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Abstract: Heavy oil and bitumen supply the vast majority of energy resources in Canada.
Different methods can be implemented to produce oil from such unconventional resources. Surfactants
are employed as an additive to water/steam to improve an injected fluid’s effectiveness and enhance
oil recovery. One of the main fractions in bitumen is asphaltene, which is a non-symmetrical molecule.
Studies of interactions between surfactants, anionic, and non-anionic, and asphaltene have been
very limited in the literature. In this paper, we employed molecular dynamics (MD) simulation to
theoretically focus on the interactions between surfactant molecules and different types of asphaltene
molecules observed in real oil sands. Both non-anionic and anionic surfactants showed promising
results in terms of dispersant efficiency; however, their performance depends on the asphaltene
architecture. Moreover, a hydrogen/carbon (H/C) ratio of asphaltenes plays an inevitable role in
asphaltene aggregation behavior. A higher H/C ratio resulted in decreasing asphaltene aggregation
tendency. The results of these studies will give a deep understanding of the interactions between
asphaltene and surfactant molecules.

Keywords: asphaltene; oil sand; bitumen; surfactant; dispersant; inhibitor

1. Introduction

Precipitation of asphaltene has always been a detrimental process in the oil industry, and a
massive amount of effort has been made to keep it dissolved in the oil phase [1-3]. Precipitation and
aggregation of asphaltenes depend on various parameters, e.g., the thermodynamic condition of a
system and architecture and structure of asphaltene molecules (non-symmetrical molecules) [4-9].
Asphaltenes are non-symmetrical molecules with wide ranges of sizes and structures, which make
them hard to model. Various methods can be applied to prevent asphaltene precipitation during oil
production, e.g., using inhibitors or dispersants [10]. Anionic and non-anionic surfactants can be used
as inhibitors or dispersants [11-16]. In this regard, a thorough knowledge of the mechanisms and
interactions between asphaltenes and surfactants plays a crucial role in formulating dispersants and
inhibitors due to the complicated and broad ranges of asphaltene architectures. Such information also
leads to a better selection of surfactant as a chemical-based enhanced oil recovery (EOR) [17-21].

Furthermore, the assessments of asphaltenes via the theoretic methods, e.g., molecular dynamics
(MD), Monte Carlo (MC) simulation, and density functional theory (DFT), accelerated the process of
chemical formulation for dispersing and inhibiting the asphaltene precipitation in heavy oils [15,22-24].
Surfactants are one of the proven chemicals which can be employed for both inhibition and dispersion
purposes. Anionic and non-anionic surfactants have shown promising results as asphaltene dispersants
and inhibitors [22,25-30].
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Thanks to technology development, especially breakthroughs in computational capacity,
molecular dynamics (MD) simulations draw tremendous attention. Via MD simulations, researchers
have focused more precisely on different phenomena at the molecular scale, e.g., liquid-liquid
and liquid-solid interactions [31-33] and interactions between fractions of heavy oils [34-37].
Several theoretical investigations have been performed to spotlight an aggregation process and
colloidal behavior of asphaltene molecules in solvents [38-46]. Furthermore, asphaltene’s structural
effect on aggregation behavior has been studied in [47-50], and the molecular behavior of asphaltenes
in their aggregates has also been investigated [35,51]. Tarefdar and Arisa [52] performed MD simulation
to reveal thermodynamic effect on interactions between the resin and asphaltene. There are useful
works in the open literature to find the mechanisms behind asphaltene aggregation [38,42,53-55].
Headen et al. [56] used MD to examine the influence of resins on the colloidal behavior of asphaltene in
different solvents, including toluene, n-heptane, and their mixtures. Tirjoo et al. [56] studied the effect of
single- and divalent-ions on the aggregation behavior of asphaltene molecules in a solvent. They found
that the presence of these ions is favorable for an asphaltene aggregation process. Celia-Silva et al. [57]
used MD to address the aggregation behavior of asphaltene molecules in the presence of natural
polymers as asphaltene dispersants. The dispersion behavior of these dispersants was favorable for
both n-heptane and n-heptane-toluene mixtures; however, in toluene, the presence of these chemicals
facilitated the formation of asphaltene dimers. In all cases, hydrogen bonding was the primary
mechanism of the asphaltene dispersion process in the presence of chemicals.

Mizuhara et al. [58] investigated the effect of heteroatoms on asphaltene molecules” adsorption
behavior at an interface of water and oil. Their theoretical outputs revealed that heteroatoms,
including nitrogen, oxygen, and sulfur, facilitate the forming of hydrogen bonds between water
molecules and asphaltenes. In addition, the highest van der Waals adsorption energy belongs to the
structure with more sulfur content. Silva et al. [59] made an effort to address a fundamental question
in breaking a water—oil emulsion by understanding how asphaltene, water, and emulsifier molecules
interact with each other. Answering this question provides a better foundation and optimizes the
required concentration of demulsifiers in a demulsification process. They concluded that an electric
field does not significantly impact the demulsification process because using a low intensity electric
field did not have dissolve salts in their simulation.

Moncayo-Riascos et al. [60] carried out both MD simulations and experiments to assess the
influence of adding a methyl group to a solvent on rheological properties of asphaltenes. Based on
their experimental and theoretical results, adding a methyl group resulted in significantly increasing
the asphaltene—solvent solution’s viscosity. The methyl group’s position and quantity changed the
asphaltene aggregates volume and shape, and these changes were the main contributors to this
considerable difference in viscosity. Cao et al. [61] evaluated the Hildebrand solubility of maltenes
and asphaltenes in pentane using MD simulations. They used different structures with different
architectures to examine the structural effect of asphaltene on solubilization in pentane. Based on their
simulation outputs, a higher amount of a benzene ring resulted in decreasing asphaltene solubility.

