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Abstract
Asmore andmore oil recovery scenarios use seawater, the need to identify the possiblemechanisms of
wettability state changes in oil reservoirs has never been greater. By usingmolecular dynamics
simulations, this study sheds light on the effect of ions common to seawater (Ca2+, K+,Mg2+, Na+,
Cl−, HCO3−, SO4

2−) on the affinity between silica and carbonate as the traditional rock types and
asphaltenemolecules as an important contributing factor of reservoir oil wetness. In the case of
carbonate and silica being the reservoir rock types, themeasured parameters indicate good agreement
with each other,meaning that (HCO3

−&SO4
2−) and (Na+&Cl−) ions reachedmaximumbonding

energies of (25485, 25511, 4096, and−4093 eV, respectively). As with the surface charge density
measurements, the results of the non-bonding energies between the individual atomic structures agree
with those from the simulation cell. In the presence of a silica surface, the radial distribution function
(RDF) results determine that the peak of themaximumvalue for the distribution of the ions is 4.2.
However, these values range from3 to 6.6, suggesting that different ions performbetter under the
influence of carbonate rock. As these ions are distributed in the simulation box alongwith the
adsorption domain, the conditions for sequestering asphaltene from the rock surface aremade ideal
for dissolution and removal. At equal ion strength,measuring the distance between the center ofmass
of rocks and asphaltene structures reveals amaximum repulsion force of 22.1 Å and amaximum
detachment force of 10.4 Å in the presence of SO4

2− andNa+ ions on carbonate and silica surfaces.

1. Introduction

Smart water flooding has been proven to be one of themost successfulmethods for improving oil recovery due
to the impact of water chemistry and salinity on reservoir fluid-fluid and rock-fluid interactions [1–5]. It has
been shown that the recovery of crude oil can be improved bymanipulating the injectionwater [6–9]. Although
numerous studies have been conducted over the last two decades to study the effect of smart salinity water
flooding on the improvement of crude oil recovery in carbonate and sandstone reservoirs, the underlying
mechanisms have not been completely revealed [2].Multi-ion exchange (MIE), double-layer expansion (DLE),
wettability alteration, and pH effect are themost importantmechanisms that have beenwidely reported in the
literature. Among thesemechanisms, wettability alteration fromoil-wet towater-wet is a widely accepted
mechanism in this floodingmethod [10–17].

Thewettability of the pore surface plays a vital role in the displacement of the crude oil bywater. The
wettability state of the reservoir rock surface can be attributed to the adsorption of polar components from crude
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oil at themineral surfaces [18–22]. It is generally accepted that underground reservoirs are saturatedwith
formation brine before oilmigrates into their rock pores. After the drainage of water by crude oil from the
porousmedia, the reservoir wettabilitymay become less water-wet or even oil-wet because of the adsorption of
heavy components of crude oil onto rock surfaces. Themainmechanisms bywhich crude oil compoundsmay
adsorb onto pore surfaces include surface precipitation, polar interactions, and acid/base and ion binding
interactions [18, 23, 24].

Asphaltenes are themost polar fraction in crude oil [25, 26]. The adsorption of asphaltenes onmineral
surfaces is an important element of wettability changes toward oil-wet conditions and can have a strong negative
impact on rock properties. Asphaltenes are polycyclic aromatic hydrocarbons (PAHs) consisting of a sheet-like
structure of interlocked heterocyclic aromatic rings attached to hydrocarbon chains and containing both polar
and non-polar species [27]. In addition, heteroatoms such as oxygen, sulfur, and nitrogen atoms and trace
amounts ofmetals such as Fe,Ni, andV in asphaltenemoleculesmake thesemolecules themost polar and
complex components of crude oil [28]. Changing the thermodynamic conditionsmay cause the precipitation
and adsorption of asphaltene onto the rock surface during the production and transportation of crude oil. The
adsorption of precipitated asphaltenes onto the rock surface can lead to formation damage in oil reservoirs by
reducing the effective oil permeability [29–31].

