the observations of fluid—solid transitions at
a high surface coverage, which are important in better
understanding the role of asphaltene in stabilizing oil—water
emulsions.
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