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ABSTRACT: One of the major constituents of heavy oil is
asphaltenes. They are responsible for numerous problems in
petroleum downstream and upstream processes, such as catalyst
deactivation in heavy oil processing and blocking pipes while
transporting crude oil. Probing the efficiency of new nonhazardous
solvents in separating asphaltenes from crude oil is key to avoid
conventional volatile and hazardous solvents by replacing these
conventional solvents with new ones. In this work, we have
investigated the efficiency of ionic liquids to separate asphaltenes
from organic solvents (such as toluene and hexane) using
molecular dynamics simulations. Triethylammonium-dihydrogen-
phosphate and triethylammonium acetate ionic liquids are considered in this work. Various structural and dynamical properties are
calculated, such as radial distribution function, end-to-end distance, trajectory density contour, and diftusivity of asphaltene in the
ionic liquid-organic solvent mixture. Our results explain the role of anions, i.e., dihydrogen-phosphate and acetate ions, in separating
asphaltene from toluene and hexane. Our study provides an important revelation about the dominant role played by the IL anion in
intermolecular interactions which depends on the type of solvent (i.e., toluene or hexane) in which the asphaltene is present. The
anion induces enhanced aggregation in the asphaltene-hexane mixture compared to the asphaltene-toluene mixture. The molecular
insights obtained within this study on the role played by ionic liquid anion in asphaltene separation are key for the preparation of
new ionic liquids for asphaltene precipitation applications.
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1. INTRODUCTION

Heavy crude oil and bitumen make up a majority of the world’s
total oil resources." Their transportation and processing are
challenging due to their low flowability.” The heavy crude oils

because of the properties such as low melting point, good
thermal and chemical stability, nonflammability, etc.'”'®
Addressing the issue of asphaltene separation using ILs can

thus aid in the easy transportation of crude oil.

are highly viscous and are primarily contaminated by heavy
metals, sulfur and asphaltenes. Their high viscosity is attributed
to the presence of asphaltenes,”* whose precipitation is caused
by changes in pressure, temperature, fluid properties, and
contact with water or other organic solvents and solvents in
which asphaltene is insoluble such as n-alkanes. Asphaltenes
comprise alkyl side chains, metal and polar heteroatoms, and
polyaromatic structures.” Some of the common ways to tackle
the problem related to flowability of heavy crude oil are
heating, blending with the light crude oil/diluent, etc.
However, these approaches have their own challenges with
respect to the cost and separation of the diluent from heavy
crude 0il.”” The asphaltenes can be dissolved by treating them
with nonpolar solvents, e.g., benzene or toluene; however, it is
important to note that these solvents are hazardous and
volatile. Lighter solvents, e.g., hexane or heptane, can be used,
but they have lower solubility.*’

Ionic liquids (ILs) are promising candidates and could be
used to efficiently separate asphaltenes from crude oil'°~"* and
can also separate bitumen from the oil sands.'*™'® ILs are
environmental friendly and highly efficient organic salts

