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Asphaltene deposition is one of the challenging issues in petroleum production and transportation.
Chemical inhibitors are commonly employed to postpone the asphaltene aggregation, which is the
primary stage of asphaltene deposition. Design and introduction of an effective chemical inhibitor have
always been a challenge for the industry, considering substantial variations in characteristics and
structures of asphaltene and petroleum. The binding arrangement of asphaltene is a factor of aggregate
stability, which depends on asphaltene structures. This feature alters in the presence of chemical
inhibitors. In this work, molecular dynamics (MD) simulation is employed as a cost-effective and
accurate method to study the impact of chemical inhibitors on the binding arrangement of two asphaltene
structures. One asphaltene structure has a hydroxyl group and pyridinic nitrogen in its polyaromatic core,
while another lacks both groups. The chemical inhibitors are octylphenol (OP), I1-butyl-3-
methylimidazolium bromide ([BMIM][Br]), and 1-butyl-3-methylimidazolium chloride ([ BMIM][CI]).
The simulation results show OP cannot stop the quadrupole-quadrupole interaction between the
asphaltenes since the force between OP’s benzene ring and asphaltene polyaromatic core is weaker than
the force between two polyaromatic cores. Nevertheless, OP forms a hydrogen bond with the asphaltene
and prevents asphaltene molecules from approaching each other by providing steric hindrance around
the molecules. As a result, OP does not show a promising potential to reduce the parallel stacking,
especially for the asphaltene with no hydrogen bond potential, while it relatively reduces the T-shape
arrangement for both asphaltenes. The ionic liquids (ILs) beat the quadrupole-quadrupole interaction
between the asphaltene cores with cation-quadrupole force and notably reduce the parallel stacking. They
also lower the number of T-shape binding arrangement between the asphaltene molecules. The shape
and binding arrangement of polyaromatic compounds (such as asphaltene) are not only important in the
petroleum industry but also these features play a crucial role in designing optical and electronic
nanodevices. The introduced approach is a new pathway to improve the design of chemical inhibitors
that affects the aggregation arrangement of polyaromatic compounds.

Keywords: Continental asphaltene; Chemical inhibitors; Ionic liquids; Binding interaction; Molecular dynamics
simulation

1. INTRODUCTION

Resins can stabilize the asphaltene molecules in crude oils; however, changes in the thermodynamic
conditions can destabilize the asphaltenes, resulting in asphaltene aggregation. The aggregate formation
disrupts oil production and transport by changing the fluid properties such as solubility, density, and
viscosity [1]. Chemical inhibitors are commonly added to crude oil to improve the asphaltene suspension
stability and avoid asphaltene aggregation [2, 3]. Chemical inhibitors are used in the oil industry for
decades; however, designing and synthesizing an efficient inhibitor for a target crude oil have always
been challenging. Self- and cross-association energies between the asphaltene and inhibitor molecules
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are critical design parameters when choosing an inhibitor for given crude oil and reservoir properties.
Although the n-r stacking is considered one of the main mechanisms for asphaltene binding [4], other
driving forces and mechanisms are also hypothesized for the asphaltene binding for different asphaltene
chemical structures and crude oil compositions [5, 6]. Various functional groups such as hydroxyl and
carboxyl are presnet in the chemical structure of asphaltene. Therefore, the asphaltene binding behavior
is affected by various types of interactions, including van der Waals, Coulombic, exchange-repulsion
interactions, and induction forces (such as hydrogen bond and n-m stacking) [1, 7]. Adequate
understanding of the asphaltene binding with itself and with the inhibitor molecules is imperative for
designing chemical inhibitors to prevent asphaltene aggregation. Chemical inhibitors usually bind to the
asphaltene molecules, providing steric hindrance and disrupting the asphaltene self-interaction [8].

The asphaltene binding arrangement is a quantitative measure of the aggregate formation potential [9]
that depends on the number of aromatic rings in the polyaromatic core [4]; the type and number of
functional groups [10]; the type, number, and location of heteroatoms [4, 11]; and the length, number,
and location of alkyl chains [6]. For instance, asphaltenes with a larger aromatic core, or with nitrogen
atoms in their aromatic cores (e.g. pyridinic form), have a higher self-aggregation tendency [4], while
sulfur atoms in the asphaltene aromatic core reduce the asphaltene self-aggregation due to steric
hindrance and Coulomb repulsion [11]. There are three main arrangements proposed for the asphaltene
aggregation: face-to-face (also called parallel stacked or m-m stacked), offset stacked (offset parallel
stacked, offset m-stacked, or parallel displaced), and T-shape (n-c stacked, perpendicular stacked, or
edge-on stacked) [12-14]. The number of aromatic rings in the asphaltene polyaromatic core plays a
major role in the asphaltene binding arrangement [6]. For instance, molecules containing a single
aromatic ring, such as benzene, form T-shape bonding to minimize the repulsion force [15, 16]. In
contrast, asphaltene molecules with multiple aromatic rings such as asphaltenes bind preferentially
through parallel arrangements [12, 17-19], including the face-to-face [17] and offset stacked [12, 18,
20]. Arrangements different than the parallel types are packed much looser and have an irregular outward
form, which greatly impacts the final aggregate shape [21].