Many researchers have investigated the adsorption/desorption process of asphaltenemolecules on and from
rock surface [31–36]. It was found that precipitated asphaltenemolecules on the rock surface can be adsorbed in
nanofluids containingmetal oxide nanoparticles, such as TiO2, SiO2 and Fe2O3 [30, 37, 38]. Other experimental
andmodeling studies have revealed that the injection ofmodified brine during the EORprocess could desorb
asphaltenemolecules and other polar components of crude oil from themineral surfaces and alter the
wettability of the porewall to less oil wet, resulting in improved oil recovery [7, 39–42]. Ligthelm et al. showed
that a decrease in salinity increased the expansion of the diffuse double layer between the rock and oil interfaces,
facilitating the release of organicmaterials [11]. Yang et al. studied the desorption of asphaltenes fromquartz
crystals in the presence of an electrolyte. They used a quartz crystalmicrobalance with dissipation (QCM-D),
atomic forcemicroscopy (AFM), and contact angle tomeasure the amount of desorbed asphaltenes. They found
that desorption occurredwhen the rock surfacewas exposed to a saline solution. This ismainly because the
charge density of both the surfaces of oil-water and solid-water was promoted and the electrostatic repulsions
increased [43].

Despite extensive experimental andmodeling studies on the effect of salinity on the adsorption/desorption
of asphaltenemolecules frommineral surfaces, the exactmechanism that occurs at the atomic scale still needs to
be investigated inmore detail; hence, the present work has concentrated on checking the influence of ions on the
absorbance tendency of polar asphaltenemolecules on the surface of sandstone and carbonate rocks under
reservoir conditions.Hence,molecular dynamics simulationswere used to understand the behavior of
asphaltenemolecules upon exposure to cations and anions (i.e., Ca2+, K+,Mg2+, Na+, Cl−, HCO3

− , SO4
2−)

available in smart water (salinity�5000 ppm) in the presence of carbonate and sandstone rock types [44]. The
LAMMPS (stable release) softwarewas used as the simulation tool, and all numerical calculations were crunched
using this computational package. All investigationmethods, such as surface charge densitymeasurement,
radial distribution function (RDF), discretizing of bonding and non-bonding energies, andmeasuring the
asphaltene detachment distance, have proved the importance of ion types on the fate of asphaltenemolecules
that are stuck to the rock surface in reservoirs.

2. Computationalmethod

2.1. Forcefield and relative parameters
The present work employsmolecular dynamics (MD) simulations to investigate the precipitation of asphaltene
on carbonate and sandstone structures in the presence of brine at a defined temperature and pressure.MD
simulation is known as a computationalmethod to estimate the dynamic translocation of particles considering
the underlying concept of intermolecular interactions at the atomic scale. In addition to themolecular
interaction for a specific time interval (time step), thismethod can provide an exact insight into the particle
transformation of the structures. In thismethod,Newton’s law, which is a numerically solvingmethod,
determines the particle trajectories. Likewise, the interaction between the particles and their interatomic
energies is often computed using forcefields in the system. In this study, Large-scaleAtomic/Molecular
MassivelyParallel Simulator (LAMMPS) softwarewas used as a simulation tool, and the entire calculation of
asphaltene deposition on carbonate and sandstone structures was implemented by this computational package
using the Lennard Jones (LJ) potential [45]. This software was developed and released by SandiaNational
Laboratories (SNL). Simulations of this researchwere carried out in the following steps, asmentioned
previously:

2
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Step 1: In this step, the preliminaries of the simulation are set up, such as units, boundary conditions,
dimensions, bond type, atom location, and structure style. In the following simulations, the units were adjusted
real, the boundary conditionwas periodic, and the atomic structure was full.

Step 2: In the next step, atoms andmolecules were introduced into the simulation environment. After
packingmolecules with another software namedPackmole and obtaining their data files, theywere presented as
input to the designated simulation cell by the read data command. Furthermore, specific groups of atoms (i.e.,
Ca2+, K+,Mg2+, Na+, Cl− , HCO3

− , SO4
2−)were assigned and distinguishedwith unique names by group

commands to achieve better control over themduring simulations. In this stage, everything is well defined and
the software is ready to start the simulation.