© 2023 The Authors. Published by
American Chemical Society
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Pina et al.'” discussed the characterization of asphaltenes in
various solvents and evaluation of asphaltene flocculation point
in solvents such as toluene, p-xylene, m-xylene, o-xylene, and
ethylbenzene using heptane as a flocculant. The review
elucidated several methods, including tonometry, ebulliometry,
and size exclusion chromatography for determining molecular
mass; viscosimetry, small angle scattering, and electron
microscopy for colloidal structure; small angle neutron and
X-ray scattering (SANS and SAXS) for studying asphaltene
aggregates; and filter drop spreading and optical microscopy,
light scattering, opacimetry, and nephelometry, among others,
to visualize the extent of asphaltene flocculation. Painter et
al.'"* conducted experimental investigations on the extraction of
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the bitumen from oil sands using the 1-butyl-2,3-dimethyl-
imidazolium tetrafluoroborate ([bmmim][BF,]) IL in combi-
nation with toluene solvent. In their work, 90% bitumen was
recovered in successive extractions. Sakthivel et al.'’ performed
experimental investigations using ultraviolet—visible (UV—vis)
spectrophotometry, Fourier transform-infrared spectroscopy
(FTIR), and "C-nuclear magnetic resonance (NMR) spec-
troscopy on the dissolution of asphaltene present in tank
bottom sludge using nine aromatic ILs in different organic
solvents such as decane, hexane, ethyl acetate, heptane, and
toluene. It was shown in their work that the presence of ILs in
organic solvents increases the efficiency of disaggregation by
more than 50% as compared to the neat solvents. Sakthivel et
al.'' performed experimental studies using UV- visible, FTIR,
and "*C NMR spectroscopy to understand the dissolution of
heavy crude oil using eight aliphatic ILs in various organic
solvents. Their results showed a drastic increase in the
dissolution percentage of heavy crude oil in the presence of
the ILs as compared to neat solvents. Further, it was concluded
that small quantity of IL is sufficient to achieve the complete
dissolution of asphaltene. The [Et;NH][H,PO,] IL showed
superior performance compared to other ILs (such as
[Et,NH][BE,],[Et;NH][SO,], [Bu;NH][HSO,] etc.) in the
dissolution of crude oil in toluene, whereas [Et;NH]-
[CH;COO] showed better performance in selected n-alkanes.

Subramanian et al.’’ experimentally investigated the
flowability of the heavy and extra heavy crude oil on addition
of the ILs. Further, the role of the IL alkyl tail length,
counterion charge density, and cationic heads were inves-
tigated to reduce the viscosity of the Mexican heavy oil and
Canadian and Venezuelan bitumen. The reduction of the
viscosity is explained based on the molecular interactions
between the ILs and the asphaltene molecules. Rashid et al.”'
investigated the role of the hydrophobic and hydrophilic ILs in
the dispersion of the asphaltene aggregates using UV—visible
spectroscopy. They found that hydrophobic ILs have more
tendency to reduce the formation of asphaltene aggregates
than the hydrophilic ones and can be considered as potential
deflocculants. Atta et al.”* prepared allyl imidazolium-based ILs
using various organic anions such as oleate, cardanoxy, and
abietate and employed them as asphaltene dispersants in
Arabic heavy crude oil and heptane-toluene solvents. The IL-
asphaltene interactions were quantified using zeta potential and
size variations. The abietate-based IL showed the maximum
asphaltene dispersion capability, followed by the oleate and
cardanoxy-based ILs. The results of zeta potential highlighted
the presence of positive surface charges in the abietate-based
IL, which led to charge transfer and adsorption of the IL
molecules on negatively charged asphaltenes. Thus, asphaltene
aggregation was inhibited, with efficiencies reaching 90% in
crude oil at IL concentrations of 0.15 g/L.

Headen et al.”® conducted MD simulations of asphaltene
aggregation using four asphaltene structures, including island,
archipelago, and continental models, in two solvent environ-
ments, toluene and n-heptane. Additional systems incorporat-
ing resins and mixtures of different asphaltene structures were
also simulated. The study reported the average cluster sizes,
radii of gyration, densities, and relative shape anisotropies of
the asphaltene clusters in each system. Three interesting
observations of this study include the formation of
predominantly spherical clusters as opposed to disk-shaped
aggregates, the negligible role of resins as surfactants in
asphaltene/toluene systems, and the occurrence of a

continuous distribution of cluster sizes. Hernandez Bravo et
al.”* performed experimental investigation and molecular
dynamics (MD) simulations of ILs and asphaltene. It was
concluded that the IL-cation and asphaltene-z ligand
molecular interactions are dominant between asphaltene-IL.
Experimental viscosity measurement suggests that considered
ILs can be potential candidates in the reduction of the viscosity
of heavy crude oil. Ghamartale et al.”® investigated the
inhibitory effects of n-octylphenol on the aggregation of
three different asphaltene structures based on the molecular
weight in n-heptane using MD simulations. The number, size,
shape, and density of the aggregates were calculated for each
system. Octylphenol facilitated aromatic stacking and hydro-
gen bonds with the asphaltene molecules were observed for
two asphaltene models. Asphaltene continued to aggregate
over long simulation time scales, even in the presence of octyl
phenol, indicating that the inhibitor only delayed the onset of
aggregation. However, the performance of octylphenol greatly
depended on the system’s structure and heterogeneity of
asphaltene.