Molecular dynamics (MD) simulation has been used to understand the asphaltene binding arrangements
and to analyze the influence of various parameters, including aromatic core size [4], functional groups
[22], heteroatoms position [11], side chain (lengths and number) [4, 6, 23], solvent properties [24-26],
and thermodynamic conditions [12, 19]. In the previous studies, the asphaltene behavior was investigated
in the bulk phase [1, 4, 6, 10, 11, 19, 23, 24, 27] and the water-oil interface [10, 22, 28-32]. In the
following, we review the MD studies to analyze the asphaltene binding arrangements. Zhang and
Greenfield [19] were the first researchers to investigate the angle between asphaltene molecules (in an
aggregate) to measure the asphaltene binding arrangement for two different asphaltene chemical
structures. They used an asphaltene structure with a small aromatic core and long side chains, and another
one with a large aromatic structure and short side chains. The asphaltene with a small aromatic core
formed parallel arrangements at high temperatures and perpendicular at low temperatures, while the
asphaltene with the large aromatic core demonstrated opposite behavior with temperature [19]. Sedghi
et al. [4] adopted different asphaltene structures and studied the asphaltene arrangements in the
dimerization process. They considered the potential mean force versus distances between two asphaltene
molecules to analyze the binding arrangements. Potential mean force curves showed a drop at 0.5 nm
for all asphaltene structures, which represented the offset parallel stacking. The T-shape dimerization
arrangement was explained by observing a minimum at 0.7-0.8 nm in the potential mean force curves
for various asphaltene structures, although the T-shape arrangement vanished for asphaltene structures
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with side chains. Jian et al. [6] used the minimum distance and angle between asphaltenes to study the
effect of side-chain size on the aggregation mechanisms in water. The Violanthrone-78 asphaltene with
16, 12, 8 and 4 carbons alkyl side chains were tested. The asphaltene with the side chain length of 4- and
16-carbon had a similar aggregation intensity and trend but through different mechanisms. They claimed
that polyaromatic core stacking is the dominant aggregation mechanism for the asphaltene with a short
side chain. However, the alkyl side chains interacted with themselves for the asphaltene structure having
a long side chain, and resulted in a similar aggregation rate. The T-shape arrangement was observed at
equilibrium stage and produced rod-like aggregates [6]. Jian and Tang [24] studied the importance of
asphaltene medium properties on asphaltene aggregate shape and arrangement by considering water,
toluene, and n-heptane as bulk fluid. In water, polyaromatic compounds minimized the contact with
water, and the aggregates were spherical. Using n-heptane, its molecules interacted with the asphaltene
side chains and minimized the interactions between the polyaromatic cores and side chains. Therefore,
parallel stacking was considered as the dominant aggregation mechanism and led to large rod-shape
aggregates. Using toluene, the parallel stacking was also dominant; however, the aggregates were smaller
than those in n-heptane [24]. Takanohashi et al. [33, 34] also noted the importance of bulk fluid by
studying the dissociation of coal molecules in benzene, methanol, and pyridine. Pyridine was an effective
fluid for dissociating asphaltene aggregates because it could form both hydrogen bonds and parallel
stacking. Gao et al. [10] compared the aggregation arrangements of an asphaltene with a carboxyl group
and an asphaltene with a carboxylate group in crude oil through an MD simulation. The first asphaltene
was more prone to form face-to-face aggregates, while the second asphaltene had both face-to-face and
T-shape arrangements. They also confirmed the argument by the quantum mechanics simulation. Sodero
etal. [11] used the minimum distance and the angle between the asphaltene molecules to probe the effect
of heteroatom location on asphaltene aggregation. They found parallel stacking to be the main
aggregation mechanism; the location of the heteroatoms in the asphaltene molecule affected the strength
of the binding interaction. For instance, the presence of sulfur atoms in an asphaltene core reduced the
asphaltene parallel stacking, while the presence of a sulfur atom in the asphaltene alkyl branch enhanced
the aggregate stability due to interaction with the carboxylic group [11]. Wang et al. [23] studied the
effect of length and number of side chains on the most plausible aggregation arrangement for asphaltene
with 5 to 8 aromatic rings under vacuum environment. They concluded that asphaltene chemical
structures with short or no side branches prefer face-to-face stacking as the dominant aggregation
arrangement, while the long side branch led to a mixture of parallel stacking and T-shape arrangements.
Teklebrhan et al. [1] used a similar analysis and studied the asphaltene aggregation when naphthenic
acid was present in asphaltene-toluene mixture. The naphthenic acid restricted the formation of hydrogen
bonding between the asphaltenes and forced asphaltenes to form longer parallel stacking. Shorter
naphthenic acids restricted the asphaltene self-aggregation (through hydrogen bonds) more than longer
ones [1]. Table 1 present a summary of recent studies on asphaltene binding arrangements.

Table 1. Summary of recent studies on asphaltene binding arrangements
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Asphaltene with no side chain forms both
offset parallel and T-shape while side chains
prevent T-shape arrangement.

Parallel stacking is dominant for asphaltene
with short side chains. While long alkyl side
chains interact and change binding patterns.

Asphaltenes have minimum contact with
water, and form a spherical shape. n-heptane
and toluene interact with side chains, and
parallel stacking becomes dominant.

The carboxyl asphaltene forms face-to-face
binding, while the carboxylate asphaltene
forms face-to-face and T-shape arrangements.

4 sulfurs in the aromatic core reduce parallel
stacking due to Coulomb repulsion. Sulfur in
side chains impacts binding stability due to
interacting with oxygens and hydrogens.
Naphthenic acids reduce the hydrogen
bonding between asphaltenes and result in
parallel stacking enhancement.

Small side chains result in severy ordered
parallel stacking. Parallel stacking disorder
and vanish by increasing side chain length.
Parallel stacking is the only pattern when the
number of aromatic carbon exceeds 29. The
length of side chains controls nanoaggregate
numbers and does not prevent n-stacking.
Several alkyl side chains result in “phase
separated columnar” structure. While
“separated lamellar” structure is observed for
two symmetry alkyl side chains.
Asphaltenes disaggregate easier due to steric
hindrance of side-chains and T-shape
dispersion attraction.