Furthermore, a larger aliphatic chain yields higher solubility in paraffinic solvents. Such outcomes
could provide a better understanding for formulating a solvent for heavy oil or bitumen recovery,
e.g., in the vapor extraction (VAPEX) method. Ahmadi and Chen [62] studied the interfacial behavior of
surfactants, including all four types of surfactants, at an interface of water and asphaltenes. They used
two asphaltene architectures, which were detected in Athabasca bitumen. Based on their outputs,
anionic and non-anionic surfactants can reduce the probability of asphaltene aggregation; however,
cationic and amphoteric surfactants cannot significantly affect the asphaltene aggregation.

No work has been done in the literature to focus on the effect of anionic and non-anionic surfactants
on the asphaltene aggregation in the presence of a solvent, i.e., n-heptane, via molecular dynamics (MD)
simulations. The main aim of the current work is to address this gap by employing MD simulations.
This paper will provide a broader understanding of asphaltene aggregation in n-heptane in the presence
of surfactants. Five different asphaltenes from different heavy oil samples [45,48,63] and two different
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surfactants, anionic (SDS) and non-anionic (TX-100), are used to address the aggregation trend of
asphaltene in n-heptane very carefully. This paper’s outcomes pave a road for formulating additives
for using as a dispersant or inhibitor for asphaltene precipitation.

2. Methodology

Force Field and Simulation Initialization

We used the Materials Studio software package (2020) [64] to carry out the molecular dynamics
simulation. Table 1 provides the details, including parameters, ensembles, and methods, of the MD
simulation. As reported in Table 1, the COMPASS force field was utilized in this study. The non-bonded
interactions in this force field were Coloumbic and van der Waals interactions. The bonded interactions
comprised different interactions, e.g., bond, angle, and torsion [65]. More information regarding the
force field components and their definitions can be found in [37]. Figure 1 demonstrates the chemical
formulas and structures of asphaltene molecules used in this paper. Table 2 reports details of all
scenarios, including the simulation box’s final size, system ID, surfactant, and asphaltene types and
their H/C ratio. Figure 2 demonstrates the workflow of constructing a simulation box for performing
MD simulations. As shown in Figure 2, five asphaltenes, five surfactants, and two hundred heptane
molecules were placed in the simulation box with 40 A x 40 A x 40 A dimension. As mentioned earlier,
five different asphaltene molecules with different sources were used in the current work to evaluate the
performance and efficacy of both anionic and non-anionic surfactants in the inhibition or dispersion of
asphaltene aggregation in a heptane solution.

Table 1. Parameters, variables, and functions of molecular dynamics (MD) simulations.

Variable/Method Value Variable/Method Value

Temperature 300K Thermostat Nose(—I\PIII?Ii\)/eEg;I::g]gevm
Pressure 1 MPa Barostat Berendsen [69]

Equilibrium Time 200 ps Cut-off Radii 12A
NPT Ensemble 2000 ps Coulomb Interactions Ewald Summation [70,71]
Convergence Index 1000 (kJ-mol~! nm™1) Van Der Waals Interactions Atom-Based Summation

Boundary Conditions Periodic Boundaries [72,73] Time Step 1fs
Force Field COMPASS [36,74-78]

Table 2. Details of simulation scenarios.

Surfactant Name Asphaltene Formula H/C Ratio System Id Simulation Box Size (nm)

CyoH300, 0.75 AS1 3.98 x 3.98 x 3.98
SDS CyoH300, 0.75 AS1-SDS 4.06 x 4.06 x 4.06
TX-100 CyoH300, 0.75 AS1-TX 4.05 x 4.05 x 4.05

Cy4HyoN,OS 0.909 AS2 4.008 x 4.008 x 4.008
SDS Cy4HyoN,OS 0.909 AS2-SDS 4.09 x 4.09 x 4.09
TX-100 Cy4HyoN,OS 0.909 AS2-TX 4.08 x 4.08 x 4.08
C51Hg0O3S3 1.176 AS3 4.05 x 4.05 x 4.05
SDS C51H600353 1.176 AS3-SDS 413 x4.13x4.13
TX-100 Cs51HgpO3S3 1.176 AS3-TX 412x4.12%x4.12

C71HgeS 1.352 AS5 41x41x41

SDS C71HogS 1.352 AS5-SDS 418 % 4.18 x 4.18
TX-100 C71HgeS 1.352 AS5-TX 417 x 417 x 417
Ce3HgoNOS; 1.095 AS6 4.08 x 4.08 x 4.08
SDS C63H69NOSZ 1.095 AS6-SDS 4.16 x 4.16 x 4.16

TX-100 Ce3HeoNOS, 1.095 AS6-TX 415 x 4.15 x 4.15
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Figure 2. Schematic of simulation box construction and molecular dynamics (MD) workflow.
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Figure 3 demonstrates the snapshot of the molecules’ configuration in the simulation box for all
fifteen systems at the equilibrium condition. Red molecules denote surfactants, blue molecules represent
asphaltenes, and grey molecules stand for heptane. As demonstrated in Figure 1, the constructed
simulation box needed to be optimized first. We performed the steepest descent algorithm for
200,000 iterations with convergence tolerance of displacement of 107! A and energy of 2 x 107> kcal/mol
to optimize the simulation box. After the geometry optimization process, we applied the NPT ensemble
at a pressure of 1 Mpa and 298 K for 200 ps on each simulation box to equilibrate the simulation box.
The configurations shown in Figure 3 were captured at the end of the equilibration process.

Figure 3. Cont.
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Figure 3. Cont.
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(k) M

Figure 3. Equilibrated configuration of the simulation box for systems: (a) AS1, (b) AS1-SDS, (c) AS1-TX,
(d) AS2, (e) AS2-SDS, (f) AS2-TX, (g) AS3, (h) AS3-SDS, (i) AS3-TX, (j) AS5, (k) AS5-SDS, (1) AS5-TX,
(m) AS6, (n) AS6-SDS, and (0) AS6-TX (red color stands for surfactant, gray denotes heptane, and blue
represents asphaltene).