EL-Hefnawy et al.’® functionalized asphaltenes with
carboxylic acid groups to incorporate them into functional
imidazolium ILs by conjugating asphaltene carboxylate anions
with 1,3-diheptyl (aliphatic - AsIL) and 1,3-diheptyl-2-
hydroxyphenyl (aromatic - AHIL) imidazolium cations. The
interactions between pure IL and asphaltenes in different
compositions of toluene/heptane binary mixture were studied
by dynamic light scattering (DLS) and zeta potential
measurements to evaluate the dispersion of asphaltenes and
charge transfer between the IL and asphaltene heteroatoms,
respectively. The dispersion efficiency of AHIL was greater
than that of AsIL, especially in an optimum IL and asphaltene
ratio of 1:1. The interactions between the moieties in the IL
and the asphaltene in crude oil prevented other unfavorable
interactions which could lead to asphaltene aggregation. El
Hoshoudy et al.”” conducted experimental investigations and
MD simulations to study the interactions between the
imidazolium based ILs and the asphaltenes. The synthesized
ILs were characterized using FTIR, 'H NMR, Raman
spectroscopy, and thermogravimetric (TGA) analysis.

Ghanem et al.*® synthesized imidazolium based ILs and
performed FTIR, 'H NMR, TGA, and elemental analysis and
also performed density functional theory (DFT) calculations
to investigate the electronic properties of the ILs. The
synthesized ILs showed good surface activity and thermal
stability properties. It was concluded that with an increase in
the alkyl chain length of the IL molecule, the asphaltene
aggregation is promoted. Vatti et al."* performed experimental
investigations and MD simulations of 1-butyl-3-methylimida-
zolium hexafluorophosphate IL and asphaltene. In their study,
the role of IL in separating asphaltene from the toluene/hexane
solvents was discussed. Further, 7—x stacking was observed
between aromatic IL and as%)haltene within this study. In
recent study, Ghamartale et al.”” conducted MD simulations to
assess the changes in the aggregation of two continental
asphaltene structures in n-heptane (7 wt % of asphaltene), in
the presence and absence of three chemical inhibitors:
octylphenol and two ILs, ie, 1-butyl-3-methylimidazolium
chloride ([BMIM][CI]) and 1-butyl-3-methylimidazolium
bromide ([BMIM][Br]). The study provided a detailed
account of the mechanisms involved in asphaltene aggregation
in the presence of ILs. Radial distribution function, aggregate
shape (asphericity index), and angle distribution analyses were

https://doi.org/10.1021/acsomega.3c00515
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Table 1. Number of Asphaltene, Toluene, Hexane and IL Molecules, i.e., [Et;NH]*[CH;COO] ™ and [Et;NH]*[H,PO,]”, along
with the Simulation Box Sizes

mixture asphaltene toluene hexane 1L simulation box size (A%)
Asp+[Et;NH]*[CH;COO]™ + Toluene 24 2471 - 508 85.27 X 84.37 X 82.95
Asp+[Et;NH]*[H,PO,]™ + Toluene 24 2554 - 422 84.27 X 82.82 X 83.15
Asp+[Et;NH]*[CH,COO]~ + Hexane 24 ; 2495 481 86.38 X 90.27 X 90.91
Asp+[Et;NH]*[H,PO,]~ + Hexane 24 ; 2576 400 87.63 X 89.83 X 88.79

58532044

Figure 1. (a) Snapshot of the MD run of asphaltene aggregates in a toluene-[Et;NH]*[CH;COO]~ IL mixture. (b) Snapshot of the asphaltene
aggregates in a hexane-[Et;NH]*[CH;COO]" IL mixture. The pink color represents [Et;NH]*[CH;COO]~ IL, green represents asphaltene, blue
represents toluene, and yellow represents hexane solvent molecules. The asphaltene molecules are seen in Corey Pauling Koltun (CPK)
representation, and rest of the molecules are seen in a ball and stick representation.

