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ABSTRACT: Asphaltene aggregation is critical to many natural and
industrial processes, from groundwater contamination and remediation to
petroleum utilization. Despite extensive research in the past few decades, the
fundamental process of sulfur-rich asphaltene aggregation still remains not
fully understood. In this work, we have investigated the particle-by-particle
growth of aggregates formed with sulfur-rich asphaltene by a combined
approach of in situ microscopy and molecular simulation. The experimental
results show that aggregates assembled from sulfur-rich asphaltene have
morphologies with time-dependent structural self-similarity, and their growth
rates are aligned with a crossover behavior between classic reaction-limited
aggregation and diffusion-limited aggregation. Although the particle size
distribution predicted using the Smoluchowski equation deviates from the
observations at the initial stage, it provides a reasonable prediction of
aggregate size distribution at the later stage, even if the observed cluster coalescence has an important effect on the corresponding
cluster size distribution. The simulation results show that aliphatic sulfur exerts nonmonotonic effects on asphaltene nanoaggregate
formation depending on the asphaltene molecular structure. Specifically, aliphatic sulfur has a profound effect on the structure of
rod-like nanoaggregates, especially when asphaltene molecules have small aromatic cores. Interactions between aliphatic sulfur and
the side chain of neighboring molecules account for the repulsive forces that largely explain the polydispersity in the nanoaggregates
and corresponding colloidal aggregates. These results can improve our current understanding of the complex process of sulfur-rich
asphaltene aggregation and sheds light on designing efficient crude oil utilization and remediation technologies.

■ INTRODUCTION

Asphaltenes are one of the main components of crude oil and
are known to have a high tendency to associate together to
form aggregates that eventually cause fouling and clogging in
the porous media of reservoirs and flow lines. Thus, asphaltene
aggregation and precipitation have been extensively studied in
the past few decades due to their importance in the oil
industry.1−23 By contrast, significantly less attention has been
devoted to the environmental impacts of asphaltenes and their
aggregates, which play important roles in the remediation of
nonaqueous phase liquids (NAPLs), such as heavy fuel oil and
coal-tar-contaminated aquifer.10−14 Recent studies have shown
that remediation strategies that result in the change in the
solvation characteristics of the NAPLs could result in
asphaltene aggregation, changing the wettability of the
subsurface system, and hence, the distribution and recover-
ability of these contaminants.10 As such, it is of great
importance to both energy and environmental industry to
understand the mechanisms that govern asphaltene aggregate
formation.
Asphaltenes are a class of high-molecular-weight polar

compounds that are defined by their insolubility in short-

chain alkanes and contain both aliphatic and aromatic
hydrocarbons, polar heteroatom-containing functional groups
(e.g., sulfur and nitrogen), and some trace metals.15

Aggregation of asphaltene is an extremely complex process
and has been studied extensively in the past few decades.4,16−20

According to the widely adopted modified Yen−Mullins
hierarchical model,4 there are three length scale characteristics
to asphaltene stability: (1) the individual asphaltene molecules
(∼1.5 nm) have aromatic rings with substituted alkanes around
their edge; (2) nanoaggregates and associated small clusters
(∼30 nm) are formed by stacking of asphaltene molecules; and
(3) large clusters of nanoaggregates (∼10 μm) are formed with
a fractal structure. The Yen−Mullins model predicts that
asphaltene molecules form small and dense nanoaggregates,
which, in turn, aggregate loosely into large clusters. This model
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has received numerous experimental and theoretical sup-
port.4,21−23 On the one hand, a variety of experimental
methods have revealed the hierarchical asphaltene aggregation
process. Small-angle neutron scattering (SANS) and small-
angle X-ray scattering (SAXS) provide a robust method of
measuring the size and shape of asphaltene nanoaggregates in
both solvents and crude oils.22,24,25 In these studies, shape-
independent analyses yield nanoaggregates with a size ranging
from 30 to 100 nm, depending on the crude oil, pretreatment,
and analysis method. The SANS and SAXS data can be fitted
to a number of shape and structure factors. However, because
of the polydispersity of the nanoaggregates, these results
should be taken with caution. More recently, in situ high-
resolution microscopy, known for its nondestructive and
noncontact features, has been used to directly observe the
aggregation kinetics and the fractal nature of the network
formed by asphaltene aggregates.26,27 On the other hand,
molecular simulations have been employed to study the
molecular-level arrangement of asphaltenes in the aggre-
gates.19,28 All-atom molecular simulations have proven to be
a useful tool to probe the formation of nanoaggregates
predicted in the early stages of the Yen−Mullins assembly
hierarchy at the level of molecular scale; however, the
computational costs have limited these simulations to either
shorter than 100 ns or fewer than 50 asphaltene molecules.23

These constraints make it unfeasible to probe the clustering of
asphaltene nanoaggregates during the late stage of the Yen−
Mullins assembly hierarchy. Coarse-gained molecular simu-
lations offer a means to access the time and length scales
necessary to observe aggregates formation at the cluster

level.23,29,30 By combining coarse-grained molecular models
parametrized on all-atom data, Wang and Ferguson23

performed mesoscale simulations of aggregation of hundreds
of asphaltenes over microsecond time scales. Their simulation
results confirmed the three-stage asphaltene aggregation
process described by the Yen−Mullins model.
Despite the extensive experimental and theoretical studies,

questions still remain in terms of the description and
interpretation of the fundamental details of asphaltene
aggregation. Recently, researchers identified sulfur, a heter-
oatom in asphaltene molecules, plays an important role in
asphaltene aggregates formation.15 A molecular dynamics
simulation study by Sodero et al.20 showed that sulfur atoms
grafted directly to the conjugated backbone (polyaromatic
core) do not prevent aggregation, while the presence of sulfur
atoms on the lateral chains has a pronounced effect on the
aggregation due to steric hindrance and Coulomb repulsion
between sulfur and nitrogen atoms of the adjacent molecules.
Another recent experimental study by Zaluzec et al.31 found
that asphaltene with a high sulfur content can form dense
consolidated nanoaggregate structures, while asphaltene with
low levels of sulfur form interconnected network structures.
The insights from these two studies have shown that sulfur has
nontrivial effects on asphaltene stability at molecular and
nanoaggregates scales. However, to date, the fundamental
process of sulfur-rich asphaltene aggregation at the colloidal
cluster level is not fully understood. This information is critical
to developing solvation-based remediation techniques and
mitigating the environmental impacts of sulfur-rich asphaltene
in groundwater.