3. Results and Discussion

3.1. Radial Distribution Function (RDF) Analysis

The RDF is defined as the ratio of the local density of molecules p(r) at distance r from a specific
molecule at the origin to the average bulk density as follows [45]:

_p)
g(r) = p 1
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RDF analysis helps to have a better picture of the structural behavior of the specific molecule(s)
inside a system. RDF plots help to reveal macro-molecular structures around specific molecules.
A visible spike in an RDF plot means that a macro-molecular structure exists at that specific distance
from the given atom or molecule. In addition, the area under the curve of an RDF plot proportionates
to the cluster size around the given molecule. It means that the higher area under an RDF curve,
the larger the cluster size. Furthermore, via RDF analysis along with visualization, we can understand
the possible mechanisms which occur during the simulation time.

Figure 4 depicts the RDF of asphaltene pair molecules for all systems. Based on the asphaltene
molecular structure, different types of molecular interactions can occur. As illustrated in Figure 4a,b,
the SDS surfactant had a lower RDF spike than the systems containing TX-100 and asphaltene without
surfactant. However, in the cases of AS3, AS5, and AS6, no significant and meaningful difference
between RDF plots for asphaltene in the presence of SDS and TX-100 could be observed (see Figure 4c—e).
The probable reason behind this observation is because of the large asphaltene molecule size of
these asphaltene molecules compared to AS1 and AS2. Hence, a macromolecular structure between
asphaltene pairs in a short-range distance could not be observed for AS3, AS5, and AS6. Another reason
to observe such results is because of a high H/C ratio (greater than one) of these asphaltene molecules,
which means lower aromaticity. As reported in Table 2, only asphaltenes AS1 and AS2 had a H/C ratio
of lower than one, revealing their higher aromaticity. The high aromaticity of asphaltene molecules
favors for an asphaltene aggregation process. In other words, asphaltenes with high aromaticity are
most likely to aggregate under specific thermodynamic conditions; however, asphaltenes with very low
aromaticity probably do not tend to aggregate in wise ranges of thermodynamic conditions envelopes.
That is why significant peaks could only have been observed for asphaltenes AS1 and AS2.

4
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Figure 4. Cont.
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Figure 4. Radial distribution function (RDF) of the asphaltene pair molecules with/without surfactant
molecules for systems containing (a) AS1, (b) AS2, (c) AS3, (d) AS5, and (e) AS6.

Figure 5 demonstrates the RDF of asphaltene-surfactant pair molecules for under-studied systems.
As shown in Figure 5a, there was a spike around 1.5 A in the case of SDS surfactant, which referred
to the hydrogen bond between the SDS head group and the hydroxyl group of asphaltene Al.
However, this did not occur for the TX-100 surfactant. Except for asphaltene AS2, all the rest of
asphaltene molecules, including AS1, AS3, AS5, and AS6, had higher interactions with TX-100 due to
the presence of a benzene ring in its structure.
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2 2 1
1.5 15
—_— St
= =
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1 1
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0 0
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Figure 5. Cont.
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Figure 5. RDF of the asphaltene-surfactant pair for systems containing (a) AS1, (b) AS2, (c) AS3, (d)
AS5, and (e) AS6.

Figure 6 demonstrates the final snapshots of systems at the end of the MD simulation; all heptane
molecules are hidden for clarity purposes. As shown in Figure 6a, asphaltene AS1 molecules were
away from each other and mostly interacted with SDS molecules, revealing SDS’s good performance
to disperse asphaltene molecules. In addition, as clearly seen from this figure, the SDS surfactant made
a hydrogen bond with the hydroxyl group of asphaltene AS1; this observation is supported by the
RDF plot in Figure 5a. However, as illustrated in Figure 6b, several asphaltene molecules tended to
form an aggregate, which showed a lower efficiency of TX-100 in asphaltene dispersion. Figure 6¢,d
depict the final snapshots of molecules’ configurations of systems AS2-SDS and AS2-TX, respectively.
As illustrated in Figure 6¢, most asphaltene molecules interacted with SDS and did not form any
macro-molecular structure.
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Figure 6. Cont.
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(8) ()

Figure 6. Snapshot of the final configuration of the system (a) AS1-SDS, (b) AS1-TX, (c) AS2-SDS,
(d) AS2-TX, (e) AS3-SDS, (f) AS3-TX, (g) AS5-SDS, (h) AS5-TX, (i) AS6-SDS, and (j) AS6-TX (For clarity
all heptane molecules are hidden).
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On the other hand, AS2 molecules formed a nanoaggregate, which shows weaker efficacy of
TX-100 compared to SDS for dispersing asphaltene molecules. The story for AS3, AS5, and AS6 was
different because there was no visible difference between snapshots captured for TX-100 and SDS
for similar asphaltene. In other words, there was no tangible difference between TX-100 and SDS in
asphaltene dispersion in cases having AS3, AS5, and AS6. However, partial interactions between SDS
head and heteroatoms of asphaltene molecules for systems AS3-SDS, AS5-SDS, and AS6-SDS could be
observed (see Figure 6e—i).

Figure 7 shows the RDF of asphaltene-heptane pair molecules for all simulation boxes. As clearly
seen from this figure, no significant spike could be observed, which means no significant cluster
or aggregation occurs. However, in the case of having asphaltene AS1, AS2, and AS5, asphaltene
molecules had greater interactions with n-heptane in the presence of SDS surfactant compared to
TX-100 and no-surfactant cases, as depicted in Figure 7a—d.
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Figure 7. RDF of the asphaltene-heptane pair for systems containing (a) AS1, (b) AS2, (c) AS3, (d) ASS5,
and (e) AS6.
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3.2. Solubility Parameter

To have more comprehensive support for the results obtained by MD simulation, we performed a
Monte Carlo simulation to obtain the solubility parameter of pure substances. The solubility parameter
provides useful information regarding the state of the mixture in terms of solubility. In the present
work, the solubility parameter helped us have a clear picture of the solubility of binary mixtures of
asphaltene, surfactant, and heptane.

