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Abstract

Low salinity water flooding has a significant impact on the recovery of carbonate reservoirs. In this paper, the
molecular dynamics simulation was carried out to investigate the distribution of ions (Na*, Cl-, Ca*", Mg*, and
SO,*), water, and oil molecules near the calcite surface (the temperature of 360 K). The results show that the polar
component of oil, compared to the non-polar components, tends more to the calcite surface. Additionally, the bulk of
oil in brine-containing environments gradually moves away from the surface. Water molecules exhibit simultaneous
movement towards the surface, forming two distinct layers near the surface and hydrating the calcite surface. Based
on the water’s radial distribution function, it can be observed that the hydrogen atom is closest to the surface within the
second layer of water molecules. In contrast, the oxygen atom is in closest proximity to it in the first. lons displayed
concurrent movement towards the surface in conjunction with the motion of water molecules. The ion dispersion
gives rise to the forming of an electrical double layer near the surface. Compared to other ions, the closeness of
sodium and chlorine ions to the surface leads to creating a layer with a positive charge. The presence of an electrical
layer induces the migration of polar oil molecules from the surface. The distribution of Mg?* and Ca*" ions indicates
that Mg** has a stronger surface accumulation tendency than Ca*".

Keywords: Carbonate Reservoir, Low Salinity Water, lons, Molecular Dynamics Microscopic Displacement in the
Reservoir. LSWF.

Introduction
The important role of energy in shaping contemporary
social and economic trends cannot be overstated. The

within the reservoir. Oil recovery can be improved
significantly by using this method, known as Low
Salinity Water Flooding (LSWF), which enhances oil-

increase in the population directly influences the demand
for additional energy. The existing supplies of sustainable
energy sources are insufficient to fulfill the demand,
necessitating continued reliance on conventional energy
sources. As demand for oil rises, traditional oil reservoir
reserves decline, resulting in increased production from
unconventional reservoirs and enhanced oil recovery
(EOR) from conventional reservoirs. Various physical
and chemical techniques exist that can potentially
improve the oil recovery of reservoirs [1].

The practice of injecting water into oil reservoirs is
commonly employed following the depletion of primary
pressure to sustain reservoir pressure and facilitate the
movement of oil toward production wells. The method
above is commonly referred to as water flooding (WF),
and its efficacy can be enhanced by manipulating the
salinity and ionic composition of the injected water

brine-rock interactions and increases attention over
the past two decades [2.,3]. According to the literature,
LSWF salinity values range from 10000 to 57000 ppm
[4,5].

Several spontaneous imbibition and core flooding tests
have shown that LSWF can potentially improve oil
recovery in carbonated reservoirs (CR) [6]. Several
studies have identified the presence of an ideal ion for
achieving successful LSWF, but only under specific
circumstances [7]. Numerous studies have substantiated
the existence of various mechanisms contributing to the
LSWF in CR. These mechanisms include the wettability
alteration of the surface rock (fluid-surface interaction)
[8], interfacial tension (IFT) reduction (fluid-fluid
interaction) [9], and fluid coalescence time [10]. During
the WF process, some oil is trapped in the rock pores as
small droplets. These droplets are named ganglia [11].
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On the microscopic scale, the efficiency of LSWF depends
on the accumulation and mobilization of ganglia and the
formation of larger droplets. Ayirala et al. proposed a
mechanism for improving oil sweep efficiency in porous
media during LSWF, referred to as fluid coalescence time. In
this mechanism, the effect of ions on the interface of the fluid-
rock surface, wettability, fluid-fluid oil-oil, and its effect on
oil mobility has been investigated. They proposed that in the
LSWEF, in the pore, the oil droplet is released from the rock
due to the fluid-surface interaction, and then they coalesced
because of the fluid-fluid interfacial interaction. Since oil
mobility is related to coalescence time, the lower coalescence
time of oil droplets for the individual ion, achieve the faster
oil mobility. Overall, the major mechanism of effectiveness
of LSWF on carbonate rocks is the wettability alteration of
the surface rock from oil-wet to more water-wet [4,12]. The
wettability of a rock determines how oil and water are spread
across its surface and within its pores. The ultimate amount
of oil that can be obtained is greatly impacted by this factor.
It has been demonstrated that carboxylic acids in crude oil
possess surface-active properties, enabling them to stick
strongly to carbonate surfaces and induce oil-wetting [13].
Besides, previous studies have reported asphaltene adsorption
from the oil on the surface rock [14]. CR’s wettability
is influenced by various variables, including carboxylic
compounds, Acid Number (AN), and Base Number (BN)
[15,16]. The wettability modification in LSWF is regulated
at the molecular level by separating oil from the carbonate
surface [17].