SDBS, unlike SDS, causes higher parallel
stacking and T-shape for asphaltene-surfactant
interaction due to having a benzene ring.

Face-to-face stacking is dominant in the
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Attraction energy for parallel stacking is
higher than hydrogen bonding. Both quinoline
and toluene interrupt parallel stacking, while
ethanol impact hydrogen bonding.
Viscosity reducer agents change the face-to-
face arrangement between asphaltenes to a
weaker face-to-face and T-shape arrangement
between asphaltene and resins.
Asphaltene forms parallel stacking and T-
shape with asphaltenes and resins. Surfactants
weaken and prevent stacking.
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“All asphaltene types are continental except one study [36] that is mentioned.

Despite the strong interest to develop (and introduce) a reliable inhibitor, there is no systematic research
to study the asphaltene binding arrangement with an asphaltene inhibitor and to elaborate on the
asphaltene aggregation mechanisms and asphaltene-inhibitor interactions. Lack of molecular knowledge
on the binding arrangements and intermolecular network formation between the asphaltenes and
inhibitors limits the design and preparation of chemical inhibitors. In this study, we use radial distribution
function, the aggregate shape index, and the angle and distance between the molecules to explore the
asphaltene binding arrangement manipulation by different inhibitors. We also improve the criteria to
distinguish various types of asphaltene binding arrangements. To achieve these objectives, two different
continental-type asphaltene structures with and without functional groups are considered using of three
different inhibitors. For the inhibitors, we use a surfactant, n-octylphenol (OP), and two ionic liquids
(ILs), 1-butyl-3-methylimidazolium bromide ((BMIM][Br]), and 1-butyl-3-methylimidazolium chloride
([BMIM][CI]). We also use n-heptane as a precipitant.

The paper is structured as follows: after the introduction, the methodology and the analysis methods are
elaborated in detail in Section 2. Also, in section, we propose our novel method to distinguish between
types of asphaltene binding arrangements. Section 3 starts with validating our result by comparing the
density parameter and then proves the repeatability of simulation runs. This section also discusses
chemical inhibitors’ impact on the asphaltene binding arrangement types. The last part is dedicated to
concluding remarks. The highlighted results of this paper help to further understand the molecular
interactions between asphaltene and asphaltene-inhibitor and provide valuable guidance for future
inhibitor design.

2. METHODOLOGY
2.1. Simulation and Modeling Framework

Molecular scale simulation is divided into three main categories: molecular mechanics, quantum
mechanics, and molecular dynamics (MD). Among them, MD measures the parameter dynamically,
while the other two methods have no time dimension. In MD the molecular movement is based on
solving the second Newton’s law. Molecular mechanics and quantum mechanics are based on solving
the Schrodinger equation which is computationally more demanding. This significantly limits the
number of atoms in the system and necessitates large CPU/GPU resources for the two latter methods.
Another difference is the molecule structures, and covalent bonds are usually fixed in MD, while the
other two methods are specifically useful when the covalent bond changes, or when the chemicals reacts.
MD is a beneficial tool in chemistry, biochemical, and drug discovery research to probe mechanisms.
MD applications have been recently expanded into engineering and petroleum research with a
mechanistic approach. We employ the MD method in this study using the GROMACS software [41, 42].
Based on our previous research, we use the OPLS-AA forcefield due to its accuracy in calculating the
thermodynamic properties of hydrocarbons such as benzene [43].

There is a debate whether the continental or archipelago asphaltenestructures are the most dominant
representatives. Mikami et al. [28] simulated three types of asphaltenes: continental, archipelago, and
resin. They compared the properties of the oil generated from the simulation with experiments and
theoretical studies and confirmed that the simulation with continental type could predict the oil properties
more accurately compared with experimental and theoretical results. In 2017, Wang et al. [23]
summarized experimental studies and suggested the continental asphaltene structure as the main and
dominant structure. Also, we studied the aggregation of an archipelago asphaltene with and without
5



inhibitors in n-heptane, and we did not observe a severe aggregation for the archipelago-type asphaltene
even in the absence of inhibitors [44]. Therefore, we consider two continental asphaltene structures, used
in our previous study [44], as shown in Figure 1(a)—(b), to study the potential effects of hydrogen bonds
in the presence of chemical inhibitors. Literature shows that octylphenol, nonylphenol, and ethoxylated
nonylphenol are effective surfactants to inhibit asphaltene aggregation, while the ionic liquids are newer
inhibitors that are more environmentally friendly [45, 46]. Therefore we adopted octylphenol (OP), 1-
butyl-3-methylimidazolium bromide ([BMIM][Br]), and 1-butyl-3-methylimidazolium chloride
([BMIM][CI]), as depicted in Figure 1(c) as inhibitor of asphaltene aggregation for further investigation.

The structures are built with Avogadro software [47] and optimized with Gaussian09 software, using 6-
31g(d,p) basis set. Four boxes of n-heptane (nC7) with an initial dimension of (15)* nm?® are made for
each asphaltene type. The box size reduces when the pressure and temperature are adjusted to reach the
right volume. The box dimensions at the end of the simulation are in the range (10.65)° — (10.75)3 nm?
for various cases, depending on the components to reach the correct density at the target temperature and
pressure. A total of 50 asphaltene molecules (with 7 wt % concentration) are distributed in each of the
nC7 boxes. One box is simulated with no additives as a control system, while in each of the other three
boxes, 7 wt% of one inhibitor is added. The number of the inhibitor molecules is 177 for OP, 167 for
[BMIM][Br], and 209 for [BMIM][CI] [44].