Figure 1. Sulfur characterization in asphaltenes. (A) XPS Sulphur 2p spectrum of the asphaltene sample analyzed in this study; (B) SEM−EDX
analysis of the chemical composition of the asphaltene sample. Inset: zoom-in view of representative asphaltene particles in the dry sample. The
scale bar represents 1 μm; (C) representative functionalities found in asphaltenes in the literature; (D) XPS S 2p signals in terms of atomic
percentages for the analyzed asphaltene sample.
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Many studies have applied colloid aggregation principles to
describe asphaltene aggregation kinetics at the large cluster
scale.16−18,21,26,27,32 According to Derjaguin−Landau−Ver-
vey−Overbeek (DLVO) theory, asphaltene aggregation is
driven by two main mechanisms: (1) diffusion-limited
aggregation (DLA)33 and (2) reaction-limited aggregation
(RLA).34 Each mechanism has different rate-limiting physics,
aggregation dynamics, and cluster-mass distributions. The
aforementioned studies highlight the effects of the sulfur
content and position on asphaltene particle interactions. These
interactions govern asphaltene nanoaggregate formation, which
will ultimately affect the kinetics and morphology of micro-
sized asphaltene aggregates. As such, the research objective is
to quantify the growth kinetics and morphologies of aggregates
formed from sulfur-rich asphaltene and elucidate the
mechanisms governing this process.
Here, we aim to study sulfur-rich asphaltene aggregation on

the mesoscale, wherein the nanoaggregates form the primary
building blocks of larger aggregates. We first observed
asphaltene aggregate growth kinetics while simultaneously
observing their morphological evolution by using customized
in situ microscopy. This is especially important for sulfur-rich
asphaltene, where the relationship between kinetics and the
structure remains poorly understood. The aggregate formation
kinetics, colloidal structural evolution, and aggregate morphol-
ogies were examined by analyzing the growth curve, particle
size distribution, and fractal structures, respectively. This
analysis is based on advanced image processing algorithms,
which allow for the examination of sulfur-rich asphaltene
aggregation in detail. We then conducted coarse-grained
molecular simulations to study the molecular-level structural
evolution from nanoaggregates to large aggregate clusters and
compared the results with the Yen−Mullins hierarchy model.
Three prototype asphaltene models were used to study the
effects of aliphatic sulfur on asphaltene aggregates formation.
To the best of our knowledge, this study is one of few studies
on mesoscale sulfur-rich asphaltene aggregation combining
both in situ microscopy and coarse-grained molecular
simulations.

■ EXPERIMENTAL SECTION
Experimental Methods. Materials and Characterization. The

crude oil used in this project was obtained from Venezuela with an
asphaltene content of 9.0 wt %. A detailed characterization of the
extracted asphaltenes was conducted as follows: elemental analysis by
an elemental analyzer (Vario macro cube, Elementar, Germany) and
energy-dispersive X-ray spectroscopy (EDX) were utilized to
determine the composition of asphaltenes. X-ray photoelectron
spectroscopy [K-Alpha X-ray photoelectron spectrometer (XPS),
Thermo Scientific, USA] was applied for the direct speciation and
quantification of organic sulfur forms in the extracted asphaltenes.
The results of these characterizations are shown in Table S1 and
Figure 1. Toluene (>99%, Fisher Scientific Inc.) and n-heptane
(>95%, Fisher Scientific Inc.) were used as the solvent and
precipitant, respectively.
Preparations of Model Oil. The model oil was prepared by using

the procedure described by Hoepfner et al.,21 where asphaltene was
first extracted from crude oil with a 40:1 heptane dilution, and the
resulting mixture was stirred for 24 h before separating the
precipitated asphaltenes from the crude oil/heptane solution by
centrifugation. The solid asphaltenes were continuously washed with
heptane to remove any trapped nonasphaltene components and dried
in an oven at 70 °C to evaporate any residual heptane. The model oil
was then prepared by dissolving the asphaltenes in toluene to achieve
the target concentration of 1 wt %. The model oil was continuously

stirred for 5 days to allow the asphaltene to fully dissolve. All samples
were prepared and stored in glass vials with Teflon-lined caps. More
details can be found elsewhere.21

Target Asphaltene Concentration and the Instantaneous Onset
Point. Asphaltene aggregation kinetics and morphology depend on
the initial asphaltene and precipitant concentrations. Previous studies
have shown that at low concentrations (less than 1.5 wt % asphaltenes
in the solvent), the asphaltene aggregate growth generally follows the
Smoluchowski model, while at high concentrations, the aggregation
mechanisms become more complex because the diffusivity coefficient
is asphaltene concentration-dependent.35 The instantaneous onset of
precipitation of asphaltene in this study is mainly determined by the
concentration of heptane (precipitant) that has to be added to the
model oil (i.e., asphaltene/toluene), where the first aggregates were
observed by optical microscopy after less than 30 min of mixing with
the precipitant. In the existing literature, the onset concentration for
heptane depends on the origin and the concentration of asphaltenes
and varies from 40 to 80 vol %. In this study, the concentration of n-
heptane added to the model oil was varied, starting from 5 vol % until
the defined instantaneous onset of precipitation was reached, and this
concentration was measured to be 52 vol % heptane (Figure S1). As
the first step in a series of studies to evaluate the effects of sulfur on
the asphaltene aggregation process, a low concentration of 1.0 wt %
asphaltene in toluene and a precipitant concentration of 55 vol %
around the onset point were used in this work to examine sulfur-rich
asphaltene aggregation behavior. To fully quantify the effect of
asphaltene and/or the precipitant concentration on the aggregation of
sulfur-rich asphaltene, a more comprehensive study needs to be
performed, which is not the goal of this work.

In Situ Microscopy Experiments. The experiments to study
asphaltene aggregation were conducted using a liquid cell mounted
on a 100× magnification inverted optical microscope (Eclipse Ti-E,
Nikon Instruments Inc. USA). The details of this liquid cell were
described previously.36,37 To induce aggregation, precipitant heptane
was mixed to a model oil at a 55 vol % concentration. This ratio
ensures that aggregates are formed. Then, 1 μL of a mixture of the
model oil and precipitant was delivered to the cell, which was then
sealed and mounted onto the stage of the microscope. This procedure
typically took 1 min, so that the initiation of microscopy observations
at t = 0 corresponds to 1 ± 0.5 min after mixing. Images with
resolution ∼0.07 μm were taken every 10 s until the aggregate growth
saturated. At the end of the experiment, a large image that is 3 × 3
larger than the image with a normal field of view was taken and
stitched together to collect larger statistics of the size and shape of
mature aggregates under steady-state conditions. Particle size
distributions and morphology measurements were obtained from
the large stitched image.