There have been a variety of mechanisms proposed to clarify
the wettability alteration in CR during LSWF, such as rock
dissolution [18], double layer expansion (DLE) [19], and
multivalent ion exchange (MIE) [20,21]. Calcite dissolution
alters wettability, increasing incremental oil recovery [22].
Although Mahani et al. [5] and Ouden et al. [23] have
stated that this is not the primary mechanism in LSWF. It is
recognized that a decrease in the salinity and ionic strength
of injection water leads to an increase in the thickness of
the double layer (Debye length) [24] and changes rocks’
wettability toward water-wet [25]. According to the DLVO
(Derjaguin-Landau-Verwey-Overbeek) theory [26], the
electrical double layer (EDL) thickness is determined by
the molecular and interionic interactions between the rock,
oil, and brine. A positive disjoining pressure is caused by
a decrease in the salt content of the water, resulting in a
negative surface charge at the rock/brine contact.

Ion exchange at the rock/brine/oil interface causes
carboxylate to be desorbed from the rock surface [27]. The
potential determining ions (PDIs), Ca**, Mg*, and SO
[2,28], play a crucial role in changing the wettability of the
rock surface when temperature rises [29]. Several studies
have shown that Mg** and SO,* are more reactive than Ca**
[30], and it has been noted that the Mg?" ion is more active
at high temperatures than Ca*" [31]. It has been suggested
that in seawater, because of less electrostatic repulsion, the
Ca?" ion localizes close to the chalk surface, then reacts with
carboxylic groups and releases organic molecules from the
rock surface. The sulfate ions adsorb onto the positive sites
of the calcite surface [2]. Fathi et al. [17] did not recognize
the monovalent ions (Na+ and Cl-) as PDI and suggested that
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they may influence the effectiveness of divalent ions (Ca?",
Mg*, and SO,*). According to Karoussi and Hamouda, SO >
positively affects LSWF in the presence of Ca?" and Mg?*
[32]. However, SO,* alone does not exhibit any discernible
effects [32].

Zeta potential experiments by Derkani et al. [33] indicated
that Ca** and Mg** act as PDI for calcite, and SO,* can be
an effective PDI for calcite surface. Several attempts have
been made to find the primary mechanism behind the LSWF
in CR. Because of the complicated interactions between oil,
brine, and surface rocks, the primary mechanism of LSWF
remains unknown [19]. To optimize LSWEF, it is required
to possess a comprehensive understanding of the effects of
individual ions on both wettability and the detachment of oil
from the rock surface.

Molecular Dynamics (MD) simulations provide valuable
insight into PDI’s role in CR wettability alteration. In the
recent decade, MD simulation has been extensively used to
investigate EOR in sandstone reservoirs and CR [34-38].
Atomistic MD simulations indicate an optimal salinity
(~0.2M) in which oil/brine IFT is minimum and the contact
angle of n-decane/water slab is maximum, which is helpful
for LSWF [39]. To determine the impact of surface charge
on the wettability change of calcite surface in the presence of
various Na/Cl concentrations and n-decane as an oil phase,
Zhao et al. performed equilibrium MD (EMD) and non-
equilibrium MD (NEMD) simulations [40]. They emphasized
the existence of an optimum salinity at which oil molecules
become detached from the surface. Aminian and ZareNezhad
[41] implemented the MD simulation to show the significant
positive impact of AOT ionic surfactant, TiO, nanoparticles,
and salts on IFT, oil contact, and oil detachment from the
calcite surface. Koleini et al. [42] showed the effect of high
salinity water (formation water) for linking oil to the calcite
surface and the ability of low salinity water to break it down.
Kim et al. [43] used density functional theory (DFT) and MD
simulations to explain the effect of phenol and 1-naphthol on
the wettability of the calcite surface.