(a) (b)
A2 with Mw = 730 g/mol and Aromaticity = 0.53 A3 with Mw = 727 g/mol and Aromaticity = 0.53

CsHqo
| s\(-75*"1 1
N
(c) (d)
Octylphenol 1-butyl-3-methylimidazolium  1-butyl-3-methylimidazolium

bromide chloride
H

° 4 4

Figure 1: The chemical structures of: (a) A2 continental-type asphaltene with the potential to form
hydrogen bonds; (b) A3 continental-type asphaltene with no potential to form hydrogen bonds; (¢)

ionic liquid inhibitor: 1-butyl-3-methylimidazolium chloride.

The simulation algorithm involves four steps. The first step includes the minimization of system energy
by avoiding overlapping molecules or very close positioning between the atoms in the initial
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configuration. The steepest descent method is applied for energy minimization. In the following, the
system temperature adjusts to 300 K by running the NVT simulation for 100 ps. The velocity rescaling
thermostat is considered for the NVT simulation. In the third step, the pressure adjusts to 1 bar at the
pre-adjusted temperature by running the NPT simulation for 1 ns. The density changes are shown for the
case of A2/nC7 as an example in Figure 2 to demonstrate that our systems have reached equilibrium after
adjusting the pressure and temperature for 1 ns. The velocity rescaling thermostat and the Berendsen
barostat are considered in the NPT simulation. The last step is data sampling at the target temperature
and pressure (300 K and 1 bar), by running the simulation for 120 ns. The Nose-Hoover thermostat [48,
49] and the Parrinello-Rahman barostat [50] are employed for the data sampling. In the sampling step,
the positions of molecules are recorded every 10 ps and used in the post-analysis. More details about the
simulation framework can be found in our previous work [44].

800

700 A

Densiy (kg/m?)
o+ i (2]
o (=] o
o o o

o
[=]
[=]

(3%
o
o

100 A

0 0.2 0.4 0.6 0.8 1
Time (ns)

Figure 2. Density changes for the A2/nC; box during the NPT ensemble, pre-equilibrium stage.

2.2. Analysis Methods

Radial distribution function (RDF): The RDF or g(r) shows the probability of observing two types of
molecules within a distance over the adjusted period, and identifies the intensity of molecules’ binary
interactions. In this study, the RDF is calculated between the centre-of-mass (COM) for asphaltene
molecules in the final 60 ns of the simulation using the trajectory file. This analysis is conducted with a
built-in tool in GROMACS, gmx rdf.

Aggregate Shape: The asphaltene non-covalence bond cause the asphaltene aggregates with various
shapes during the simulation; we use asphericity index is used to analyze the aggregate shapes. The
asphericity index varies between zero and one. The asphericity index of zero corresponds to a sphere
and as the index approaches one, the aggregates become rod-like [44]. In this study, the average
asphericity index for the aggregates in each frame is determined, and its probability density is plotted in
the final 60 ns of simulation. MDAnalysis package in Python is employed to conduct this analysis [44].

Angle-distance analysis: Commonly, asphaltene pairs with a distance < 0.5 nm are classified as the face-
to-face stacked aggregates in the literature; those with a distance between 0.5 to 0.75 nm are considered
as the offset stacked; and those with a larger distance up to 1.5 nm are considered as the T-shape [6, 10,
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30, 32, 51]. However, Jian and Tang [24] showed that asphaltenes could form the parallel arrangement
at a pair distance of 0.45, 0.75, 1.1, and 1.5 nm, which was also confirmed by Teklebrhan el al. [1].
Therefore, classifying the asphaltene aggregate mechanisms solely based on the pair distance can be
inconclusive. For an accurate classification, both the angle and distance criteria should be considered. In
this study, the distance between the COM of asphaltene molecules is measured using gmx distance, a
built-in tool in GROMACS. The angle between two asphaltenes’ polyaromatic cores is calculated using
gmx gangle by measuring the angle between the polyaromatic planes. The aromatic plane is defined by
considering a plane connecting three carbon atoms in the asphaltene core, shown by orange dots in Figure
3. The angle between two planes, shown with grey diamonds, is measured by the angle between the
normal vectors to the planes (Figure 4 (a)). If the normals of planes are concurrent (n; and n>), the 6-
angle is between 0 ° and 90 °; if they are counter-current (n; and n>"), the #-angle is in the range of 90 ° —
180 ° (Figure 4(b)). In this study, the #-angle is assigned to distinguish the T-shape arrangement from
the face-to-face and offset stacking. For the angle 60 ° < < 120 °, the T-shape arrangement is considered
for asphaltene binding, and for & < 30 ° or 8 > 150 °, the parallel stacked (either face-to-face or offset
stacked) arrangement is considered. To differentiate between the face-to-face and offset arrangements,

we employ a-angle between a vector which connects the center of two planes, A—B: and the resultant

vector of plane normals (ﬁ), as depicted in Figure 4 (c¢). The R is either the summation of normal vectors
(0 °< 6 <30 °) or subtraction of them (150 ° < 8 < 180 °). Two types of parallel stacked arrangements
can be distinguished through a-angle; if the a-angle < 45 °, the plane arrangement is considered face-to-
face, and if the deviation is > 45 degrees, the arrangement is considered offset stacked. Figure 5 exhibits
two scenarios in which the #-angle < 30 °, and the a-angle is either <45 ° (Figure 5, left) or > 45 ° (Figure

5, right). In Figure 5, the black dash line is AB and the red arrow is R. Table 2 summarizes the criteria
to differentiate the types of binding arrangements.

Figure 3. Orange filled circles in panels (a) A2 and (b) A3 show the selected atoms to describe
polyaromaic plane in the analysis.