The cohesive energy density (CED) is defined as the required amount of energy for removing one
molecule from solution to infinite separation. In 1963, Hildebrand proposed a parameter which is equal
to the square root of the CED to quantify the solvency behavior of species [79]; the suggested parameter
later became known as the “Hildebrand solubility parameter”. The Hildebrand solubility parameter
(8) provides a numerical index for the solubility/miscibility state of components; species with similar
solubility parameters are expected to be soluble. The solubility parameter (5) of a specific molecule,
e.g., asphaltene, surfactant, or heptane, can be determined by the following equation [80-85]:

AH, — RT
6= VCED = ||~ @)
m

where AH, denotes the vaporization enthalpy, V, stands for the molar volume, R represents the gas
constant, and T is temperature [85-87]. Table 3 reports the CED value and solubility parameters for
asphaltenes, surfactants, and solvent at 1 MPa and 298 K. Forster et al. [88] proposed a strict threshold
for solubility difference to see whether two components are miscible/soluble or not. According to
this proposal, two substances are presumably miscible if their solubility difference (Ast) < 2.0 MPa'/2.
As reported in Table 3, for cases of AS1, AS2, and AS3, the difference between the asphaltenes’ solubility
parameters and the SDS solubility parameter was lower than the difference with a TX-100 solubility
parameter. This shows a higher probability of having a miscible/soluble mixture in the case of having
an SDS surfactant. However, the story was different for asphaltenes AS5 and AS6 due to a lower
difference between their solubility parameters and the solubility parameter of TX-100.

Table 3. Cohesive energy density (CED) and solubility parameter of molecules.

AS1 AS2 AS3 AS5 AS6 SDS TX-100 n-Heptane
CED (x108)
(KJ/em®) 472 426 412 2.84 3.64 4.02 3.77 2.43
0 (VMPa) 21.71 20.63 20.29 16.85 19.05 20.05 19.40 15.57

4. Conclusions

The effect of both anionic and non-anionic surfactants on asphaltene precipitation in the
heptane solvent was systematically evaluated using molecular dynamics simulations. In this regard,
five asphaltene molecules with different architectures were used to include the potential impacts of
an asphaltene structure on a precipitation process. According to the results achieved from the MD
simulations, the following conclusions may be drawn:

e The SDS surfactant had a lower RDF spike compared to the systems containing TX-100 and
asphaltene without surfactant. However, for AS3, AS5, and AS6, no significant and meaningful
difference between RDF plots for asphaltene in the presence of SDS and TX-100 could be observed.
The probable reason behind this observation is because of the large asphaltene molecule size
of these asphaltene molecules compared to AS1 and AS2. Hence, a macromolecular structure
between asphaltene pairs in a short-range distance could not be observed for AS3, AS5, and AS6.
Furthermore, asphaltene precipitation depends on asphaltene’s aromaticity; the higher aromaticity,
the higher tendency to be aggregated. In other words, a higher H/C ratio means lower aromaticity,
which results in decreasing the aggregation tendency of asphaltene molecules. The aromaticity of
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asphaltenes AS1 and AS2 was higher than that of AS3, AS5, and AS6, which resulted in increasing
the asphaltene aggregation behavior.

Both SDS and TX-100 surfactants could disperse both island (AS1) and archipelago (AS2)
asphaltenes, revealing that they can be used as a dispersant for both types. Besides the architecture,
the asphaltene molecular size and weight can play an essential role in forming a nano-aggregate
with and without having surfactant dispersant.

Comparing solubility parameters of asphaltenes, surfactants, and heptane revealed that both
surfactants were capable of being soluble into asphaltene aggregates. It means that these
surfactants can disperse asphaltene molecules in the solvent and reduce their aggregation tendency.
For asphaltenes AS1, AS2, and AS3, SDS surfactant was more likely to be miscible/soluble with
asphaltenes; however, for asphaltenes AS5 and AS6, TX-100 was more soluble than SDS in an
asphaltene-solvent solution.
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Nomenclature

Abbreviations

CED Cohesive Energy Density

EOR Enhanced Oil Recovery

IFT Interfacial Tension

MD Molecular Dynamics

NHL Nose-Hoover-Langevin

RDF Radial Distribution Function

VAPEX Vapor Extraction

Variables

t Time, (ps)

T Temperature, (K)

1% Simulation box’s volume

Vin Molar volume of the liquid at the given temperature
AH, Vaporization enthalpy

o Solubility Parameter

References

1.  Ross, S.; Morrison, E.D. Colloidal Systems and Interfaces; Web. Publisher: U.S. Department of Energy:

Washington, DC, USA, 1988.

Li, Y.; El-Sayed, M.A. The effect of stabilizers on the catalytic activity and stability of Pd colloidal nanoparticles
in the Suzuki reactions in aqueous solution. J. Phys. Chem. B 2001, 105, 8938-8943. [CrossRef]

Joanny, ].E,; Leibler, L.; De Gennes, P.G. Effects of polymer solutions on colloid stability. J. Polym. Sci. Polym.
Phys. Ed. 1979, 17, 1073-1084. [CrossRef]

Gray, M.R.; Tykwinski, R.R.; Stryker, ].M.; Tan, X. Supramolecular assembly model for aggregation of
petroleum asphaltenes. Energy Fuels 2011, 25, 3125-3134. [CrossRef]

Victorov, A.; Smirnova, N. Thermodynamic model of petroleum fluids containing polydisperse asphaltene
aggregates. Ind. Eng. Chem. Res. 1998, 37, 3242-3251. [CrossRef]

Ilyin, S.O.; Arinina, M.; Polyakova, M.Y.; Bondarenko, G.; Konstantinov, I.; Kulichikhin, V.; Malkin, A.
Asphaltenes in heavy crude oil: Designation, precipitation, solutions, and effects on viscosity. J. Pet. Sci. Eng.
2016, 147,211-217. [CrossRef]


http://dx.doi.org/10.1021/jp010904m
http://dx.doi.org/10.1002/pol.1979.180170615
http://dx.doi.org/10.1021/ef200654p
http://dx.doi.org/10.1021/ie970869z
http://dx.doi.org/10.1016/j.petrol.2016.06.020

Symmetry 2020, 12, 1767 15 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Chen, Z.; Zhang, L.; Zhao, S.; Shi, Q.; Xu, C. Molecular structure and association behavior of petroleum
asphaltene. In Luminescent and Photoactive Transition Metal Complexes as Biomolecular Probes and Cellular
Reagents; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2015; pp. 1-38.