According to their studies, phenol can act as a separation
agent for oil phases within liquid mixtures and a binding
agent between oil phases and calcite surfaces in mixtures
of oil and water. According to MD simulations by Santos et
al. [44] on the formation of EDL near the calcite walls at
mesopore (4nm), the thickness of the water layer close to the
walls decreases as water salinity is decreased. Li et al. [45]
used the combination of MD and first-principal simulation to
show the functionality of calcite-water interaction energy to
the ions in LSWF. The results suggested that monovalent ions
have the potential to diffuse through the water and interact
with the surface due to the presence of more stable divalent
ion hydrates in the water.

Additionally, they showed that the Na+ ion is responsible
for the change in the wettability of calcite in the presence of
brine, which contradicts the laboratory results [17]. Based
on their observations, Badizad et al. [46] determined that
the presence of sodium ions within the water layers adjacent
to the calcite surface results in a positive surface charge of
the calcite. Consequently, this positive charge facilitates the
enhanced desorption of benzoic acid on the surface. Tohidi et
al. [47] studied the effects of PDI ions and silica nanoparticles
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on the formation of water channels through an oil layer. It
was observed that PDI ions could not create a water channel
through the adsorbed oil layer toward the calcite surface.
In contrast, nanoparticles have been found to enhance the
process of oil separation from the calcite surface, facilitate
the formation of water channels, and enhance the disjoining
pressure near the surface.

The intermolecular interactions of crude oil molecules are
usually ignored in MD studies of wettability alteration in
favor of the interactions between calcite, organic, and water
molecules. Furthermore, previous research endeavors have
often focused on a single element of crude oil, ignoring
to account for the characteristics of crude oil as a natural
substance. Ghasemi et al. [48] have identified several
challenges encountered in previous MD simulations of LSWF.
These challenges include the utilization of complicated rock
models, the use of a mixture of oil components, the accurate
representation of thermodynamic conditions in simulations,
the consideration of pressure and external forces, the
appropriate selection of force fields, the impacts of gases
(such as CO, and CH,) in simulations, and the upscaling of
simulation results to larger scales. Investigating mechanisms
and processes involved in wettability alteration is a matter
of great importance and challenge in LSWF. Developing a
predictive model is essential to achieve optimal performance
in any EOR process. A comprehensive understanding of
LSW necessitates the ability to predict the behavior of
particles near the surface. Due to the complexity of the
processes occurring at the nano-scale, pore-scale, and field
scale, accurate prediction is exceedingly difficult. As a result,
it becomes essential to explore various cases to gain insights
into these processes.

In this study, we performed MD simulation to enhance
comprehension of the interactions between ions and the
calcite surface under conditions involving low salinity water
(LSW), high salinity water (HSW), and oil molecules. The oil
model was developed using the SARA test results to closely
resemble the composition of the oil present in the reservoir.
Oil molecules consist of saturates, resins, and aromatic
components, and calcite is used to simulate a neutral surface.
The main goal of this study is to examine how the ions are
spread near the surface.

Materials and Methods
In this work, the {10174} cleavage plane of calcite is utilized

Calcite Slab ({1014})
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to model the calcite surface [49]. Calcite has various cleavage
planes; compared to the other planes, the {1014} plane has a
neutral charge and a more significant ion density, leading to
low surface energy and higher stability [50]. The calcite slab
is six layers thick (16.734 A) and measures 41.18 x 39.97 A?
in the xy plane. In order to examine the distribution of LSW,
HSW, and oil molecules near the calcite surface, the HSW
slab (5 A) was initially positioned above the calcite surface
along the z-axis. Then, for the referred system, oil film and
LSW slab with the thickness of 10 and 20 A, respectively,
were added to the system and placed on top of the HSW-
calcite system. The atomic structure of the MD system is
illustrated in Figure 1.