Therefore, using defined parameters and criteria, three types of analysis are conducted in this study. One
analysis plots the probability of the #-angles regardless of the distance between the molecules for the
final 60 ns of simulation. The second analysis illustrates the number of intermolecular contact for each
binding type along the simulation time for intermolecular COM distance < 1.2 nm. The last plot
demonstrates the cumulative number of intermolecular contacts between the molecules for each binding
type versus the simulation time in different ranges of molecular COM distance.



(b)

Figure 4: The angle between two planes: (a) the 6- and a-angle between two planes with normal of n; and n2,
(b) the #-angle for co-current and counter-current planes’ normal, and (¢) the a-angle for both cases of having
planes with co-current and counter-current normals.

Table 2. Summarize the criteria to differentiate the binding arrangement.

Distance [nm] Teta [°] Alpha [°] Type
< -to-
COM<12  0<300r0>150 - a<45  facedto-face
o> 45 offset stacking
COM<1.2 60<6<120 not important T-shape

f Face-to-face stacking 7 offset stacking
Figure 5: Example of asphaltene arrangements for parallel stacking and offset stacking.

3. RESULTS AND DISCUSSION
3.1. Repeatability of MD Tests



Having reliable and accurate results in both experimental and simulation studies is important. The
density of nC7 at 300K and 1 bar is 678.03 kg/m? based on the NIST experimental database [52]. Based
on our simulation, the calculated density for A2/nC7 box reaches 698.14 kg/m?® (Figure 2), which is
justified having 7 wt% asphaltene in the system. Comparing these results verifies the reliability of our
simulation. To confirm the repeatability of our simulations, we repeat A3/ nC; system three times and
compare the aggregate shape characteristics among the replicates. Figure 6 shows the probability
distribution of the average aggregate asphericity index for A3/nC;. Data Set2 shows a lower probability
at the peak than data Set 1, while data Set3 indicates the highest probability at the peak, showing a more
uniform shape. All three sets are unimodal with a peak at 0.15-0.18 with variation in the y-direction,
which means the aggregate shapes are similar, and only the probability of its occurrence has changed.
The reason behind the probability difference is that the molecules are initially randomly distributed
which can move in different trajectories based on the imposed forces from other molecules but will
eventually form similar aggregate shapes. This means that regardless of the random molecule distribution
and various movements, the molecule’s position and trajectory (as the main simulations output ) are
similar for the three simulations. Thus, the consistency among replicated MD simulation runs makes our
conclusions more reliable. The statistical analysis also shows the similarity between the three simulations
as the averages of asphericity for simulation runs 1-3 are 0.189 £ 0.052, 0.209 £+ 0.068, and 0.174 +
0.044.

10
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Figure 6: The A3/nC; simulation replication shows by analyzing the aggregate shape in the last 60 ns of the
simulations.

3.2. Asphaltene Aggregate Shape Using Different Inhibitors

This section discusses the asphaltene aggregation shape for four different asphaltene systems with and
without inhibitors. In the first system, 7 wt% of asphaltene is randomly distributed in #C7, without any
inhibitor. In the other three systems, 7 wt% of one inhibitor type, either OP, [BMIM][Br] or [ BMIM][CI],
is distributed in the system in addition to the asphaltene/nC;. We use RDF, angular probability density
(f-angle), and aggregate shape index analyses to study the asphaltene aggregation behavior. In the first
two analyses, the arrangements of every two asphaltene molecules are analyzed, using their distance and
angle, respectively. The third analysis is based on the aggregate shape, which varies from zero for
spherical aggregates to one for rod-like aggregates.
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Figure 8 shows the RDF, f#-angle probability density, and the aggregate shape index for A2 asphaltene
in the last 60 ns of the simulation. A close look at Figure 8(a) reveals that OP is not able to manipulate
the asphaltene interactions within a short distance, whereas [BMIM][CI] and [BMIM][Br] strongly
decrease the g(r) peak at 0.5 nm, which is known as a sign of face-to-face arrangement. The [BMIM][CI]
decreases g(r) peak between 1 and 1.2 nm substantially, which is a sign of the T-shape arrangement.
Therefore, based on the RDF plot, all three inhibitors reduce the asphaltene aggregation for pairs of
asphaltenes such that the ILs of [BMIM][CI] and [BMIM][Br] lower both the parallel and T-shape
stacking for A2, while OP is more effective at long distance interactions. Figure 8(b) shows the #-angle
probability density between the polyaromatic cores of the asphaltene pairs regardless of their distances
with and without the inhibitors. All inhibitors decrease the probability of the asphaltene pairs with an
angle range of 60 °~120 °, which is a sign of T-shape arrangement. According to Figure 8(b), OP and
[BMIM][CI] have similar impacts on the asphaltene aggregation, which agrees with the RDF results
(Figure 8(a)). Figure 8(c) shows the probability of the aggregate shape index shifting toward higher
values (more rod-shape) using inhibitors with a larger distribution. This implies that the inhibitors
prevent the aggregation, and smaller aggregates will form more rod-like shapes compared to the
inhibitor-free case, in which the aggregates are more uniform and spherical. For instance, Figure 7(a)
shows that in general, the asphaltene aggregation is reduced to dimer and trimer aggregates, and
asphaltene aggregation has become more relaxed when [BMIM][CI] is in the system compared with the
inhibitor-free case. It also demonstrates that aggregates become smaller with diverse shapes toward more
rod-like while there is one large spherical shape without inhibitors (Figure 7(b)). In addition, the shape
changes using OP and [BMIM][CI] inhibitors are similar and in agreement with the angle distribution
function (Figure 8(b)), while [BMIM][Br] drastically alters the aggregate asphericity, which is in
agreement with the RDF graph (Figure 8 (a)). The RDF analysis does not include angles, and the distance
is not considered in angle distribution analysis. Hence, it is challenging to elaborate on the binding
arrangement and to relate the binding arrangement to the aggregate shape. For example, the ILs reduce
the face-to-face stacking based on the RDF analysis, which only considers the parallel arrangements
within short distances. However, the parallel arrangement does not change appreciably based on the
angle distribution density, which implies that the long-distance parallel arrangement is increased.
Moreover, the RDF analysis and angle distribution density can not discreminat between face-to-face and
offset stacking. Therefore, it is necessary to incorporate distance and angle factors to classify the binding
arrangements while studying the inhibitor impact.
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Figure 7. Final A2 molecules arrangement (a) in the presence of [BMIM][CI] and (b) in the absence of
inhibitor. nC7 and inhibitors are not shown for clarity.
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Figure 8: (a) radial distribution function, (b) #-angle probability density, (¢) asphericity index probability
density for A2/nC; without and with inhibitors for final 60 ns simulation run time.