Image Analysis. All analysis was performed in MATLAB, and the
key steps are summarized here. First, background noise was
subtracted from each image. Then, Otsu’s thresholding method was
used to obtain a binary image for the subsequent analysis of particle
size evolution through time. The autocorrelation length was
determined from a customized algorithm based on the fast Fourier
transform, whereas the error was estimated using a bootstrap
resampling method. The details of the autocorrelation algorithms
were reported in a previous study37 and provided in the Supporting
Information S4. Briefly, a 2D spatial autocorrelation image of the
microscopy image was firstly generated, and then the radially averaged
distribution of the autocorrelation image was plotted, to which a
simple exponential function was fitted to extract the characteristic
length λ. It is worth noting that λ is proportional to the radius of each
cluster r, measured by A , where A is cluster area measurement
determined by counting the number of pixels in each identified cluster
and converting the measured pixels to real dimensions. Validation of
the exponential fitting from our imaging and data acquisition system
has shown that the lower limit of the size of aggregates, which can be
identified from this study, is 0.9 μm (Figure S2). The steps involved
in the processing of the large-stitched image are illustrated in Figure 2.
In brief, after raw image data were extracted and stored, a global
threshold using the Ostwald criterion was applied to generate the
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binary images. Image segmentation was used to identify all objects,
and the objects were characterized using the MATLAB regionprops
function and best fit with ellipses. Four morphology parameters were
defined and calculated to identify individual particles (nano-
aggregates), small and large aggregate clusters: area, solidity,
solidity-ellipse, and eccentricity. Details of the definitions and
acceptance criteria used in this study are illustrated in Figure S3.
Fractal dimensions of aggregates (df) were computed by the following
relationship: A R d

g
f= where Rg is the radius of gyration. In this study,

Rg was calculated as

R x x y y N( ) ( ) /( 1)g c
2

c
2= − + − − (1)

where xc and yc are the x−y coordinates of the centroid of each
cluster, x and y are the x−y coordinates of each pixel in a cluster, and
N is the number of pixels in each cluster. Also, very large clusters are
more likely to intersect the boundary of the image than small ones, so
the image analysis could be artificially deficient in large clusters.
Computational Methods. Simulation Procedure. The major

sulfur species in the asphaltenes used in the experimental studies
include thiophenic sulfur and aliphatic sulfur. A previous study has
shown that thiophenic sulfur has little influence on the aggregation
behavior of dimer and trimer asphaltene systems, and aromatic rings
with sulfur might not be differentiated fron those without sulfur.20 In
contrast, aliphatic sulfur has a more sensitive effect on the stabilities of
these systems. Furthermore, the potential of mean force (PMF)
curves between all-atom and coarse-grained models have shown that
sulfur on the aliphatic chain can be replaced by the C atom in the
first-order approximation.23 Thus, for the simplicity of simulation, we

have focused on studying the effects of aliphatic sulfur on the
asphaltene aggregate structure by employing molecular simulations
using asphaltene with different aromatic core and aliphatic side chains.
For this purpose, we have chosen to study three representative
asphaltene molecular models, the same as the ones previously studied
by Wang and Ferguson.23 (Figure 3). A0 comprises a core of 8 fused
aromatic rings, bound to one long side chain C8H17S and one short
side chain C3H7, and has a molecular weight of 540 g/mol. A1 has the
same side chains as A0 but possesses a larger aromatic core
comprising 12 fused aromatic rings, while A2 has the aromatic core
identical to A1 but is bound to three long side chains: two C12H25 and
one C11H23S. Therefore, differences in the aggregation tendency
between A0 and A1 will highlight the role of the aromatic core,
whereas those between A1 and A2 will elucidate the effect of the side
chains. Each of these asphaltene structures contains one sulfur atom,
which can be represented by the aliphatic chain (a) in Figure 3. A0
has a sulfur content of 5.92% by weight, which is comparable to that
measured in the asphaltene sample used in our experiments. The
molecular weight and corresponding sulfur content of A1 and A2 are
648, 985 g/mol, 4.9% w.t., and 3.2% w.t., respectively.

Following the approach of Wang and Ferguson,23 we employed the
coarse-grained (CG) Wet Martini force field (v2.2)29 to model/
parametrize toluene and n-heptane solvents and the three asphaltene
molecules. The topologies of the asphaltene molecules under Martini
mapping are displayed in Figure 3. More details on the coarse-
graining approach can be found elsewhere.23 We then performed
simulations of the assembly of these three asphaltene molecules in an
n-heptane solvent at a concentration of approximately 15% w.t.
Periodic boundary conditions were applied in all the three directions
of the simulation box. In all the simulations, the box size was 15.6 ×
15.6 × 15.6 nm3, and the total number of molecules in each system is
shown in Table S2, Supporting Information. It should be noted that
this initial concentration is larger than used in our experiments, and
this choice is justified as follows: (1) simulating the system at an
experimental concentration would require 100 asphaltene molecules
in 107 heptane/toluene molecules in an approximately 100 × 100 ×
100 nm3 box, which is intractably large for a simulation study; (2) at a
low concentration, the aggregation kinetics are slow, which makes the
simulations computationally expensive; and (3) our primary focus is
to understand the effects of aliphatic chains on the morphology of
aggregates formed by the different asphaltene molecules. Thus,
conducting simulations at a higher concentration significantly
improves the computational efficiency by reducing the diffusion
time while enabling direct observations of the formation of large
aggregates.

The parameters of the simulation system were chosen to be the
same as in the previous work done to parameterize the asphaltene
model on the Martini force field.23 A spherical cut-off of 1.4 nm was
chosen for the Lennard Jones (LJ) interactions. Coulombic
interactions were modeled using Reaction-Field-zero (RF-zero) with
a spherical cut-off of 1.4 nm. The relative dielectric constant was taken
as 2.5. Both LJ and Coulombic interactions were smoothly shifted to
zero beyond the cut-off. The Bussi et al.38 velocity-rescaling
thermostat and the Parrinello−Rahman barostat were used with the
coupling time constant of 12 ps. The isothermal compressibility and
reference pressure were set to 1.175 × 10−4 bar−1 and 1.0 bar,
respectively. All simulations were performed on GROMACS/5.1.2
molecular simulation package,39 and the results were postprocessed
using Python. The initial configuration of the system was energy
minimized by employing the steepest descent algorithm with the
maximum force tolerance of 1000.0 kJ mol−1 nm−1. This was followed
by a 25 ns canonical ensemble (constant number of particles N,
volume V, and temperature T) simulation with a 10 fs timestep for
pre-equilibration. Then, three independent 1 μs isothermal-isobaric
(constant N, pressure P, T) ensemble simulations with a 10 fs
timestep were performed, similar to the previous studies,23,40,41 and
the data was collected for the last 0.5 μs for all the simulations. All the
simulations are performed at 300 K. In addition to studying the
aggregation of A0−A2, we also performed molecular simulations of
the aromatic cores of A0 and A1 in the absence of the aliphatic side