We selected the type and number of ions based on the values
reported in Zhang and Sarma’s paper [52]. To get the desired
salinity of LSW (43619 ppm) and HSW (201022 ppm), 1101
(with 14 Na*, 16 CI, 2 Mg* and 1 SO,*) and 276 water
molecules (with 18 Na*, 26 CI- and 4 Ca®") were packed
randomly in LSW and HSW slab by PACKMOL package
[53]. The output of PACKMOL is the Cartesian coordinates
of molecules’ atoms (xyz). SARA test results were used to
adjust the oil’s composition (Table 1). A mixture of saturated
resins and aromatic compounds is found in the results of
the SARA test (Saturates-Asphaltenes-Resins-Aromatics).
The oil layer consists of decane (38 molecules), toluene
(29 molecules), and benzoic acid (BA, 14 molecules).
Decane and toluene represent the non-polar compon In MD
simulations, Newton’s equations of motion are integrated to
get a dynamical trajectory for a system containing N particles,
and the motion of atoms is determined by the forces acting
on them. ents of the oil. The wettability of calcite surfaces
can be altered to be oil-wet by polar components of oil, such
as carboxylic acid, as was discussed above. The change in
CR'’s wettability was attributed to the presence of BA, which
exhibited a significant interaction with the calcite surface
[54]. In this study, we chose BA as the polar component of
the oil model.

r :m‘dzrl. :_GU(rl,rz,...,rN) )

' bdt® or,

1

where U is the potential energy and r is the particle’s position.
The forces are determined by numerical differentiation of the
force fields. Force fields are mathematical expressions that
describe the relationship between atom coordinates and the
system’s energy.

Low Salinity Water

]— High Salinity Water

Fig. 1 Snapshot of the system simulated by MD. In this system, HSW, LSW, and oil interact with neutral calcite slab ({101 4}). (CaCO3
with rhombohedral and parameters of a=b=4.99 A, c=17.061 A, a=p=90°, y=120°[51]).
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The force field is generally divided into intramolecular (bonding
interaction) and intermolecular (nonbonding interaction) terms.
Intramolecular potentials include bond stretching (bond between
2 atoms), angle bending (angle between 3 atoms), dihedral angle
formed by 4 atoms, and improper torsion (out-of-plane motions).
Intermolecular terms comprise electrostatic interactions
(Coulomb’s law) and van der Walls (typically Lennard-Jones
interactions). We modeled calcite as a rigid body to keep the
simulation from getting too intricate. Furthermore, it is not
understood that the primary reason for the change in calcite’s
wettability in LSW is the reaction between its surface and the
fluid (such as rock dissolution) [5]. The force field developed
by Xiao et al. [55] was used for calcite. Although this force field
has been developed for aragonite, the investigations show that
it can also be used for calcite. The three-site rigid water model
(TIP3P) [56], consistent with Xiao et al.’s force field, represented
interactions between water molecules. The interactions of the oil
phase, Na*, CI, Ca*', and Mg*" were impacted by the OPLS-AA
(Optimized Potentials for Liquid Simulations-All-Atom) [57]
force field. For SO,*, the force field introduced by Williams et
al. [58] was adopted. The intermolecular interaction between

atoms is described below:
6
ol %)
Ty

o,V (o
U(Vij ):451']' — - —

Ty Ty
The first expression is Lennard-Jones 12—6 (LJ) potential,
and the second is columbic term. The r, is the distance
between two atoms.
The following formulas represent stretching of the bond,
angle bending, dihedral torsion, and improper, respectively:

Ub=kb(r—r0)2 3)
U9=k9(9—6’0 )2 (4)

1

4re,

U dinedrat =%k,(l + cos((p))+%k2(l +cos(2p) )+

%kS(l + COS(3¢) )+%k4(1 + COS(4¢) )Uimproper =x(x—x0) (5)

As shown in Figure 2, an explanation of the atom type of
oil molecules is provided. Tables S1, S2, S3, S4, S5, and 6
(Supplementary material) present the mass and charge of atoms
and the force fields’ parameters. The LJ parameters between
the different atom types are unknown, as shown in Table 2. The
LJ interaction between two atoms can be calculated using the
mixing rule. In this work, the cross-term potential of different
atoms was obtained by applying the Lorentz-Berthelot mixing
rules [59,60] as below:

&; :,/gl.gj @)
0, =4/0,0; 3

In this paper, all the simulations were implemented by using
the LAMMPS code (Large Atomic/Molecular Massively
Parallel Simulator) [61]. For propagating atom positions,
LAMMPS employs the Velocity-Verlet integration scheme.
This method was devised by L. Verlet [62]. The new position
at t+At is equal to:

)

@ AD =1 )+, DA+ 2 a )AL
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Fig. 2 Atom types of (a) Decane, (b) Toluene, (c) Benzoic acid.