Step 3: In the last step, an approximate velocitymust be estimated tominimize the convergence time by the
velocity command before reaching system stability. Themore related system velocity according to the system
convergence temperaturewas estimated so that the computational time of the software used reached its
minimumasmuch as possible. The convergence temperature was set to 60°Cor 333.15K for all scenarios to
resemble reservoir conditions.

Pairstyle commands outline interactions (potential of forces) between atoms andmolecules, such as
intermolecular, bond, and nonbonding energies. All interaction calculations were based on the Lennard-Jones
equation in the following simulationwork.

Lennard-Jones presented thefirst formula for this relationship in 1924 [45]. The following equation is called
the Lennard (LJ) potential.
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whereU(r) represents theDreiding force field [45], is the non-bond interaction, ε is the depth of the potential
well,σ is the distance at which the potential is 0, and rij is the distance between the atoms andmolecules. This
equation can theoretically estimate the interactions between a pair of particles (atoms andmolecules). Table 1
presents the scale of the length and energy parameters of various atoms in the simulated structures. The cutoff
radius was set to 12Å for interactions between pairs of particles. Furthermore, Coulomb interactionwas
implemented for the simulated structures using the following equation:

e
= <r

r
r rE

CQ Q
2c

i j( ) ( )

WhereC is the energy-conversion constant, and ε represents the dielectric constant. Qi andQj are the charges on
two atoms. The cut-off radius is set to 10Å for this type of non-bonding interaction, and all atomic structures
with distances larger than the cut-off radius will not be taken into account in the numerical calculations <r r .c( )

The bond and angle strengths for theDreiding potential are defined by a simple harmonic oscillator
equation as follows:

= - qE K r r1 2 3r
2( ) ( )

= -E K r r1 2 4r 0
2( ) ( )

where Kr andKθ are harmonic oscillator constants, and r0 and θ0 represent the length of the atomic bond and
equilibrium value of the angle, respectively. In this work, the harmonic oscillator constants were adjusted to 700
((kcal/mol)/Å2) and 100 ((kcal/mol)/degree2) for Kr andKθ, respectively. The atomic bond lengths and

Table 1.The ε andσ parameters for
non-bond interactions in simulated
atomic structure [45].

ε (kcal/mol) σ (Å)

C 0.1450 3.9800

H 0.0100 3.20000

O 0.4150 3.71

S 0.3050 4.24

N 0.4150 3.9950

Ca 0.0500 3.4720

Si 0.0950 4.4350

Cl 0.3050 3.9150

F 0.3050 3.2850

K 0.3050 3.398

Mg 0.111 2.692

Na 0.5 3.144
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equilibrium values of the angles for each bonded interaction are listed in table 2 [45]. Furthermore, the dihedral
interactions in these simulationswere based on previously reported bonding interactions. These bonding
interactionswere calculated using the harmonic equation, and the coefficients were selected from theDreiding
forcefield [45]:

= + ÆE K dcos n1 5( ( )) ( )
where K is the harmonic oscillator constant, d=+1 or−1 and n is the integral number [45].

In addition, theDreiding force field is used for rock-asphaltene, rock–ion, ion–asphaltene, and rock-fluid
interactions.Moreover, Newton’s second law at the atomic level was used for computations of the particle
motion through the simulation time. The following formula shows the gradient of the potential relation:

å= = = = -
¹

F
r v

F m
d

dt
m

d

dt
grad V r 7ij
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The association of previous relations is performed using the velocity-Verlet algorithm to integrateNewton’s law
as follows:

d d+ = +v t t v t a t t 8( ) ( ) ( ) ( )
d d+ = +v t t r t v t t 9( ) ( ) ( ) ( )

In these two relations, r (t+ δt) and v (t+ δt) are the final position and velocity of the atoms (respectively) and r
(t) and v (t) are the initial rates of thesemechanical parameters.