Figure 9 shows the binary arrangements and the asphericity index for A3 at the final 60 ns of the
simulation with and without the inhibitors. Based on Figure 9(a), the addition of OP does not
significantly change the RDF profiles, while [BMIM][CI] and [BMIM][Br], respectively, reduce the
intensity of g(r) peak at 0.5 nm, which means less face-to-face stacking occurs. Figure 9(b) confirms the
reduction of parallel stacking with ILs because the probability of #-angle in the range 0 °-30 ° and 150
°~180 ° is less than the case of asphaltene without the inhibitors. The addition of [BMIM][Br] and OP
increases and decreases the probability of #-angles between 60 °—120 °, respectively. These behaviors
can dictate the aggregate shape to become more spherical using [BMIM][Br] and more rod-like using
OP inhibitors. Figure 9(c) confirms the prediction for asphaltene aggregate shape using [BMIM][Br] and
OP inhibitors. The inhibitor-free system has a strong single peak at an asphericity index of 0.2.
[BMIM][Br] changes the aggregate shape probability distribution to a bimodal distribution with a higher
peak at 0.12, meaning that the aggregates are more spherical than the system without the inhibitor. OP
changes the probability distribution to bimodal with peaks shifting the asphericity index to 0.25 and 0.32;
this shifting implies that the aggregate shape is altering to rod-like. The asphericity index in the
asphaltene system containing [BMIM][CI] is between the OP and [BMIM][Br] effects. The asphericity
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probability distribution using [BMIM][CI] inhibitor is unimodal, and it is slightly shifted from the case
without inhibitor towards rod-like aggregates, which is not noticed in RDF or angle distribution density
plots. Again, the misinterpretation and lack of conclusiveness in the RDF and angle distribution density
graph highlight the necessity of distance and angle coupling to study the aggregation interaction, which
will be discussed in the next sections.
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Figure 9: (a) radial distribution function, (b) #-angle probability density, and (c) asphericity index
probability density for A3/nC; without and with inhibitors for last 60 ns.
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3.3. Effect of Inhibitors on the Asphaltene Binding Mechanisms

Asphaltene aggregation has three main binding arrangements: face-to-face, offset stacked, and T-shape
stacked. In most research studies in the literature, the center of mass (COM) distance is used to
distinguish the aggregation types. However, we believe that considering only distance may result in a
false conclusion. For example, identifying the T-shape arrangement mistakenly, rather than offset
stacked, if the displacement is large enough that the distance between the molecules’ COM falls into the
T-shape category. Additionally, an offset stacked arrangement might be misidentified as face-to-face if
there is an arrangement with the distance between the COM less than 0.5 nm. Furthermore, the angle
between two molecules alone can not be used as an independent variable to differentiate the
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aggregation’s arrangements, as mentioned in section 3.2. Therefore, we propose considering the distance
between the molecules’ COM, the angle between two asphaltene polyaromatic cores (6), and the angle
between the vector connecting the centre of polyaromatic cores and the resultant vector of polyaromatic
plane normals ().

Figure 10 displays the number of intermolecular contacts between the asphaltene molecules versus time
for the systems without inhibitor (Figure 10 (a)) and with inhibitors (Figure 10 (b)-(d)) when the distance
between molecules” COM is < 1.2 nm. The cut-off threshold of 1.2 nm is chosen because the vdW and
Coulombic energy contributions are neglected beyond this cut-off distance in the simulation. Also, this
value is the maximum limit used for distinguishing the binding arrangement [32]. Figure 10(a) reveals
that the face-to-face and T-shape are two main arrangements for A2 binding, and the offset stacked has
the minimum contribution to asphaltene binding without an inhibitor. The system containing OP follows
a similar order, while the T-shape contribution being significantly lower than the face-to-face such that
the face-to-face arrangement is the primary binding mechanism (Figure 10(b)). The fact that OP prevents
asphaltene from forming hydrogen bonding (T-shape) derives asphaltenes to form more face-to-face
binding, which is also demonstrated in Figure 11. Using [BMIM][Br], face-to-face is the most probable,
and the offset stacked is the least probable arrangement for the asphaltene binding, similar to the case
with OP and the case without any inhibitor. However, the number of intermolecular contacts for face-
to-face drops significantly from 4045 to 16 (three times) at 120 ns using [BMIM][Br] compared to the
cases with no inhibitor and OP (Figure 10(c)). The reduction of face-to-face intermolecular contacts
vanishes the dominancy of face-to-face arrangement, and no arrangement is dominant when [BMIM][Br]
is added. In contrast, using [BMIM][CI] as the inhibitor, the number of intermolecular contacts for the
face-to-face arrangement is 20, and this mechanism dominates the asphaltene aggregation behavior.
Figure 10(d) demonstrates that adding [BMIM][CI] decreases both the face-to-face and T-shape binding
arrangements significantly compared to an inhibitor-free system. The offset stacked and T-shape
arrangements have similar ranges of fluctuations with an average value of 5 contacts at 120 ns.