Jian, C.; Tang, T. Understanding Asphaltene Aggregation and Precipitation through Theoretical and Computational
Studies; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2016; pp. 1-47.

Ashoori, S.; Shahsavani, B.; Ahmadi, M.A.; Rezaei, A. Developing thermodynamic micellization approach to
model asphaltene precipitation behavior. J. Dispers. Sci. Technol. 2014, 35, 1325-1338. [CrossRef]
Hasanvand, M.Z.; Ahmadi, M.A.; Behbahani, R.M. Solving asphaltene precipitation issue in vertical wells
via redesigning of production facilities. Petroleum 2015, 1, 139-145. [CrossRef]

Hashmi, S.M.; Firoozabadi, A. Effect of dispersant on asphaltene suspension dynamics: Aggregation and
sedimentation. J. Phys. Chem. B 2010, 114, 15780-15788. [CrossRef]

Subramanian, D.; Firoozabadi, A. Effect of Surfactants and water on inhibition of asphaltene precipitation
and deposition. In Proceedings of the Abu Dhabi International Petroleum Exhibition & Conference; Society
of Petroleum Engineers (SPE), Abu Dhabi, UAE, 9-12 November 2015.

Ahmadi, M.A.; Chen, Z. Challenges and future of chemical assisted heavy oil recovery processes. Adv. Colloid
Interfaces Sci. 2020, 275, 102081. [CrossRef]

Kwon, E.H.; Go, K.S.; Nho, N.-S.; Kim, K.H. Effect of alkyl chain length of ionic surfactants on selective
removal of asphaltene from oil sand bitumen. Energy Fuels 2018, 32, 9304-9313. [CrossRef]

Atta, AM.; Abdullah, M.M.; Al-Lohedan, H.A; Ezzat, A.O.; Ezzat, A.O. Demulsification of heavy crude oil
using new nonionic cardanol surfactants. J. Mol. Lig. 2018, 252, 311-320. [CrossRef]

Alhreez, M.; Wen, D. Molecular structure characterization of asphaltene in the presence of inhibitors with
nanoemulsions. RSC Adv. 2019, 9, 19560-19570. [CrossRef]

Ahmadi, M.A.; Shadizadeh, S.R. Implementation of a high-performance surfactant for enhanced oil recovery
from carbonate reservoirs. J. Pet. Sci. Eng. 2013, 110, 66-73. [CrossRef]

Ahmadi, M.A.; Arabsahebi, Y.; Shadizadeh, S.R.; Behbahani, S.S. Preliminary evaluation of mulberry
leaf-derived surfactant on interfacial tension in an oil-aqueous system: EOR application. Fuel 2014, 117,
749-755. [CrossRef]

Ahmadi, M.A,; Galedarzadeh, M.; Shadizadeh, S.R. Wettability alteration in carbonate rocks by implementing
new derived natural surfactant: Enhanced oil recovery applications. Transp. Porous Media 2014, 106, 645667 .
[CrossRef]

Ahmadi, M.A_; Shadizadeh, S.R. Spotlight on the new natural surfactant flooding in carbonate rock samples
in low salinity condition. Sci. Rep. 2018, 8, 1-15. [CrossRef]

Ahmadi, M.A ; Shadizadeh, S.R. Nano-surfactant flooding in carbonate reservoirs: A mechanistic study.
Eur. Phys. ]. Plus 2017, 132, 246. [CrossRef]

Chang, C.-L.; Fogler, H.S. Stabilization of asphaltenes in aliphatic solvents using alkylbenzene-derived
amphiphiles. Effect of the chemical structure of amphiphiles on asphaltene stabilization. Langmuir 1994, 10,
1749-1757. [CrossRef]

Gonzalez, G.; Middea, A. Peptization of asphaltene by various oil soluble amphiphiles. Colloids Surf. 1991,
52,207-217. [CrossRef]

Hegazey, RM.; Farag, A.; Nessim, M.I; El-Feky, A.A.; Moustafaab, Y.M.; Hashem, A.L. Dispersion of
asphaltene precipitation in Egyptian crude oil using corrosion inhibitors. Pet. Sci. Technol. 2014, 32,
2337-2344. [CrossRef]

Chang, C.-L.; Fogler, H.S. Stabilization of asphaltenes in aliphatic solvents using alkylbenzene-derived
amphiphiles. Study of the asphaltene-amphiphile interactions and structures using fourier transform infrared
spectroscopy and small-angle X-ray scattering techniques. Langmuir 1994, 10, 1758-1766. [CrossRef]

Leon, O.; Rogel, E.; Urbina, A.; Anddjar, A.; Lucas, A. Study of the adsorption of alkyl benzene-derived
amphiphiles on asphaltene particles. Langmuir 1999, 15, 7653-7657. [CrossRef]

Rogel, E.; Ledn, O. Study of the adsorption of alkyl-benzene-derived amphiphiles on an asphaltene surface
using molecular dynamics simulations. Energy Fuels 2001, 15, 1077-1086. [CrossRef]

Chavez-Miyauchi, T.E.; Zamudio-Rivera, L.S.; Barba, V. Aromatic polyisobutylene succinimides as viscosity
reducers with asphaltene dispersion capability for heavy and extra-heavy crude oils. Energy Fuels 2013,
27,1994-2001. [CrossRef]


http://dx.doi.org/10.1080/01932691.2013.844703
http://dx.doi.org/10.1016/j.petlm.2015.07.002
http://dx.doi.org/10.1021/jp107548j
http://dx.doi.org/10.1016/j.cis.2019.102081
http://dx.doi.org/10.1021/acs.energyfuels.8b01933
http://dx.doi.org/10.1016/j.molliq.2017.12.154
http://dx.doi.org/10.1039/C9RA02664A
http://dx.doi.org/10.1016/j.petrol.2013.07.007
http://dx.doi.org/10.1016/j.fuel.2013.08.081
http://dx.doi.org/10.1007/s11242-014-0418-0
http://dx.doi.org/10.1038/s41598-018-29321-w
http://dx.doi.org/10.1140/epjp/i2017-11488-6
http://dx.doi.org/10.1021/la00018a022
http://dx.doi.org/10.1016/0166-6622(91)80015-G
http://dx.doi.org/10.1080/10916466.2013.806931
http://dx.doi.org/10.1021/la00018a023
http://dx.doi.org/10.1021/la9812370
http://dx.doi.org/10.1021/ef000152f
http://dx.doi.org/10.1021/ef301748n