2.2.Designed atomic structures ofmolecules in the simulation cell
The designed simulation cells containing carbonate and sandstone surfaces alongwith the ions and asphaltene
molecules were adjusted according to theDreiding forcefield parameters to define the atomic structures and
forcefield. Figure 1 shows the frame inwhich the studied ionswere randomly arranged by Packmole software
(version 20.010) in such away that the ion strength for all scenarios was kept constantwith a view to having an
exact comparison of ion impact on theway rock that the asphaltenemolecule deals with rock surfaces in all cases.
In support of this idea, 10 asphaltenemolecules considered in all scenarios and 100 of each ionwere randomly
distributed in the designed cell, and the effect of themixture of all ionswas examined to observe the behavior of
asphaltene.Moreover, becausemost of the carbonate and sandstone rock constituents aremade of SiO2 and
CaCO3, respectively, and to eliminate the impact of impurities, the pure structures of each rock typewere
considered in all simulations.

In all scenarios, watermolecules were also added to the cells considering their real number, whichwas
proportional to the designed simulation cell volume. The pressure and temperature were adjusted to 60°C and
2500 psi, respectively, tomake the situationmore thermodynamically similar to real reservoir conditions. In this
study, the asphaltenemolecule is precipitated due to thermodynamic disturbance and is not soluble in thewater

Figure 1.Atomic structures withminimum tolerance of 2 Angstrom, a)Oil wet carbonate surface surrounded by common active ions
of seawater (left). b)Oil wet sandstone surface surrounded by common active ions of seawater (right).
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bulk, which implies that the asphaltenemolecule detachment could either intensify or alleviate under the
influence of what happens in the brine solution. Figure 2 shows the structure of the polar asphaltenemolecules,
whichwas used to check the effect of their tendency to be adsorbed on the rock surfaces. The asphaltene
structure belongs to one of the southern Iranian oilfields, which contains heteroatoms (nitrogen, oxygen, and
sulfur) as the electronegative part of the asphaltenemolecule.

3. Results and discussion

This study investigated awide variety of possible aspects that could explain the interaction tendency between
rock, asphaltenemolecules, and ions. The appropriate parameters that could reveal the affinity between
individual structures in an atomic-scale simulation cell, including bonding and non-bonding energies, surface
charge density, asphaltene angle on the rock, ion density inside the simulation cell, radial distribution function
(RDF), and displacement of the atomic structure center, will be discussed in order to gain a thorough
understanding of the behavior of asphaltenemolecules on carbonate and sandstone surfaces. These surfaces
have been selected because they comprise themajority of conventional and unconventional rock types
worldwide.

Table 2.The equilibration distance/
angle for bond strength and bond-angle
bend inMD simulations [45].

Parameter r0 (Å) θ0 (degree)

C-Cbond 1.530 —

N-F bond 1.371 —

C-Hbond 1.090 —

C-Nbond 1.462 —

C-Obond 1.420 —

C-S bond 1.800 —

C-Cl bond 1.757 —

H-Nbond 1.022 —

H-Obond 0.980 —

H-S bond 1.360 —

O-S bond 1.690 —

O-Si bond 1.587 —

S-S bond 2.070 —

C-C-C — 109.471

C-C-F — 109.471

C-C-H — 109.471

C-C-N — 109.471

C-C-O — 109.471

C-H-S — 180.000

C-N-C — 106.700

C-N-H — 106.700

C-S-C — 92.100

C-S-H — 92.100

C-S-O — 92.100

C-S-S — 92.100

H-C-H — 109.471

H-C-N — 109.471

H-C-S — 109.471

H-O-H — 104.51

H-S-H — 92.100

H-S-O — 92.100

H-S-S — 92.100

N-C-O — 109.471

O-S-S — 92.100

O-Si-O — 109.471

S-C-S — 109.471

S-O-S — 104.51

Si-O-Si — 104.51

5
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3.1. Bonding andnon-bonding energies of the simulated structures
Intermolecular interactions between the atoms of an individualmolecule can also be described using bonding
and non-bonding energies. Considering the defined LJ potential and different values that were assigned to the
bond and angle strengths, the higher the positive values of the bonding and non-bonding energies, themore
repulsive forces exist between the atomic andmolecular structures. The negative values imply that the
adsorption forceswill rule the simulation cell so that the density of the structures will be increasedwhere the
attractive forces are dominant; therefore, the chances of interactions occurring will be boosted.