Figure 2. (a) Snapshot of the MD run of asphaltene aggregates in a toluene-[Et;NH]*[H,PO,]” IL mixture. (b) Snapshot of the asphaltene
aggregates in a hexane-[Et;NH]*[H,PO,]” IL mixture. The red color represents [Et;NH]*[H,PO,]” IL, green represents asphaltene, blue
represents toluene, and yellow represents hexane solvent molecules. The asphaltene molecules are visualized in a CPK model, and rest of the
molecules are seen in a ball and stick model.

investigated to characterize the nature of clusters formed. The existing experimental works on asphaltene separation
[BMIM][Br] and [BMIM][CI] hindered the formation of using ILs highlight several important aspects as elaborated
above. However, molecular insights of interaction between IL
anion and asphaltene based on the MD simulation technique
are still lacking to the best of our knowledge. Within this study,

aggregates to a great extent due to the formation of strong

cation—quadrupole interactions, which strongly competed

against the quadrupole—quadrupole interactions of asphaltene a systematic analysis of the asphaltene aggregation using two
cores. ILs (i.e, [Et;NH]*[CH;COO]" and [Et;NH]*[H,PO,]") in
16188 https://doi.org/10.1021/acsomega.3c00515
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Table 2. Persistence Length, Extended Chain Length, Molecular Standard Deviation, and the Time Series Mean of the End-to-
End Distance of Asphaltene Molecules and Its Corresponding Standard Deviation over 80 ns of Production Run for Four

Different Mixtures Considered in This Study

end-to-end time series standard
mixture distance (A) deviation (A)

Asp+[Et;NH]*[CH,CO0]~ 11.44 0.81

+ Toluene
Asp+[Et;NH]*[H,PO,] 11.81 0.86

+ Toluene
Asp+[Et;NH]*[CH,CO0]" 1127 0.81

+ Hexane
Asp+[Et;NH]*[H,PO,]~ 11.48 0.75

+ Hexane

persistence extended chain molecular distribution standard

length (A) length (A) deviation (A)
3.52 24.5 4.13
3.78 24.5 4.12
3.37 24.5 3.96
3.52 24.5 3.97

toluene and hexane solvents are analyzed in depth. The role
played by anions (ie, [CH;COO]™ and [H,PO,]”) in
aggregation of asphaltene is explained in our work. We have
analyzed the structural properties of asphaltene aggregates
using radial distribution function (RDF) and end-to-end
distance. Furthermore, we have reported the diffusion
coeflicient of asphaltene molecules in a IL-toluene/hexane
mixture. Our results highlight the efficiency of the selected ILs
in separation of the asphaltene from the toluene and hexane
solvents. Our study made an important revelation about the
dominant role played by the IL anion in intermolecular
interactions for asphaltene in toluene and hexane; such a study
is the first of its kind.