Figure 2. Processing of large-stitching images and identification of
large and small aggregates at a colloidal cluster scale. (A) Original
bright field large scan image of asphaltene aggregates which is 3 × 3
larger than the image with a normal field of view. (B) Identified
particles (nanoaggregates) and aggregate clusters in the binary image
after global threshold using the Ostwald criterion. The identified
objects were determined by randomly labelling connected objects and
filled with an elliptical shape. (C) Definitions of cluster properties.
Filled-Area: actual number of pixels in the region; bounding-box: the
smallest rectangle containing the region; convex-area: the smallest
convex polygon containing the region; eccentricity: the ratio of the
distance between the foci and ellipse and its major axis length;
solidity: area/convex-area; solidity2: filled-area/bounding-box; and
solidity-ellipse: filled-area/best fit ellipse. (D) Identified small clusters
(white) and large clusters (red). Details of criteria are shown in Figure
S2. Scale bar represents 30 μm.
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chains for comparison. These simulations were performed with the
same methodology as described above. A correlation between MD
configurations can be determined by calculating the autocorrelation
function for the slowest dynamics of a system. We found that the
slowest dynamics correspond to the aggregation of asphaltene
molecules. The longest correlation length was found to be 0.5 μs.
We note that our equilibration timescales are at least 10 times larger
than the correlation length. Furthermore, the production runs are
sufficiently long to provide a good statistical description of the
molecular configurations of the systems.
Structural Metrics of Asphaltene Aggregates. The radial

distribution function, g(r), between the aromatic cores, aromatic
cores and the side chains, and between the side chains was calculated
to examine the structure of the aggregates. Fractal dimensions of the
assembled aggregates of asphaltene molecules were found to
determine the morphology of the aggregates. From the molecular
simulation trajectories, the correlation sum, C(ϵ), is calculated as23

C
N N

H r( )
1

( 1)
( )

i j i j

N

ij
, 1,

COM∑ε ε=
+

−
= ≠ (2)

where N is the number of asphaltene molecules in the system, H is the
Heaviside step function, rij

COM is the center of mass distance between
the molecules i and j, and ϵ is the cutoff distance. C(ϵ) identifies the
fraction of molecular pairs that are within a distance of ϵ. The fractal
dimension df is determined by fitting the relationship C(ϵ) ∼ ϵdf.36

Following the approach of Wang and Ferguson,23 we estimated df for
two regions (I and 2) by computing the slope of the least square fit to
the log−log plot of C(ϵ) in each region. To further characterize the
asphaltene aggregates, we performed a cluster analysis to identify the
size distribution of the aggregates. Two asphaltene molecules were
assigned to the same cluster if the distance between the center of mass
of their aromatic cores was less than 0.55 nm. This threshold is an
average of the first peak of the aromatic−aromatic g(r) of A0, A1, and

A2 molecules of the three systems. The ensemble average of the
number of molecules belonging to clusters of different sizes is
reported, which we refer to as “frequency”.

■ RESULTS AND DISCUSSION

Asphaltene Characterization. The results of the
elemental analysis show a total heteroatom (nitrogen, sulfur,
and oxygen) content of approximately 10 wt %, which is
consistent with the previous studies.15 The sulfur content from
both bulk and surface measurements was determined to be as
high as 5.67 wt %, which is considered sulfur-rich based on
sulfur content (0−8 wt % range) reported in the existing
literature (Table S1).42,43 The sulfur content determined from
XPS and EDX analysis (Figure 1B) is slightly higher than that
from the elemental analysis, which is likely attributed to the
presence of sulfur linkage (an aliphatic chain) that stabilizes
the aromatic rings in asphaltenes.42 Figure 1 shows the results
of qualitative and quantitative analysis of sulfur forms
determined from the XPS sulfur 2p signal. The results show
that the dominant species in asphaltenes are thiophenic sulfur
(∼164 eV) in the aromatic rings, followed by aliphatic sulfur
(∼163 eV) in the side chains. This was previously observed for
other heavy petroleum samples and interpreted in the light of
available model asphaltene compound results.44,45 A small
number of oxidized forms of sulfur, including sulfoxides and
sulfones in thiophenic environments, is also observed in the
asphaltene sample (Figure 1A,D), likely due to the oxidation of
thiophenic sulfur when exposed to air, as reported in the
literature.15 It is worth noting that the characterization of
oxidized forms of sulfur by XPS is complex; thus, some
oxidized species have not yet been well-addressed. For

Figure 3. Topologies of asphaltene molecules and their Martini force field mapping.23 Adapted in part with permission from [Wang, J.; Ferguson,
A. L., Mesoscale Simulation of Asphaltene Aggregation. The Journal of Physical Chemistry B 2016, 120 (32), 8016−8035]. Copyright [2016]
[American Chemical Society]. Molecular weights: A0: 540 g/mol, A1: 648 g/mol, A2: 985 g/mol. In the coarse-grained (CG) representations, we
employed 3 types of beads: C1representing aliphatic side chains (orange); Mrepresenting aromatic rings with partial charge +q (dark blue);
and Mrepresenting aromatic rings with partial charge −q (light blue). Please note: the aliphatic chain labeled as (a) in A0−A2 reflects the
aliphatic chain, which includes one aliphatic sulfur for each asphaltene molecule.
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instance, the signal between 167 and 168 eV (the blue peak in
Figure 1A) can be assigned to a variety of functionalities, such
as thiosulfates, ester sulfate, organic sulfites, or sulphones in
different polymeric materials.45−48

In Situ Microscopy of Asphaltene Aggregation.
Aggregate Growth Curve. The characteristic length λ
determined from the autocorrelation function was used to
examine the aggregation kinetics of sulfur-rich asphaltene.
Figure 4 shows the growth of the average cluster/aggregate size
λ as a function of time. We observed a significantly slow
aggregation period preceding the onset of fast aggregation