Table 3 provides the data of the bonding and non-bonding energies of the simulation cell for carbonate and
sandstone surfaces, alongwith ions and asphaltenemolecules. The positive nonbonding energy for the
simulation cell with the carbonate surface indicates a repulsive dominant interaction compared to that of the
sandstone surface. The presence of SO4

2− andHCO3
− in the simulation cell led tomaximumnon-bonding

energies with values of 25485 eV and 25511 eV, respectively, while themaximum energy in the sandstone surface
occurredwhenCl− andNa+were available in the simulation cell. However, adding all the ions in the cell
resulted in theminimumvalues of non-bonding energy in both cases (i.e., carbonate and sandstone surfaces). It
is well known that non-bonding energy can only inspire the presence of repulsive forces between surfaces and
asphaltenemolecules, and the amount of this energy depends on other parameters, such as the patterns inwhich

Figure 2.Asphaltenemolecule used in the simulations.

Table 3.Bonding and non-bonding energies of the simulation cell for
carbonate and sandstone surfaces alongwith ions aswell as asphaltene
molecules.

Carbonate rock Sandstone

Ion type

Bonding

energy

(eV)

Non-

bonding

nergy (eV)

Bonding

energy

(eV)

None-

binding

energy

(eV)

Ca2+ 26572 25423 1066441 3867-

SO4
2− 61121 25511 1066354 36803-

Cl− 60600 24332 1066341 4093-

HCO3
− 60913 25485 1066270 36789-

K+ 60953 25436 1066343 4112-

Mg2+ 61148 25405 1066355 4116-

Na+ 45591 25434 1066356 4096-

All ions 45442 25050 1066805 4187-

6
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ionswill be distributed in the simulation cell as well as the initial distance of the differentmolecules at the
beginning of the simulation time. Generally, it can be stated that the positive values of the non-bonding energy
on the carbonate surface indicate the dominance of repulsive forces between asphaltenemolecules and the
carbonate surface. Hereafter, all ions in the following tables imply all the investigated ions (i.e., Ca2+, K+,Mg2+,
Na+, Cl−, HCO3

− , and SO4
2−).

3.2. The angle between asphaltene center ofmass and rock surfaces
In aquatic environments, asphaltenemolecules are surrounded by polar watermolecules. To examinewhether
the polarity of watermolecules affects the behavior of asphaltenemolecules, the angle between the center ofmass
of the asphaltene rock surface slabwasmeasured for three different scenarios.

A) Asphaltenemolecules in the presence of only watermolecules available in the simulation cell (table 4).

B) Asphaltene molecules in the presence of each ion individually; therefore, the water molecules were omitted
(table 4).

C) Asphaltenemolecules alongwithwatermolecules and ions (table 5).

Table 4.The angle between rock slabs and asphaltenemolecules in
presence of watermolecules and ions .

IonType

Anglewith carbonate

surface (Ө)
Angle with sandstone

surface (Ө)

H2O 88 84

Ca2+ 89 93

SO42− 86 91

Cl− 84 88

HCO3
− 92 90

K+ 91 91

Mg2+ 88 84

Na+ 85 83

All ions 84 80

Table 5.Effect of watermolecules on the angle between rock slabs and
asphaltenemolecules in presents of individual ions.

IonType

Angle with carbonate

surface (Ө)
Angle with sandstone

surface (Ө)

H2O+Ca2+ 91 90

H2O+SO42− 88 92

H2O+Cl− 90 93

H2O+HCO3
− 88 92

H2O+K+ 92 87

H2O+Mg2+ 85 89

H2O+Na+ 91 90

H2O+All ions 92 90

Table 6. Surface charge density variation for carbonate and sandstone.

IonType

carbonate surface charge

density (Cmm−3)
sandstone surface charge

density (Cmm−3)

Ca2+ 1.032 1.521

SO4
2− 0.821 1.539

Cl− 1.022 1.519

HCO3
− 0.871 1.555

K+ 1.024 1.52

Mg2+ 1.022 1.532

Na+ 0.985 1.541

All ions 1.232 1.736

7
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Tables 4 and 5 and provide the data of thementioned steps, since the obtained data are not following any
logical trend to represent ameaningful deviation from the case that only water exists in the simulation cell and all
the data are almost the same, the fact can be concluded that the observed fluctuation of angle values are
attributed only to the randomlymotion of thewatermolecules and the performance of each ion to affect the
wettability state of the rock slabswill not be interrupted by the polar watermolecules and those slight differences
of angle values are correspond to the Brownianmotions of watermolecules andmomentum theory.