2. COMPUTATIONAL DETAILS

The molecular mass of asphaltene molecular compounds
ranges from 500 to 1000 g/mol.30 Further, 750 g/mol is
considered the most probable molecular mass of the
asphaltene.”’ Therefore, we have selected the asphaltene
model compound ((CsoH,;s04) Violanthrone-79) with a
molecular weight of 712.9 g/mol. The asphaltene molecule
(Violanthrone-79), which contains nine aromatic rings, two
linear aliphatic side groups, and four oxygen heteroatoms in
the polyaromatic core, is considered within MD simulations.
[Et;NH]"[CH,COO]™ IL, [Et;NH]"[H,PO,]" IL, toluene,
and hexane explicit molecules are considered. Our simulations
boxes account for 25 wt % of the IL and approximately 5 wt %
of the asphaltene. Optimized Parameters for Liquid Simu-
lations (OPLS4)>* force fields are used to describe the bonded
and nonbonded interactions. MD simulations are performed
using the Desmond™® package within Schrodinger simulation
software.’® A set of Lorentz—Berthelot mixing rules is used to
determine the Lennard-Jones parameters. The time step of 2 fs
is used to integrate the equation of motion. The simulation
protocol of 20 ns NPT run is performed to get the equilibrated
volume. Later, the production run of 80 ns is performed and
then analyzed for property estimation. Throughout these
simulations we have used 1 atm pressure and 300 K for the
isobaric—isothermal (NPT) run and 300 K for the NVT run.
The nonbonded interactions are truncated at 9 A, and a Nose-
Hoover thermostat is used. We have used the relaxation time
of 2 ps for the Martyna-Tobias-Klein barostat and relaxation
time of 1 ps for the Nose-Hoover thermostat. We have
considered asphaltene in four mixtures as presented in Table 1.
Snapshots of the aggregation of asphaltene molecules in
toluene and hexane mixtures with [Et;NH]*[CH,COO]~ IL
and [Et;NH]*[H,PO,]” IL are shown in Figures 1 and 2,
respectively. In the presence of the IL, we observed dynamic
heterogeneity for the asphaltene in a toluene-hexane mixture

16189

within the simulation box. The probable reason for this
heterogeneity is the dynamics of the IL cations and anions
being heterogeneous and depends on their interaction with the
asphaltene and respective toluene/hexane solvent.

3. RESULTS AND DISCUSSION

3.1. End-to-End Distance. The end-to-end distance is
calculated for the asphaltene molecules in an IL-toluene/
hexane mixture. It is the distance between one end of the side
chain to the other chain end. The end-to-end distance is an
important parameter to assess asphaltene 21ggregationl3"”5’3’6
and is calculated by considering the semiflexible side chains®’
within the worm-like chain model.** The end-to-end distance
of the asphaltene molecule averaged over all asphaltene
molecules is evaluated over the production run of MD using

the following equation:*> "%

<h2> = 2LpLo[1 - (Lp/Lo)(l - eXP(_Lo/LP))] (1)

where (h?) is the mean squared end-to-end distance, L, is the
extended chain length, and L; is the persistence length. The
calculated end-to-end distances of asphaltene for four
considered mixtures are summarized in Table 2. Figure 3a,b
shows the end-to-end distance versus time and frequency
versus end-to-end-distance for asphaltene in a toluene-
[Et;NH]*[CH;COO]~ mixture, respectively. Further,the
time series standard deviation of the mean end-to-end distance
fit over an 80 ns time interval corresponding to Figure 3(a) is
summarized in Table 2. Figure 3(b) shows a histogram of the
mean end-to-end distances from the time series plot in the 80
ns time interval. The corresponding molecular distribution
standard deviation of the mean end-to-end distance fit for the
asphaltene is also presented in Table 2. The average end-to-
end distance of 11.44 A is observed for asphaltene, and the
maximum frequency is found for 13.77 A for asphaltene in a
toluene-[Et;NH]*[CH;COO]~ mixture. The lowest end-to-
end distance, i.e., 11.27 A, is observed for the asphaltene in a
[Et;NH]*[CH;COO] -hexane mixture, which suggests the
strong aggregation of the asphaltene molecules, whereas a
slightly higher end-to-end distance is observed for the same IL
in toluene solvent, i.e., 11.44 A. Furthermore, the highest end-
to-end distance is observed for a [Et;NH]*[H,PO,] -toluene
solvent, suggesting that the aggregation is less pronounced for
asphaltene in this particular mixture. Overall, both the ILs have
been found to have a superior performance in enhancing the
aggregation in hexane solvent as compared to the toluene
solvent.