(phase I). At this stage, we verified that these particles
(referred to as asphaltene nanoaggregates/clusters in the Yen−
Mullins model) were undergoing Brownian motion; however,
they collided with and separated from neighboring particles
multiple times and correspond to the RLA process. During the
next growth period (phase II), we observed that the aggregate
size increased almost linearly over time on a semi-log plot,
which is an indication of the DLA process. In the late stage
(phase III), the characteristic length λ increased by ∼200%, in
good agreement with prior studies,24 and reached a saturated
value due to a finite supply of particles. For classic RLA, the

Figure 4. Characteristic length (λ) of clusters as a function of time. A bootstrap method was used to evaluate the error of experimental data. The
insets show representative particle/cluster morphologies at various phases. Experimental growth data in phases I and II were also fitted with RLA
and DLA kinetics, respectively. Red and black lines represent the best fit curves for RLA kinetics: r = r0 exp(t/τrdf) and DLA kinetics: r = r0(1 + t/
τr)

1/df, respectively. The values of df for RLA and DLA are 1.99 and 1.73, respectively, and determined by morphological analysis. The blue line
represents the best fit curve for the simplified Smoluchowski kinetics: ⟨r⟩ = ktβ, where β is the growth exponent. The details (goodness of fit) of
least-squares fitting are shown in Table S3.

Figure 5. Integrated log−log plot of average area A as a function of the radius of gyration Rg between region 1 and region 2. Particles in region 1
represent the primary particles observed at the beginning of microscopy observations. According to the Yen−Mullins hierarchical model,4 these
primary particles are asphaltene nanoaggregates/clusters. Data in region 2 show best-fit two scaling regimes, indicating small clusters have RLA-like
structure (df = 1.99 ± 0.04) while large clusters have DLA-like structure (df = 1.73 ± 0.17). Primary particles were excluded from regression for
colloidal fractal dimensions.
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characteristic aggregate size grows with time as λ = λ0 exp(t/
τRdf),

27 where τR is the characteristic reaction time, and df is
the fractal dimension of aggregates formed during the RLA
process. In order to test whether the RLA model can be used
to describe the slow aggregation behavior we observed in this
study, we fit the experimental data points in phase I to the
above relation by using the df determined from the aggregate
morphological analysis. Specifically, the 2-D df of aggregate
clusters during RLA is 1.99 ± 0.04 (Figure 5). The best fit τR
was found to be 1.4 ± 0.15 min with R2 = 0.92. For the classic
DLA, the particle growth can be described by the following
relation: λ = λ0(1 + t/τD)

1/df,27 where τD is the characteristic
diffusion time. Similarly, we fit the experimental data points in
Phase II to the DLA relation and got the best fit τD of 6.25 ±
0.11 min with R2 = 0.80. More details on the goodness of fit
are shown in Table S3. Apparently, both characteristic reaction
time and diffusion time were consistent with our experimental
observations. The characteristic diffusion time is larger than
the reaction time, indicating that aggregation kinetics of sulfur-
rich asphaltene is dominated by DLA despite the short RLA
process at the initial stage. Furthermore, previous studies have
found that the growth rate of the average aggregate cluster size
can be directly related to the scaling properties of the diffusion
coefficient of individual clusters when the growth process is
dominated by cluster diffusion and coalescence. Moreover, the
scaling exponent of the 2D cluster due to the Brownian
diffusion was found to be 1/2, yielding a predicted aggregate
growth exponent of 1/3.49 This result is in good agreement
with the growth exponent (0.31 ± 0.11) we obtained in our
experiment, indicating the sulfur-rich asphaltene aggregation
observed in our study is dominated by cluster diffusion and
coalescence.
In the existing literature, the crossover between RLA and

DLA for asphaltene aggregation has also been reported. Yudin
et al.18 observed that when the asphaltene concentration is
above the critical micelle concentration, the RLA process
dominates at the initial stage of the aggregation process, and
then the aggregation mechanism transitions to DLA at longer
times and increasing sizes. However, whether this crossover
kinetics between RLA and DLA can be predicted by a universal
description remains unclear since a few characteristics
determined from their system deviate from the results in our
study. There are several physical effects that could cause the
above discrepancy, including the high content of sulfur
detected in our asphaltene sample; however, more inves-
tigations are needed to further examine how sulfur affects
asphaltene aggregates formation. Nevertheless, the results we
have presented above provide a useful characterization of the
sulfur-rich asphaltene aggregate growth. Although the domi-
nant experimental growth exponent is consistent with
Smoluchowski growth kinetics, the growth curve has shown
that their aggregation behavior follows a crossover between
RLA and DLA. Specifically, in the early stage of aggregation,
during a regime of a slow cluster growth, the aggregation
kinetics resemble that of RLA; however, during the latter, rapid
growth stage, the aggregation kinetics become compatible with
expectations for DLA. Given a piece of compelling evidence in
a recent simulation study that sulfur atoms in the middle of the
aliphatic chain and a chain end have an important effect on the
stability of both asphaltene dimers and trimers due to both
steric hindrance and Coulomb repulsion,20 a possible
explanation of the slow cluster observed in the early stage in

this study could be attributed the aliphatic sulfur, one of the
dominant sulfur species measured in our asphaltene sample.

Aggregate Morphology. We determined the morphological
properties of the aggregates from the image mosaics at the end
of the experiment, with a representative plot shown in Figure 5.
The smallest clusters found in this sample are in the range of
100−150 μm2, whereas the biggest clusters are 50,000 μm2,
suggesting that the clusters in the final stage of aggregation
have a high degree of polydispersity.50 The loose network
morphology of sulfur-rich asphaltene aggregates disappears and
changes to a denser isolated network, but the fractal character
is still present. To illustrate this scale-invariant nature of
aggregates, the fractal dimension of aggregates (df) was
computed by the following scaling law between their area

and the radius of gyration: A R d
g
f∝ . This relationship assumes

that in the asymptotic limit, Rg is linearly proportional to the
total cluster size. Figure 5 shows a typical double-logarithmic

plot of A R d
g
f∝ . The scale invariance of clusters is evident over

nearly 2 orders of magnitude of A. Figure 5 represents the best
fit linear variations to both small and large clusters. The former
evidently departs from the asymptotic scale invariance of the
latter, indicating smaller clusters being more compact than the
larger ones. The 2-D fractal dimension of small clusters in this
study is 1.99 ± 0.04, suggesting that small aggregates formed
from sulfur-rich asphaltene possess a dense morphology, which
could be the consequence of the aggregation of compact sulfur-
rich asphaltene nanoaggregates reported in prior studies.31