3.3. Surface charge density of carbonate and sandstone surfaces
Coulomb interactions as another side of non-bonding interactions is the other parameter that has been looked
into it in order tofind the influences of different ions on the surface charge density changes. Considering the data
in table 6, the positive numbers indicate the adsorption interaction of the present structures in the simulation
cell. The inverse relationship of theCoulomb interactionwith the distance between two specific atomic
structures demonstrates the lower affinity of the carbonate and sandstone surfaces to attract asphaltene
molecules rather than the simulation cell, which contains each ion individually.When all the ions are available in
the simulation cell, the charge densities are 1.232 and 1.736 for carbonate and sandstone structures, respectively,
whereas the surface charges are at theminimum states with SO4

2− andCl−, respectively, in the simulation cell
with charge densities of 0.821 and 1.519, respectively.

3.4. Radial distribution functions of simulated ions in simulation cells
The distribution of ions under the effect of their affinity for being attracted or repelled by other atomic structures
is arranged. Considering all the evidence that implies the effectiveness of all ions participating in the process of
asphaltene detachment from the rock surfaces, such as bonding and non-bonding energies and surface charge

Table 7.The locations ofmaximumpeak values for the ions distribution and the atoms of asphaltene structure.

in presence of sandstone in presence of carbonate

coordinate (Å)first peak coordinate (Å)first peak

IonType

Ion peak in

absence of

Asphaltene

ion peak in pre-

sence of

Asphaltene

asphaltene peak

in presence

of ions

Ion peak in

absence of

Asphaltene

ion peak in pre-

sence of

Asphaltene

asphaltene peak

in presence

of ions

Ca2+ 4 4.2 4.2 3.6 3 5.4

SO4
2− 3.8 4.2 4.2 2.2 4.2 5.4

Cl− 4 4.2 4.2 2.2 4.2 5.4

HCO3
− 3.8 4.2 4.2 2.8 6.6 5.4

K+ 3.8 4.2 4.2 4.2 4.2 5.4

Mg2+ 4 4.2 4.2 4 4.2 5.4

Na+ 4 4.2 4.2 4 4.2 5.4

Figure 3.The ions accumulation around the carbonate rock.

8

Mater. Res. Express 9 (2022) 065101 PAhmadi et al



Figure 4.The ions accumulation around the sandstone rock.

Figure 5.Effect ofmagnesium ions on asphaltenemolecule detachment from: A)Carbonate surface (A1→before detachment)
(A2→after detachment). A)Silica surface (B1→before detachment) (B2→after detachment)
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density, this scenario was designed in such away that the influence of asphaltenemolecules could bemonitored.
As is evident from the data provided in table 7, adding asphaltenemolecules to the simulation cell leads to a
decrease in the attraction forces between the rock surfaces, and the reason for such a difference lies in the
attraction of ions by various atoms in the asphaltenemolecule. As table 7 shows, in the presence of sandstone
surface, the equal values of 4.2 for all the atomic structures, show an equal distribution of ions in the simulation
cell, and its comparisonwith the respective values attributed to the ions in the presence of carbonate rock reveals
that these ions have a better performance compared to the other case, so that their values vary from3 to 6.6,
which demonstrates a better ion distribution and dissolution and consequently better asphaltene detachment.

The density of all ions, taking into account the effects of rock surfaces and asphaltenemolecules, are plotted
as the RDF infigures 3 andfigure 4. A comparison of these two situations clearly shows that the attraction
between the ions and asphaltenemolecules will affect the ion distribution, so that adding asphaltene to the
system causes ions to be stabilized at a distance greater than in the case of having the same situationwithout
asphaltenemolecules. Therefore, the asphaltene inside the system should not expect all the ions to approach the
rocks as close as possible to the simulation cells empty of asphaltenemolecules.