3.2. Radial Distribution Function. Classical MD
simulations have been extensively used to study the structural
properties of liquids. We have calculated radial distribution

https://doi.org/10.1021/acsomega.3c00515
ACS Omega 2023, 8, 16186—16193
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Figure 3. (a) The end-to-end distance of asphaltene molecules versus
time in a toluene-[Et;NH]*[CH;COO]~ mixture. (b) Frequency vs
end-to-end distance of asphaltene in a toluene-[Et;NH]*[CH;COO]~
mixture.

function (RDF) to explore the average distribution of the
aggregates in the solvent mixture. The analysis of the
aggregates is performed by RDF calculations as shown in
Figure 4. RDF between the asphaltene-asphaltene pair
indicates the probability that the asphaltene molecule is at a
distance “¢r” from another asphaltene molecule. The
asphaltene—asphaltene pair is selected to quantify the
aggregation in different IL-toluene/hexane mixtures. Figure
4(a,b) shows the RDF between asphaltene-asphaltene pair in
[Et;NH]*[CH;COO]~ and [Et;NH]*[H,PO,]” in toluene
and [Et;NH]*[CH,COO]~ and [Et;NH]*[H,PO,]” in
hexane, respectively. We observed asphaltene aggregates in
the presence of the IL in both toluene and hexane mixtures. In
the presence of the IL, it is interesting to note that the
asphaltene aggregates are more in hexane than in toluene. We
noticed that the probability, i.e., g(r)(asp_asp) is higher for the IL
in hexane solvent than in toluene as shown in Figure 4. In case
of both ILs, we observed peaks at 1.15, 1.5, and 2.2 A. The first
peak represents the aggregation of asphaltene molecules due to
m—n stacking, and the second peak represents their other
stacking arrangement (Figure S1 of the Supporting Informa-
tion), e.g, T-shape stacking as observed in an earlier work.*
The third peak shows how strong the ordering of the
asphaltene is in the respective mixture.

3.3. Diffusion Coefficient. The diffusivity of the
asphaltene molecules is evaluated by calculating the slope of
the mean-square displacement as a function of time as shown

Figure 4. Radial distribution function of asphaltene-asphaltene pair in
(a) [Et;NH]*[CH;COO]™ and [Et;NH]*[H,PO,]  in toluene (b)
[Et;NH]*[CH,;COO]™ and [Et;NH]*[H,PO,]” in hexane.

5000 ——————————————T—

— Asp + [Et;NH]|[H,PO,] + Toluene b

— Asp+ [EtJNH][CH,COOI + Toluene
Asp + [thJNHI|H2P04I + Hexane
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Figure S. Mean squared displacement of asphaltene in four different
asphaltene-IL-toluene/hexane mixtures.

where
(I7(t) — 7(0)) is the mean-square displacement. The
calculated diffusion coeflicients are presented in Table 3 for
the considered mixtures of asphaltene. It is evident from Figure
S that mean square displacement changes linearly with time,
and therefore the diffusion coefficient of asphaltene can be

in Figure S wusing the Einstein relation:*!
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Table 3. Obtained Diffusion Coefficients (in m?/s) of
Asphaltene in the Presence of IL in Toluene and Hexane
along with the Standard Deviation (6)“

diffusion
concentration coefficient (m?/s) o (m%/s) R?
Asp+[Et;NH]*[CH;COO]~ 8.92 x 1071 658 x 107" 0.994
+ Toluene
Asp+[Et;NH]'[H,PO,]” 522 x 107" 498 x 107" 0.985
+ Toluene
Asp+[Et;NH]*[CH,;COO]~ 3.71 x 1071 345 x 107 0988
+ Hexane
Asp+[Et;NH]"[H,PO,]~ 1.90 x 107! 397 x 107 0.883
+ Hexane