This result could also be attributed to the effects of short-range
repulsions from aliphatic sulfur or restructuring of clusters,
which could result in more compact structures at small length
scales.45 The fractal dimension of large clusters was determined
to be 1.73 ± 0.17, which is in accord with the structural
characteristic of two-dimensional DLA. In the existing
literature, a range of aggregate structures is evidenced by
experimental studies revealing fractal dimensions of asphaltene
aggregates varying over a range of 1.3−2.3 depending on
temperature, pressure, and other experimental condi-
tions.21,32,51−54 However, none of these studies has included
detailed characterization of sulfur species in their asphaltene
samples, nor specific discussion of sulfur chemistry dependent-
aggregate structures; thus, sulfur effects on asphaltene fractal
aggregates at large cluster level still remain largely unknown.
It is also worth noting that according to the classic colloid

aggregation theory, primary particles are ideal solid spherical
particles and cannot be considered fractal structures. Previous
studies have shown that including primary particles in power-
law fits of A versus Rg limits the useful scaling range.52,55 In
order to ensure that polydispersity in primary particles does
not contaminate the results, we excluded those primary
building blocks from the regression used to determine the
fractal dimension of the colloidal clusters. However, it must be
highlighted that the primary particles shown in Figure 5 are
actually asphaltene nanoaggregates, which are demonstrated to
start revealing fractal properties at an average size of 7−8
asphaltene molecules.56 Thus, we also evaluated the fractal
dimensions of these nanoaggregates by a double-logarithmic

plot of A R d
g
f∝ (Figure S4) as a comparison to the simulation

results discussed in the later section. Our experimental
measurements show that these nanoaggregates/clusters are
compact objects with a Gaussian particle size distribution
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(Figure S5). The internal structure of these nanoaggregates is
discussed in the molecular simulation section.
Aggregate Size Distributions. Given that the growth

kinetics are also embodied in the cluster size distribution at
the different growth stages, we also present measurements of
cluster size distribution and its time dependence. The
cumulative cluster size distribution (from phase I to III) is
normalized by its mean value r/<r> to facilitate a direct
comparison with theoretical predictions (Figure 6). According
to Smoluchowski kinetics, a classical model that describes the
time evolution of an ensemble of particles as they aggregate, a
characteristic analytical solution for particle size distribution in
the long-time limit can be written as49,57

F
W

W e( )
2

( 1)
( ) a W2 1 ( )2φ

σ
φ=

Γ +
φ+ −

(3)

W ( 1)
( 3/2)
( 2)

σ σ
σ

= + Γ +
Γ + (4)

where F(φ) is the analytical particle size distribution scaled to
the average particle size, φ = r/<r>, Γ is the standard Gamma
function, and σ is the scaling exponent for particle/cluster
diffusion. As discussed in the growth curve section, we used σ
= 1/2 for 2D Brownian clusters. Figure 6 shows that at the
initial stage of aggregation (phase I), the cluster size is
significantly smaller than the mean and decays monotonically
with the cluster size (asymmetric narrow distribution in Figure
6B), indicating that the number of small clusters decreases
slowly due to reaction-limited aggregation. Experimental

cluster sizes in phases II and III are in a reasonable agreement
with the Smoluchowski model predictions (well-defined peaks
in Figure 6C,D), except that the cluster size in phase III is
slightly skewed to the right of the mean at the later stage of
aggregation (large tail in Figure 6D). This indicates that when
larger clusters have formed, the number of clusters decreases
more rapidly. These results are also consistent with what we
determined from the aggregate growth curve. The Smolu-
chowski model, which is ideal for DLA, underestimates the
number of clusters that are smaller than the mean, while
slightly overestimating the number of clusters that are larger
than the mean. The crossover between RLA and DLA may
explain this deviation between the theoretical predictions and
our observations. In the RLA regime, where σ is apparently
smaller than 1/2, the theoretical bell shape PSD curve would
become left-skewed, while in the DLA regime, σ is close to 1/
2, the feature of the crossover behavior would be less evident.
In addition, the population of large clusters is slightly lower
than that predicted by DLA, indicating that the classic cluster−
cluster collision is not the only mode for aggregate growth.
Our direct observations indeed show nonclassical growth
mechanisms, such as particle-cluster aggregation and late-stage
cluster coalescence, which also occur in the DLA-like
aggregation regime, affecting the corresponding cluster size
distribution. Despite these discrepancies, DLA is the dominant
mode for large aggregate formation, while the Smoluchowski
model provides a reasonable approximation of the size
distribution of aggregates formed from sulfur-rich asphaltenes
at the later stage.

Figure 6. Cluster size distribution at different phases and comparison with the theoretical Smoluchowski particle size distribution. Cluster size
distribution normalized by the mean size of asphaltene aggregates at the end of the experiment. (A) cumulative size distribution from phase I to III.
The solid black line is the cumulative probability of the Smoluchowski particle size distribution using eqs 1 and 2 with σ = 1/2. (B−D) represent
the probability density function (PDF) of the size distribution at phases I, II, and III, respectively. The red lines are the PDFs of the Smoluchowski
particle size distribution mentioned above.
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Mesoscale Simulation of Asphaltene Aggregation.
Internal Structure of Aggregates. Figure 7A−C shows
snapshots of the simulation system with the aggregates formed
by the three types of asphaltene molecules, A0−A2,
respectively. The corresponding radial distribution functions,
g(r) between the aromatic cores are plotted in Figure 7D−F.
A0 shows some aggregation because of the small aromatic core.
In contrast, A1 has significantly more aggregation, as shown by
a much larger first peak in the g(r). The aggregation in A2 is in
between that observed for A0 and A1. Figure 7G−I shows the
g(r) between the center of masses of aromatic core and
aliphatic chain and between the aliphatic chains. We have only
considered the aliphatic chain labeled as (a) in Figure 3 since it
reflects the aliphatic chain, which includes one aliphatic sulfur.
Figure 7G, in conjunction with Figure 7D, shows that in the
case of A0, there is no preferential aromatic stacking as the

aromatic−aliphatic g(r) is comparable to the aromatic−
aromatic g(r). On the other hand, in the case of A1, there is
a significant aromatic stacking. It is observed that aromatic−
aliphatic g(r) shows the first peak shifted to 1 nm (Figure 7H).
In the case of A2, the aromatic−aliphatic and aliphatic−
aliphatic g(r) do not show any peaks, indicating that the
aggregation is dominated by aromatic stacking (Figure 7I).
These results indicate that aromatic stacking plays a dominant
role in the formation of rod-like nanoaggregates of asphaltene
molecules when the aromatic core is sufficiently large.
To further delineate the role of the aromatic core and the

aliphatic side chains in the aggregation process, we simulated
the A0 and A1 aromatic cores without the side chains (Figure
S6, Supporting Information and Figure 8D−F), and the results
are quite revealing. In the case of A0, the obtained g(r) is
similar, indicating that the aggregation did not change when