((2) No Inhibitor . (b) With OP

60

60

—— face-to-face
50 4 —o— offset stacked
307 |—— T-shape

—=— face-to-face
50 - —o— offset stacked
30 —— T-shape

A A

40 A 40 1 fﬁ".“.:@ - ‘i ':'i!i"" A "li "

30 1

30 1

201 1%

10

Number of intermolecular contacts
Number of intermolecular contacts

0 20 40 60 80 100 120 80 100 120
Time (ns) Time (ns)

14



(c) With [BMIM]|Br] (d) With [BMIM][CI]

30 ' 30

—— face-to-face
—o— offset stacked
—— T-shape

—=— face-to-face
—o&— offset stacked
—— T-shape

S8
n
L
T

[
(=]
L

D
b

Number of intermolecular contacts
Number of intermolecular contacts

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (ns) Time (ns)

Figure 10: The number of intermolecular contacts for A2/nC7: (a) no inhibitor, (b) OP addition,
(c) [BMIM][Br] addition, and (d) [BMIM][CI] addition.

Figure 11. Final A2 molecules arrangement (a) in the absence of inhibitor and (b) in the presence of OP. nC;
and inhibitors are not shown for clarity. Red lines highlight asphaltenes connected through parallel stacking.

Figure 12 shows the number of intermolecular contacts between A3 molecules for the systems without
(Figure 12(a)) and with an inhibitor (Figure 12(b)-(d)) when the distance between the molecules’ COM
is less than 1.2 nm. In the inhibitor-free system, face-to-face has the highest number of contacts, followed
by offset stacked and T-shape, as shown in Figure 12(a). Comparing the binding arrangements for A2
and A3 shows that the face-to-face and T-shape are the dominant binding arrangements for A2; for A3,
only the face-to-face is the main binding arrangement. Hence, the order of aggregation mechanisms for
A3 is slightly different from A2 due to the A2 capability to form hydrogen bonds. According to Figure
12(b), adding OP only increases the number of face-to-face contacts and does not change the offset
stacked and T-shape arrangement order. On the contrary, adding the IL inhibitors decrease the number
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of face-to-face arrangements to approximately half and reduces the aggregation by offset stacked to a
similar occurrence for the T-shape contact.
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Figure 12: The number of intermolecular contacts for A3/nC7: (a) no inhibitor, (b) OP addition, (c)

[BMIM][Br] addition, and (d) [BMIM][CI] addition.

120

Therefore, the trend and order of binding arrangements are different for two different asphaltene
structures with and without the inhibitors. The binding arrangements are also affected by the type of
inhibitor because of the variations in the type of interaction forces for the asphaltene-asphaltene and
asphaltene-inhibitors. Gray et al. [5] introduced various forces between the asphaltene molecules based
on their chemical structures. The two asphaltene structures employed in this study have quadrupole-
quadrupole interaction force, while A2 can form hydrogen bonds. OP has one benzene ring, which is
relatively smaller than the asphaltene polyaromatic core with nine aromatic rings. The quadrupole-
quadrupole attraction force between the electron cloud in OP and that in the asphaltene polyaromatic is
less than the attraction force between the electron clouds of the two polyaromatic cores. Therefore, there
is no effective binding between the OP and A3 molecules to stop asphaltene aggregation. Nevertheless,
the OP molecules have a hydroxyl group, which results in forming hydrogen bonds with highly
electronegative atoms such as oxygen and nitrogen that are available in A2. Therefore, OP forms
hydrogen bonding with A2, provides steric effects with the alkyl tail, and reduces the asphaltene binding.
Although OP is still incapable of stopping quadrupole-quadrupole interactions between the asphaltene
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polyaromatic cores, it prevents the asphaltene molecules from forming hydrogen bonding with
themselves and reduces the number of asphaltene T-shape arrangements (Figure 10(b)). ILs are strong
electron donor-acceptor that play a crucial role in their inhibitory effect. The IL inhibitor and asphaltene
interaction forces are dispersive, hydrogen bond, charge transfer, dipolar, and Coulombic [53]. One of
the main interactions between the asphaltene and IL is the cation-quadrupole interaction, which is
stronger than the quadrupole-quadrupole interaction. The cation-quadrupole interactions increase if the
anion part of the ILs acts as an electron donor, interacting with the electron cloud of the asphaltene
polyaromatic core. This mechanism significantly reduces the number of face-to-face contacts for both
asphaltenes in the presence of ILs. The anion electron donation capacity is directly related to the anion
charge density, which increases by increasing the anion charge and decreasing the anion radius. Chloride
has a higher anion charge density than bromide because of its smaller anion size with a similar charge.
While both ILs similarly affect the face-to-face binding arrangement for both asphaltenes, [BMIM][CI]
reduces the T-shape binding more for A2, because of its higher electron charge density (as an electron
donor).

3.4. Inhibitors’ Effect on the Asphaltene Stacking Model

This section discusses the arrangement types within three distance ranges, including 0-0.5 nm, 0.5-0.75
nm, and 0.75-1.2 nm when asphaltenes aggregate with and without inhibitors. This analysis shows the
possibility of occurring different stacking models at the above-mentioned distance ranges. Because the
number of intermolecular contacts of different arrangements was similar in some cases, the cumulative
number of intermolecular contacts is measured and plotted rather than the number of intermolecular
contacts in this section.