Symmetry 2020, 12, 1767 16 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

Atta, AM,; Elsaeed, A.M. Use of rosin-based nonionic surfactants as petroleum crude oil sludge dispersants.
J. Appl. Polym. Sci. 2011, 122, 183-192. [CrossRef]

Junior, L.C.R.; Ferreira, M.S.; Ramos, A.C.D.S. Inhibition of asphaltene precipitation in Brazilian crude oils
using new oil soluble amphiphiles. J. Pet. Sci. Eng. 2006, 51, 26-36. [CrossRef]

Moncayo-Riascos, I.; De Leén, ].; Hoyos, B.A. Molecular dynamics methodology for the evaluation of the
chemical alteration of wettability with organosilanes. Energy Fuels 2016, 30, 3605-3614. [CrossRef]
Velasquez, A.; Hoyos, B.A. Viscosity of heptane-toluene mixtures. Comparison of molecular dynamics and
group contribution methods. J. Mol. Model. 2017, 23, 58. [CrossRef]

Jian, C.; Poopari, M.R;; Liu, Q.; Zerpa, N.; Zeng, H.; Tang, T. Reduction of water/oil interfacial tension by
model asphaltenes: The governing role of surface concentration. J. Phys. Chem. B 2016, 120, 5646-5654.
[CrossRef]

Murgich, J. Molecular simulation and the aggregation of the heavy fractions in crude oils. Mol. Simul. 2003,
29,451-461. [CrossRef]

Murgich, J.; Abanero, J.A.; Strausz, O.P. Molecular recognition in aggregates formed by asphaltene and resin
molecules from the athabasca oil sand. Energy Fuels 1999, 13, 278-286. [CrossRef]

Wu, G.; He, L.; Chen, D. Sorption and distribution of asphaltene, resin, aromatic and saturate fractions
of heavy crude oil on quartz surface: Molecular dynamic simulation. Chemosphere 2013, 92, 1465-1471.
[CrossRef]

Ahmadi, M.A.; Hou, Q.; Wang, Y.; Chen, Z. Interfacial and molecular interactions between fractions of
heavy oil and surfactants in porous media: Comprehensive review. Adv. Colloid Interface Sci. 2020, 102242.
[CrossRef]

Jian, C.; Tang, T, Bhattacharjee, S. Molecular dynamics investigation on the aggregation of
Violanthrone78-based model asphaltenes in toluene. Energy Fuels 2014, 28, 3604-3613. [CrossRef]

Yaseen, S.; Mansoori, G.A. Molecular dynamics studies of interaction between asphaltenes and solvents.
J. Pet. Sci. Eng. 2017, 156, 118-124. [CrossRef]

Kuznicki, T.; Masliyah, J.H.; Bhattacharjee, S. Molecular dynamics study of model molecules resembling
asphaltene-like structures in aqueous organic solvent systems. Energy Fuels 2008, 22, 2379-2389. [CrossRef]
Silva, H.S.; Alfarra, A.; Vallverdu, G.; Bégué, D.; Bouyssiere, B.; Baraille, I. Asphaltene aggregation studied
by molecular dynamics simulations: Role of the molecular architecture and solvents on the supramolecular
or colloidal behavior. Pet. Sci. 2019, 16, 669-684. [CrossRef]

Headen, T.E; Boek, E.S.; Skipper, N.T. Evidence for asphaltene nanoaggregation in toluene and heptane from
molecular dynamics simulations. Energy Fuels 2009, 23, 1220-1229. [CrossRef]

Kuznicki, T.; Masliyah, J.H.; Bhattacharjee, S. Aggregation and partitioning of model asphaltenes at
toluene-water interfaces: Molecular dynamics simulations. Energy Fuels 2009, 23, 5027-5035. [CrossRef]
Mikami, Y.; Liang, Y.; Matsuoka, T.; Boek, E.S. Molecular dynamics simulations of asphaltenes at the oil-water
interface: From nanoaggregation to thin-film formation. Energy Fuels 2013, 27, 1838-1845. [CrossRef]

Boek, E.S.; Yakovlev, D.S.; Headen, T.F. Quantitative molecular representation of asphaltenes and molecular
dynamics simulation of their aggregation. Energy Fuels 2009, 23, 1209-1219. [CrossRef]

Jian, C.; Tang, T.; Bhattacharjee, S. Probing the effect of side-chain length on the aggregation of a model
asphaltene using molecular dynamics simulations. Energy Fuels 2013, 27, 2057-2067. [CrossRef]

Sedghi, M.; Goual, L.; Welch, W.; Kubelka, J. Effect of asphaltene structure on association and aggregation
using molecular dynamics. J. Phys. Chem. B 2013, 117, 5765-5776. [CrossRef] [PubMed]

Takanohashi, T.; Sato, S.; Saito, A.L; Tanaka, R. Molecular dynamics simulation of the heat-induced relaxation
of asphaltene aggregates. Energy Fuels 2003, 17, 135-139. [CrossRef]

Ungerer, P; Rigby, D.; Leblanc, B.; Yiannourakou, M. Sensitivity of the aggregation behaviour of asphaltenes
to molecular weight and structure using molecular dynamics. Mol. Simul. 2013, 40, 115-122. [CrossRef]
Takanohashi, T.; Sato, S.; Tanaka, R. Molecular dynamics simulation of structural relaxation of asphaltene
aggregates. Pet. Sci. Technol. 2003, 21, 491-505. [CrossRef]