The cut-off radius was considered to be equal to 12Å to solve the LJ potential function for all the atoms that
exist inside the simulation cell, whichmeans that all the ionswith a distance greater than the determined cut-off
radius will not exert any force on each other. A deeper look into these reveals that in the case of an asphaltene
molecule in the system, the ions and the surface of rocks fall apartmore than in the case with no asphaltene in the
simulation cell, and then they are no longer placed in the range of adsorption (> 12Å). This could also be
considered as an acceptable performance of the designed simulation cell.

3.5.Detachment of asphaltenemolecule from rock surfaces under the influence of different ions
The distance between the asphaltenemolecule and the carbonate and sandstone surfaces was changed by the
addition of different ions. In this study, the ion strengthswere kept constant to ensure that all the simulation
conditionswere comparable.

Adding SO4
2− andNa+ ions to the simulation cell changed the distances of asphaltene from the carbonate

and sandstone surfaces to 22.1 Å and 10.4 Å, respectively. Table 8 provides the detachment information of the
asphaltenemolecule under the effect of common ions in smart water. As shown in table 8, the obtained results
highlight the role of cations such asMg2+, Ca2+ and also SO4

2− andHCO3
− in the cases where carbonate is the

rock structure; however, in presence of sandstone surface in the simulation cell, Cl− andNa+ play the same role
in repelling the used asphaltenemolecule in this study. Figure 5 illustrates the detachment of asphaltene
molecules under the influence ofmagnesium ions in the simulation cell for carbonate and silica surfaces using
OVITO software (version 3.3.2). The superior role of these ions in facilitating the asphaltene detachment
procedure is compatible with the experimental results of thismolecular investigation [3].

Similar to the prior results, the detachment distance also has aminimumvalue for both cases (carbonate and
sandstone surfaces), as long as all the ions simultaneously exist in the simulation cells.

4. Conclusion

The atomic analysis in the present work is consistent with the results of an experimental investigation of the
influence of ions on thewettability state of carbonate rock [3]. The obtained results show that the lower
structural energy of carbonate rock in comparisonwith that of sandstone surface represents amore stable
thermodynamic condition for carbonate surface, so that the repulsive forces aremore dominant in the presence

Table 8.The detachment information of asphaltenemolecule under the
effect of common ions in the smart water.

IonType

Distance between asphal-

tenemolecule and carbo-

nate surface (Å)

Distance between asphal-

tenemolecule and sand-

stone surface (Å)

Ca2+ 19.8 9.7

SO4
2− 22.1 9.3

Cl− 19.8 9.8

HCO3
− 21.6 9.1

K+ 19.1 9.7

Mg2+ 19.8 9.5

Na+ 20 10.4

All ions 16.6 7.1
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of it in equal conditions (in terms of the number of other present atoms). Hence, it can be highlighted that
asphaltene desorptionmechanisms occurwithmore certainty when carbonate is used as the rock type. To
summarize, the following are the highlighted points of the simulations:

• Themaximumnon-bonding energy belongs to sulfate and hydrogen bicarbonate ions in the carbonate
surface, whereas in the sandstone surface, chlorine and sodium ions dedicated themaximumvalues of non-
bonding energy to themselves.

• TheCoulomb interaction outlines a thermodynamically balanced conditionwith stronger repulsive forces on
the carbonate surface than on the sandstone surface.

• Thewide ion distribution along the simulation cell for carbonate shows better dissolution of ions and, as a
result, better interactionwith asphaltene and rock structures.

• The changes in the angle between the center ofmass of the asphaltene and the rock surface do not follow any
regular pattern, which could be due to the Brownianmotion of watermolecules and their impact on the
asphaltene angle.

• The existence or absence of asphaltenemolecules affects the ion density along the simulation cell, so that the
affinity between the asphaltenemolecule and different ions takesmore ions out of the range of interaction
with the rock surfaces.

All procedures performed in studies involving human participants were in accordance with the ethical
standards of the institutional and/or national research committee andwith the 1964Helsinki Declaration and
its later amendments or comparable ethical standards.

The original contributions presented in the study are included in the article/supplementarymaterial, further
inquiries can be directed to the corresponding author/s.

The authors declare that they haveNOaffiliationswith or involvement in any organization or entity with any
financial interest in the subjectmatter ormaterials discussed in thismanuscript.
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