Figure 7. Snapshots of our MD simulations in equilibrium for (A) A0, (B) A1, and (C) A2 asphaltene molecules dissolved in a mixture of toluene
and n-heptane. Radial distribution functions g(r) between the aromatic cores of asphaltene types (D) A0, (E) A1, and (F) A2 are shown. The g(r)
between the aromatic core and aliphatic side chains (a) and between the aliphatic side chains (a) for (G) A0, (H) A1, and (I) A2 are also shown. In
all the simulations, the asphaltene mass fraction with respect to toluene is 15 wt % and T = 300 K.
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the chains were removed. This is understandable as the A0
aromatic cores are small that they only have a weak tendency
to aggregate. On the other hand, the removal of aliphatic
chains resulted in a decrease in the aggregation tendency of A1.
Therefore, in the case of A1, the aliphatic chains facilitate
aggregation probably by eliminating the nonspecific inter-
actions between the aromatic cores that may occur in the
absence of these chains. In the absence of the side chains, the
aromatic cores may aggregate sideways, which may disrupt
their aromatic stacking. On the other hand, in the presence of
the side chains, the only way the asphaltene molecules can
aggregate is via aromatic stacking. However, the aggregation of
the A1 aromatic core in the absence of the aliphatic chains is
still higher than the aggregation of A2 (with the chains).
Therefore, in the case of A2, the aliphatic chains hinder
aggregation. This result can be understood as follows: in the
case of A1, the aromatic stacking can occur without steric
hindrance between the aliphatic chains. However, in the case
of A2, aromatic stacking also results in steric hindrance
between the three aliphatic chains around the aromatic core.
Figure 8A−C compares the aggregate size distribution in A0,
A1, and A2 with and without the aliphatic chains. It is observed
that A0 molecules form small aggregates. A1 displays a much
larger aggregate size distribution and forms large aggregates.
Clearly, when the aliphatic chains are removed, only smaller
aggregates are formed. A2 shows a smaller aggregation
tendency than A1 and thus forms smaller aggregates. This
analysis reveals that the role of aliphatic side chains in the
aggregation behavior of asphaltenes is nonmonotonic and
richer than previously thought.

Fractal Dimension of the Aggregates. We present log−log
plots of the correlation sum C(ϵ) computed from the
equilibrium morphology of asphaltene architectures A0, A1,
and A2 over several orders of magnitude of correlation sphere
diameter ϵ in both 2-dimensional (Figure 9) and 3-dimen-
sional systems (Figure S7). This allows us to reveal fractal
dimensions of simulated asphaltene aggregates from nano- to
micro-cluster scales. In the discussion below, we focus on the
2-D fractal dimension of asphaltene aggregates although the
results of the 3-D fractal dimension are also insightful,
especially when the relations between 2-D and 3-D df are
not well-established. The 2-D fractal dimension results show
that there are two linear regions where the scaling relation
C(ϵ) ∼ ϵdf approximately holds: region 1 and region 2 shown
in Figure 9. Region 1 represents nanoaggregate and associated
clusters, which is a measure of the fractal dimension of the
short-ranged parallel stacking of the aromatic rings, and region
2 represents aggregate clusters at the colloidal scale, which is a
measure of the fractal dimension of the self-assembled network
morphology.
Within region 1, the nanoaggregates formed by asphaltene

A0 and A2 possess the relatively large fractal dimension of 1.85
and 1.87, respectively, indicating that they are short rod-like
nanoaggregates, which is primarily attributed to the steric
repulsions between the aliphatic side chains. The smaller
fractal dimension (1.58) of nanoaggregates formed by the
architecture A1 is due to the formation of longer rods by the
stronger attractions between the larger aromatic rings, as has
been observed in the snapshot shown in Figure 7. Within
region 2, as expected, the fractal dimensions of all the

Figure 8. Distribution of aggregate sizes in (A) A0, (B) A1, and (C) A2. The aggregate size is defined as the number of molecules comprising the
aggregate. The frequency on the y-axis represents the number of molecules in each aggregate size, that is, an aggregate of n molecules will be
counted as n. The distribution of aggregates sizes in the absence of aliphatic chains is also shown for comparison. The aromatic−aromatic g(r) for
(D) A0, (E) A1, and (F) A2 is compared when only the A0 and A1 aromatic cores are simulated (aromatic cores of A1 and A2 are the same).
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Figure 9. 2-D Fractal dimension of asphaltene molecules computed according to eq 2 via MD simulations, where (A) A0, (B) A1, and (C) A2
asphaltene molecules are dissolved in a mixture of toluene and n-heptane. In all simulations, the asphaltene mass fraction with respect to toluene is
15 wt % and T = 300 K. (D) Comparison of the average fractal dimension in region 1 and region 2 of the three studied systems. The reported
values are the mean slope obtained from 100 independent configurations. Error bars are the standard deviations over those 100 slopes.

Figure 10. (A−C) Early-stage kinetics of aggregation of three model asphaltene molecules studied using molecular simulation. Aggregates of sizes
1, 2, 3, 4, and 5 are represented by black diamonds, grey squares, red asterisks, green triangles, and purple circles, respectively. (D) Schematic
illustration of proposed effects of aliphatic sulfur on the three stages of asphaltene aggregation from three asphaltene molecules used in this study.
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aggregates are smaller than those observed in region 1,
indicating that these colloidal aggregates are less compact and
porous network structures, and their formation is largely
governed by classic interaction potentials (e.g., DLA and RLA).
The fractal dimensions determined from these simulations are
in acceptable agreement with our experimental results and
other previous studies,18,21,23,56 suggesting that sulfur-rich
asphaltene aggregation at the colloidal scale can be generally
described by an interaction potential, which is simply a
summation of a short-range repulsive force, mainly originating
from steric/electrostatic forces, and a long-range attractive
force, primarily arising from Van der Waals dispersion forces.
However, the specific mechanisms of how sulfur affects
asphaltene aggregation at the colloidal scale depend on the
structural features of the asphaltene molecules. For example,
based on the discussion of the internal structure of aggregates,
it is suggested that (1) A0 forms relatively small and
noncompact aggregates largely due to its small aromatic core
and electrostatic repulsion caused by the polar aliphatic sulfur
and (2) A2 possess a large aromatic core, which is expected to
form large and compact aggregates; however, it forms a similar
aggregate structure as A0 does, indicating steric repulsion due
to increased aliphatic side chains (no polar aliphatic sulfur)
significantly reduces its aggregation tendency. In addition,
slight deviations between experimental observations and
theoretical simulations indicate that other nonclassical
mechanisms might be considered in order to accurately
predict sulfur-rich asphaltene aggregate formation.
General Effect of the Aliphatic Sulfur on Asphaltene