“R? of the fit is also shown.

modeled by the Einstein relation. The diffusion coeflicient of
the asphaltene is highest, ie., 8.92 X 107" m’/s in
[Et;NH]*[CH;COO] -toluene. It is evident that
[CH;COO]™ based IL induces less aggregation in a toluene
mixture in comparison to the [H,PO,]” based IL in toluene as
the diffusivity of asphaltene is lower, i.e., 5.22 X 107"' m*/s for
the latter case. Furthermore, the diffusion coeflicient of the
asphaltene is lowest, ie., 1.90 X 107 m?/s in a
[Et;NH]*[H,PO,] -hexane mixture. It can thus be concluded
from this study that [H,PO,]” IL induces stronger aggregation
in a hexane mixture in comparison to [Et;NH]*[CH;COO]~
IL in hexane as the diffusivity of asphaltene is higher, i.e., 3.71
x 107! m?/s, for the latter case. This observation can be
explained by the restricted motion of asphaltene molecules
owing to the formation of few aggregates in a [H,PO,]” IL-
hexane mixture, which is supported by the density contours
analysis presented in the following section.

1 . d N N 2

D=5 lim {71 - 7O ()
3.4. Density Contour Analysis. The density profile and
the cross sections are calculated by taking layers of a specified
thickness perpendicular to the XY-Cartesian coordinate axis.
To calculate the density profile at a particular point on the axis
(defined as the coordinate at the bottom of the layer), the
fraction of the van der Waals volume of each atom that
overlaps the layer is multiplied by its atomic mass, and the
result is summed over all specified atoms, then divided by the
volume of the layer. Likewise, for the cross section, the layer is

partitioned into cubes, and the volume fraction of each atom
that overlaps each cube is determined and weighted by the
atomic mass, summed and divided by the cube volume to give
the density in the cube.

It is interesting to note that the acetate ion induces
aggregation of the asphaltene in both toluene and hexane as
can be seen in Figure 6 where the aggregates are shown in red
color. It can be seen from the figure that the intensity is more
for hexane solvent as compared to toluene solvent. The
asphaltenes are insoluble in the hexane, and further the
presence of IL enhances the asphaltene aggregation. Figure 7
shows that the [H,PO,]™ ion based IL induces aggregation of
the asphaltene in both toluene and hexane. The [H,PO,]”
induced aggregates are observed to be more pronounced in the
hexane solvent than in toluene. To conclude this study, both
the selected ILs have a tendency to aggregate asphaltene in
toluene and hexane, but stronger aggregation is noticed in the
case of a IL-hexane mixture.

4. CONCLUSIONS

ILs have shown great potential to handle the environmental
and energy challenges and further facilitate transportation of
heavy crude oil. In this study, we investigated the effect of IL
anions on asphaltene aggregation in toluene/hexane solvents
using MD simulations. The role played by [CH;COO]™ and
[H,PO,]” anions based ILs in asphaltene aggregation is
understood by probing the structural and dynamic properties
of the mixtures. The lowest end-to-end distance of asphaltene
is observed for the [CH;COO]~ based IL in hexane solvent.
The radial distribution function of the asphaltene—asphaltene
pair suggests that there is 7—x stacking within the asphaltene
aggregates. Furthermore, the lowest diffusion coeflicient is
observed for asphaltene in a [Et;NH]*[H,PO,]” IL-hexane
mixture owing to the formation of few aggregates. Last but not
the least, it is confirmed from the density contour analysis that
[H,PO,]” based IL induces stronger aggregation in hexane
than in toluene. To summarize our study, it is observed that
both the selected ILs have a tendency to aggregate asphaltene
in both toluene and hexane where stronger aggregation is
noticed in the case of a IL-hexane mixture. It is important to
take into account the impact of the type of IL anion on the
synthesis of ILs, especially for the applications involving
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asphaltene precipitation, which will allow replacing the
conventional hazardous solvents with ILs.
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