Figure 13 shows the binding arrangements for A2 with different inhibitors where the COM distance is <
0.5 nm. Although both face-to-face and offset arrangements are observed for all scenarios, T-shape
arrangement is not observed due to the lack of space for molecule rotation at this distance. Figure 13(a)
shows that the cumulative number of face-to-face arrangements is increased with a steep slope in when
adding inhibitor, which implies that the OP promotes face-to-face arrangements within short COM
distances. A similar impact is noticed for the offset stacked arrangement, while the OP effect is delayed
to the final 20 ns of the simulation (Figure 13(b)). ILs show their significant impacts by reducing the
parallel binding at short distances with a more reduction when [BMIM][Br] is used (Figure 13(a)-(b)).
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Figure 13: The parallel stacking arrangement for A2/nC7 in the COM distance range of less than 0.5 nm:
(a) face-to-face arrangement and (b) offset stacked arrangement.
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Figure 14 shows the A2 binding arrangement in the distance range of 0.5 to 0.75 nm. In this distance
range, the face-to-face arrangement is reduced when an inhibitor is added compared to the inhibitor-free
system. Figure 14(a) illustrates that the cumulative number of interaction contacts for the face-to-face
arrangement decreases in the following order: the inhibitor-free system (the highest), with OP, with
[BMIM][CI], and with [BMIM][Br] (the lowest). While [BMIM][Br] does not change the frequency of
the offset stacking occurrences (compared to the inhibitor-free system), OP and [BMIM][CI] decrease
the cumulative number of orderly offset stacked arrangements (Figure 14(b)). Based on Figure 14(c) and
comparing the behavior in this panel (c¢) with those in panels (a) and (b), it can be concluded that the T-
shape binding arrangement effectively decreases by adding the inhibitors. The reduction of the T-shape
arrangement proves that the aggregate shape changes toward rod-like. The significant reductions of both
the face-to-face and T-shape asphaltene arrangements using [BMIM][Br] inhibitor result in a wider range
of aggregate shapes (section 3.2).
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Figure 14: The binding arrangement for A2/nC; in the COM distance range of 0.5 to 0.75 nm: (a) face-
to-face arrangement, (b) offset stacked arrangement, and (c) T-shape arrangement.

Figure 15 shows the asphaltene binding arrangement for A2 when the COM distance range is between
0.75-1.2 nm. For the face-to-face and offset stacked arrangements, the trends and order of the interaction
contact number are similar to the 0.5-0.75 nm distance range, except that [ BMIM][Br] also reduces the
offset stacked arrangement (Figure 15(a)-(b)). Although the ILs eliminate the T-shape binding
arrangement for asphaltenes at this distance range, there is a relatively greater extent of T-shape
arrangements when using OP (Figure 15(¢c)). Comparing the T-shape arrangement for OP in the distance
range of 0.5-0.75 nm with that in the range of 0.75-1.2 nm reveals that OP controls the asphaltene T-
shape binding mostly at lower distances.
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Figure 15: The binding arrangement for A2/nC7 in the COM distance range of 0.75 to 1.2 nm: (a) face-
to-face arrangement, (b) offset stacked arrangement, and (c) T-shape arrangement.

4. CONCLUSIONS

The asphaltene molecules bind together through three different coordination arrangements: face-to-face,
offset stacked, and T-shape. Usually, the distance between the molecules’ centre of mass (COM) is used
to discreminate different binding arrangements; using only this feature can sometime result in a false
conclusion. We propose an improved framework to differentiate between the binding arrangements by
including two angular criteria besides the COM. The angular criteria include the angle between the
polyaromatic cores of two molecules and the angle between a vector connecting the centres of

polyaromatic cores and resultant vector of plane normals (ﬁ). This method avoids false identification of
the binding arrangements for face-to-face stacking with a long separation distance (sandwich
arrangement) or for confusing offset stacked with T-shape arrangement. In this study, the effects of n-
octylphenol (OP) and two IL inhibitors, including 1-butyl-3-methylimidazolium bromide [BMIM][Br],
and 1-butyl-3-methylimidazolium chloride [BMIM][CI] are investigated on the binding arrangements
and shape for two different asphaltene structures. The A2 asphaltene has hydroxyl and pyridine groups,
while A3 asphaltene does not have either of them. The results imply that OP and [BMIM][CI] have
similar impacts on the aggregate shape for both asphaltenes. However, [BMIM][Br] increases the
variations in the aggregate shape for A2 with more probability of forming rod-like aggregates while
making the A3 aggregates more spherical. The differences in the behavior of asphaltenes and inhibitors
are related to their chemical structure differences, such as the presence of functional groups that result
in the interplay between competitive intermolecular forces between the asphaltenes and asphaltene-
inhibitors. For instance, the primary inhibitory mechanism of OP is through forming hydrogen bonds
with the asphaltene molecules, followed by preventing the growth of asphaltene aggregate. However,
OP does not reduce nor prevent quadrupole-quadrupole force between the asphaltene polyaromatic
cores. In contrast, ILs cause cation-quadrupole interactions with polyaromatic cores, which is stronger
than quadrupole-quadrupole force. Therefore, ILs reduce the number of parallel bindings (especially
face-to-face) between the asphaltene molecules. It is also confirmed that the inhibitors have different
impacts on asphaltene binding mechanisms at different distance ranges. We expect our results to provide
and improve a scientific framework to design and synthesize more effective asphaltene inhibitors under
production conditions. For follow-up studies, we recommend considering the effect of asphaltene
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deposition on various surfaces (in terms of type, morphology, and composition) in the presence of
chemical inhibitors.
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