Aggregation in This Study. We have studied the kinetics of
the formation of asphaltene clusters in our simulations. Figure
10A−C shows how the aggregates of different sizes evolve over
time in the three model asphaltene molecules. A0 does not
have a significant tendency to aggregate, which is likely due to
its small aromatic ring (Figure 10A). A1 shows a significant
drop in clusters of size 1 (i.e., unaggregated molecules), an
initial increase in the number of clusters of size 2, and then a
subsequent decrease in the size 2 clusters in favor of larger
aggregates (Figure 10B). This result indicates that compared
with a potential repulsion due to the polar aliphatic sulfur, the
aromatic ring plays a dominant role in A1 aggregate formation.
This is also in agreement with the physical picture that first,
some small clusters form, which grow further to form larger
clusters. A2, with a large aromatic ring, is expected to form
large and compact aggregates; however, a slight drop of
clusters of size 1 and a small increase in the size 2 cluster are
observed, indicating steric repulsion likely due to increased
aliphatic side chains (no polar aliphatic sulfur) significantly
reduces its aggregation tendency (Figure 10C). Based on these
simulation results plus our physical observations, we proposed
a plausible mechanism that can be used to describe the general
effect of sulfur on asphaltene aggregation in this study (Figure
10D): (I) at stage I, aliphatic sulfur has an important effect on
the configurations/properties of nanoaggregates by means of
noncovalent interactions (e.g., Coulomb and/or van der Waals)
with the side chain of neighbor molecules. This effect is most
pronounced in sulfur-rich asphaltene with small aromatic cores
(Figure 10A, D:A0). In this case, π−π, π−θ, and θ−θ
interactions can result in nanoaggregates with short (small)
rod-like shapes with noticeable variations. This effect is less
pronounced for asphaltene with the same aliphatic sulfur while
comprising large aromatic cores (Figure 10B,D:A1). In this
case, π−π interactions dominate aggregation and result in long

(large) rod-like shape nanoaggregates, even though π−θ and
θ−θ interactions cannot be overlooked. When multiple
nonpolar side chains interplay with aliphatic sulfur to prevent
asphaltene aggregation, specific mechanisms, such as steric
hindrance repulsion and electrostatic repulsion, need to be
differentiated (Figure 10C,D:A2). In this case, although π−π
interactions due to large aromatic cores play an important role
in the nanoaggregate structure, steric repulsion attributed to
side chains limits the size of rod-like nanoaggregates. (II) At
stage II, the nanoaggregates acting as primary particles form
relatively small and compact clusters of nanoaggregates
through the interactions between side chains. The morphology
of the as-formed clusters is highly dependent on the
polydispersity of nanoaggregates, which is partially attributed
to the aliphatic sulfur. (III) At stage III, these submicron
nanoaggregates clusters continue to diffuse, collide with each
other, and form new aggregates until their sizes reach the
threshold for sedimentation. The initial energy barrier caused
by aliphatic sulfur and side chains likely corresponds to the
RLA at the initial stage. As the cluster size grows, this energy
barrier becomes less significant, and the aggregation mecha-
nism converts to DLA.

■ CONCLUSIONS
The objective of this study is to quantify the growth kinetics
and morphologies of colloidal aggregates formed from sulfur-
rich asphaltenes and explore sulfur effects on this aggregation
process, which remains poorly understood. Our experimental
results generally show that the aggregate growth kinetics
exhibit a crossover from RLA to DLA-like phenomena as the
aggregation proceeds. The aggregation process is eventually
controlled by DLA with an observed growth rate that is
consistent with the Smoluchowski kinetics model. Structural
results show that, despite a high degree of polydispersity, the
aggregates display time-dependent self-similarity with a fractal
dimension of 1.99 and 1.73, in accordance with those expected
for RLA and DLA, respectively. These results illustrate the
crucial relationship between dynamics and structure that is
inherent in the kinetics of sulfur-rich asphaltene aggregate
growth processes. These results also indicate that the
nonclassical growth mechanisms should be quantified and
correlated with classic growth mechanisms in future studies to
help tune the overall properties of aggregates formed from
sulfur-rich asphaltenes. Our simulation results show that
aliphatic sulfur exerts interesting and nonmonotonic effects
on the asphaltene aggregate formation from the nano-to micro-
cluster scale. Specifically, interactions between aliphatic sulfur
and the side chain of neighbor molecules account for the
repulsive forces, which are attributed to the polydispersity in
nanoaggregates and corresponding colloidal aggregates. For
example, sulfur-rich asphaltenes, especially with small aromatic
cores, tend to form nanoaggregates with short rod-like shapes,
which eventually results in large aggregate clusters with
polydisperse size distributions and slightly different fractal
dimensions. These results could provide a valuable insight into
existing oil refining efforts. For example, the repulsive
interactions between asphaltene molecules originate from
electrostatic forces and steric forces, which are largely
controlled by the solvent quality (e.g., a better solvent quality
implies stronger repulsive forces, which prevent aggregation).
Thus, using the asphaltene solubility or stability characteristics
to scale the repulsive interactions in new solvent systems may
be helpful. Furthermore, the findings from this work may have
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important implications for the transport and stability of NAPL
contaminants in the environment. For instance, there is
sufficient evidence suggesting that aggregate structure has
important implications on their hydrodynamic properties, such
as diffusion and deposition rate. In addition, the morphology
and stability of aggregates affect the wettability of quartz
minerals/sands, which could allow the NAPLs to penetrate/
migrate into regions with smaller pore spaces (lower effective
permeability), potentially contaminating previously clean
aquifer and becoming less accessible to the flushing solutions.
However, the extent to which aggregates formed from sulfur-
rich asphaltenes affect NAPLs mobility and retention in porous
media, especially under various environmental conditions, is
still an open question. It is worth noting that this study is
considered a proof of concept effort to demonstrate the
feasibility of investigating the hierarchical asphaltene aggrega-
tion process by combining in situ microscopy and molecular
simulation. More research is needed to explore the effects of
key parameters (e.g., solvent types, flow dynamics, and
asphaltene concentrations) on this complex process.
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