Rogel, E. Simulation of interactions in asphaltene aggregates. Energy Fuels 2000, 14, 566-574. [CrossRef]
Tarefder, R.A.; Arisa, I. Molecular dynamic simulations for determining change in thermodynamic properties
of asphaltene and resin because of aging. Energy Fuels 2011, 25, 2211-2222. [CrossRef]

Headen, T.F; Boek, E.S. Molecular dynamics simulations of asphaltene aggregation in supercritical carbon
dioxide with and without limonene. Energy Fuels 2011, 25, 503-508. [CrossRef]


http://dx.doi.org/10.1002/app.34052
http://dx.doi.org/10.1016/j.petrol.2005.11.006
http://dx.doi.org/10.1021/acs.energyfuels.5b02074
http://dx.doi.org/10.1007/s00894-017-3223-1
http://dx.doi.org/10.1021/acs.jpcb.6b03691
http://dx.doi.org/10.1080/0892702031000148762
http://dx.doi.org/10.1021/ef980228w
http://dx.doi.org/10.1016/j.chemosphere.2013.03.057
http://dx.doi.org/10.1016/j.cis.2020.102242
http://dx.doi.org/10.1021/ef402208f
http://dx.doi.org/10.1016/j.petrol.2017.05.018
http://dx.doi.org/10.1021/ef800057n
http://dx.doi.org/10.1007/s12182-019-0321-y
http://dx.doi.org/10.1021/ef800872g
http://dx.doi.org/10.1021/ef9004576
http://dx.doi.org/10.1021/ef301610q
http://dx.doi.org/10.1021/ef800876b
http://dx.doi.org/10.1021/ef400097h
http://dx.doi.org/10.1021/jp401584u
http://www.ncbi.nlm.nih.gov/pubmed/23581711
http://dx.doi.org/10.1021/ef0201275
http://dx.doi.org/10.1080/08927022.2013.850499
http://dx.doi.org/10.1081/LFT-120018534
http://dx.doi.org/10.1021/ef990166p
http://dx.doi.org/10.1021/ef101289f
http://dx.doi.org/10.1021/ef1010397

Symmetry 2020, 12, 1767 17 of 18

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Jian, C.; Tang, T. One-dimensional self-assembly of polyaromatic compounds revealed by molecular dynamics
simulations. J. Phys. Chem. B 2014, 118, 12772-12780. [CrossRef]

Headen, T.F; Boek, E.S.; Jackson, G.; Totton, T.S.; Miiller, E.A. Simulation of asphaltene aggregation through
molecular dynamics: Insights and limitations. Energy Fuels 2017, 31, 1108-1125. [CrossRef]

Tirjoo, A.; Bayati, B.; Rezaei, H.; Rahmati, M. Molecular dynamics simulation of the effect of ions in water on
the asphaltene aggregation. J. Mol. Lig. 2019, 277, 40-48. [CrossRef]

Celia-Silva, L.G.; Vilela, P.B.; Morgado, P.; Lucas, E.; Martins, L.EG.; Filipe, E.J.M. Preaggregation of
asphaltenes in the presence of natural polymers by molecular dynamics simulation. Energy Fuels 2020,
34, 1581-1591. [CrossRef]

Mizuhara, J.; Liang, Y.; Masuda, Y.; Kobayashi, K.; Iwama, H.; Yonebayashi, H. Evaluation of asphaltene
adsorption free energy at the oil-water interface: Role of heteroatoms. Energy Fuels 2020, 34, 5267-5280.
[CrossRef]

Silva, H.S.; Alfarra, A.; Vallverdu, G.; Bégué, D.; Bouyssiere, B.; Baraille, I. Role of the porphyrins and
demulsifiers in the aggregation process of asphaltenes at water/oil interfaces under desalting conditions:
A molecular dynamics study. Pet. Sci. 2020, 17, 797-810. [CrossRef]

Moncayo-Riascos, I.; Taborda, E.; Hoyos, B.A.; Franco, C.A.; Cortés, F.B. Theoretical-experimental evaluation
of rheological behavior of asphaltene solutions in toluene and p-xylene: Effect of the additional methyl
group. J. Mol. Lig. 2020, 303, 112664. [CrossRef]

Cao, T.; Wang, C.; Xiong, Y.; Song, H.; Xie, N.; Qi, L.; Xu, S.; Lin, W.; Xu, Z. Self-assembly and solubility
properties of polyaromatic compounds studied by molecular dynamics simulation. Fuel 2020, 277, 118060.
[CrossRef]

Ahmadi, M.; Chen, Z. Insight into interfacial behavior of surfactants and asphaltenes: Molecular dynamics
simulation study. Energy Fuels 2020, 34. [CrossRef]

Zhang, L.; Greenfield, M.L. Analyzing properties of model asphalts using molecular simulation. Energy Fuels
2007, 21, 1712-1716. [CrossRef]

Biovia, D.S. Materials Studio; Dassault Systemes: San Diego, CA, USA, 2020.

Israelachvili, J.N. Intermolecular and Surface Forces; Academic Press: Cambridge, MA, USA, 2011.

Gao, Y;; Zhang, Y.; Gu, E; Xu, T.; Wang, H. Impact of minerals and water on bitumen-mineral adhesion and
debonding behaviours using molecular dynamics simulations. Constr. Build. Mater. 2018, 171, 214-222.
[CrossRef]

Gao, Y,; Zhang, Y.; Yang, Y.; Zhang, J.; Gu, F. Molecular dynamics investigation of interfacial adhesion
between oxidised bitumen and mineral surfaces. Appl. Surf. Sci. 2019, 479, 449-462. [CrossRef]

Xu, G.; Wang, H. Molecular dynamics study of oxidative aging effect on asphalt binder properties. Fuel 2017,
188, 1-10. [CrossRef]

Berendsen, H.J.C.; Postma, ].P.M.; Van Gunsteren, W.F,; DiNola, A.; Haak, J.R. Molecular dynamics with
coupling to an external bath. J. Chem. Phys. 1984, 81, 3684-3690. [CrossRef]

Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: AnN-log (N) method for Ewald sums in large systems.
J. Chem. Phys. 1993, 98, 10089-10092. [CrossRef]

Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle mesh Ewald
method. J. Chem. Phys. 1995, 103, 8577-8593. [CrossRef]

Apostolakis, J.; Ferrara, P,; Caflisch, A. Calculation of conformational transitions and barriers in solvated
systems: Application to the alanine dipeptide in water. J. Chem. Phys. 1999, 110, 2099-2108. [CrossRef]

Su, G.; Zhang, H.; Geng, T.; Yuan, S. Effect of SDS on reducing the viscosity of heavy oil: A molecular
dynamics study. Energy Fuels 2019, 33, 4921-4930. [CrossRef]

Sun, H. COMPASS: An ab initio force-field optimized for condensed-phase applications overview with
details on alkane and benzene compounds. . Phys. Chem. B 1998, 102, 7338-7364. [CrossRef]

Sun, H;; Jin, Z.; Yang, C.; Akkermans, R.L.C.; Robertson, S.H.; Spenley, N.A.; Miller, S.; Todd, S.M. COMPASS
II: Extended coverage for polymer and drug-like molecule databases. J. Mol. Model. 2016, 22, 1-10. [CrossRef]
Zhang, L.; Leboeuf, E.J. A molecular dynamics study of natural organic matter: 1. Lignin, kerogen and soot.
Org. Geochem. 2009, 40, 1132-1142. [CrossRef]

Wu, G.; Zhu, X,; Ji, H.; Chen, D. Molecular modeling of interactions between heavy crude oil and the soil
organic matter coated quartz surface. Chemosphere 2015, 119, 242-249. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/jp506381z
http://dx.doi.org/10.1021/acs.energyfuels.6b02161
http://dx.doi.org/10.1016/j.molliq.2018.12.067
http://dx.doi.org/10.1021/acs.energyfuels.9b03703
http://dx.doi.org/10.1021/acs.energyfuels.9b03864
http://dx.doi.org/10.1007/s12182-020-00426-0
http://dx.doi.org/10.1016/j.molliq.2020.112664
http://dx.doi.org/10.1016/j.fuel.2020.118060
http://dx.doi.org/10.1021/acs.energyfuels.0c01596
http://dx.doi.org/10.1021/ef060658j
http://dx.doi.org/10.1016/j.conbuildmat.2018.03.136
http://dx.doi.org/10.1016/j.apsusc.2019.02.121
http://dx.doi.org/10.1016/j.fuel.2016.10.021
http://dx.doi.org/10.1063/1.448118
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1063/1.470117
http://dx.doi.org/10.1063/1.477819
http://dx.doi.org/10.1021/acs.energyfuels.9b00006
http://dx.doi.org/10.1021/jp980939v
http://dx.doi.org/10.1007/s00894-016-2909-0
http://dx.doi.org/10.1016/j.orggeochem.2009.08.002
http://dx.doi.org/10.1016/j.chemosphere.2014.06.030
http://www.ncbi.nlm.nih.gov/pubmed/25016557

Symmetry 2020, 12, 1767 18 of 18

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

Xuefen, Z.; Guiwu, L.; Xiaoming, W.; Hong, Y. Molecular dynamics investigation into the adsorption of
oil-water-surfactant mixture on quartz. Appl. Surf. Sci. 2009, 255, 6493-6498. [CrossRef]

Hildebrand, J.; Scott, R. The Solubility of Nonelectrolytes 1950; Reinhold: New York, NY, USA, 1964.

Li, B,; Liu, G; Xing, X.; Chen, L.; Lu, X.; Teng, H.; Wang, ]. Molecular dynamics simulation of CO, dissolution
in heavy oil resin-asphaltene. J. CO, Util. 2019, 33, 303-310. [CrossRef]

Hansen, C.M. The Universality of the solubility parameter. Ind. Eng. Chem. Prod. Res. Dev. 1969, 8, 2-11.
[CrossRef]

Zhang, W.; Qing, Y.; Zhong, W.; Sui, G.; Yang, X. Mechanism of modulus improvement for epoxy resin
matrices: A molecular dynamics simulation. React. Funct. Polym. 2017, 111, 60-67. [CrossRef]

Theodorou, D.N.; Suter, U.W. Atomistic modeling of mechanical properties of polymeric glasses.
Macromolecules 1986, 19, 139-154. [CrossRef]

Giovambeattista, N.; Rossky, PJ.; DeBenedetti, P.G. Phase transitions induced by nanoconfinement in liquid
water. Phys. Rev. Lett. 2009, 102, 050603. [CrossRef]

Gupta, J.; Nunes, C.; Vyas, S.; Jonnalagadda, S. Prediction of solubility parameters and miscibility of
pharmaceutical compounds by molecular dynamics simulations. J. Phys. Chem. B 2011, 115, 2014-2023.
[CrossRef]

Hancock, B. The use of solubility parameters in pharmaceutical dosage form design. Int. J. Pharm. 1997, 148,
1-21. [CrossRef]

Hildebrand, J.H. A Critique of the theory of solubility of non-electrolytes. Chem. Rev. 1949, 44, 37—-45.
[CrossRef]

Forster, A.; Hempenstall, J.; Tucker, I.; Rades, T. Selection of excipients for melt extrusion with two poorly
water-soluble drugs by solubility parameter calculation and thermal analysis. Int. J. Pharm. 2001, 226, 147-161.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.apsusc.2009.02.021
http://dx.doi.org/10.1016/j.jcou.2019.06.011
http://dx.doi.org/10.1021/i360029a002
http://dx.doi.org/10.1016/j.reactfunctpolym.2016.12.014
http://dx.doi.org/10.1021/ma00155a022
http://dx.doi.org/10.1103/PhysRevLett.102.050603
http://dx.doi.org/10.1021/jp108540n
http://dx.doi.org/10.1016/S0378-5173(96)04828-4
http://dx.doi.org/10.1021/cr60137a003
http://dx.doi.org/10.1016/S0378-5173(01)00801-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Results and Discussion 
	Radial Distribution Function (RDF) Analysis 
	Solubility Parameter 

	Conclusions 
	References