Table 2 Interatomic LJ parameters for Calcite and water.

Atom Type Atom Type g, G, [A]
Calcite-Calcite
 alcite aleite 6.27 1.197
aleite aleite 0.000273 4.744
Calcite-Water
Ca Ow 0.269896 2.76
C Ow 0.116079 3.46
Ow 0.14603 3.118
(0] Hw 0.000006968 | 4.497

wwhere ‘a’ is acceleration and derived from Equation 1. The
non-bonded terms of the potential energy function are the
most computationally demanding part of an MD simulation.
To calculate the non-bonded energy terms between each pair
of atoms, the number of calculations increases as the square
of the number of atoms. A preset cutoff distance is used
only to consider interactions between atoms separated by
less than that distance. It allows the computation to proceed
more quickly. For LJ potential, a cutoff of 10 A and the
particle-particle-particle-mesh (PPPM) approach was used
to calculate the long-range electrostatic interactions with a
relative tolerance of 10-6 [63]. It is challenging to evaluate
electrostatic interactions computationally efficiently due to
Coulomb's law's long-range nature. Calculating electrostatic
interactions in periodic molecular systems is done using the
PPPM. The PPPM method separates interaction between
charges into the sum of short-range interactions, which are
computed directly by summing nearest particles and long-
range interactions. An infinite system can be approximated
by using a small part of the system due to periodic boundary
conditions. Since water slab, oil film and rock are investigated
in this study, the periodic boundary conditions were used in
the x and x directions. The simulation box's Z-axis boundary
constraints were fixed. Since the PPPM method can be
used in periodic boundary conditions, Yeh and Berkowitz's
methodology [64] was used to use the PPPM solver in the
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z-direction. This method treated the system as if it had
periodic atoms in z, introduced empty volumes between
slabs of atoms, and removed the dipole inter-slab interactions
to prevent the slab-slab interactions effectively. We built a
repelling wall on the positive z-axis to keep molecules
from crossing the boundary. The geometry optimization
was conducted via the steepest descent approach. Then,
the simulation was conducted at 360 K and was performed
under the canonical ensemble (NVT, fixed number of atoms,
constant volume, and temperature). A system of N particles
has an energy fluctuation at a constant temperature, so we
must introduce this fluctuation via some mechanism. It is
done by adding additional coordinates and velocities, called
the Nose-Hoover thermostat [65]. The time step was 0.5 fs,
which took 60 ns for the simulation to complete. Data is
collected and averaged over the last 2 ns after the first 5 ns
are used to equilibrate.

Results and Discussion

Utilizing a density distribution diagram is a helpful way
of determining whether oil molecules have the affinity to
approach the surface. Figure 3 illustrates how the number
density of oil molecules varies with distance from the calcite
surface along the z-axis. Based on the provided plots, it can
be observed that the density peaks for the molecules decane,
toluene, and BA are located at 34.25, 32.05, and 28.55 A,
respectively.

[}

T
I: Decane
= 0.06 .
2
3
2 0.04 i
2 0.06
=
5
< 0.02 T E
30 35 40 45
0.00
0 50 100
Z-axis (A°)
(b)
T
Toluene
0.039 0.045
=
2 0.040
© 0.026
F 0.035
5 0.030 Y . L .
0:043 25 30 35 40 7|
0.000 ' ALLA“.L.A "
o} 50 100
Z-axis (A%)
<)
0.0300 T
—s4
>.0.0225 + 0.025
‘B
3
= 0.0150 o 0.020 4
F ¥
3 e
0.0075 20 26 30 35
0.0000 T
0 50 100
Z-axis (A°)

Fig. 3 Number density profile of oil molecules species adjacent to
the calcite surface at (a) Decane, (b) Toluene, and (c) BA.
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Through a comparative analysis of these figures, we can
conclude that benzoic acid exhibits a higher affinity,
compared to other oil molecules, for approaching the surface.
DFT studies conducted by Ataman et al. emphasize that polar
molecules such as BA have a greater affinity to approach the
surface of calcite than non-polar molecules [66].
Examining the gradual change of water molecule density
within the simulation box is crucial in understanding water’s
affinity to accumulate on surfaces. The changes in density
indicate a tendency for water to move closer to the surface
(Figure 4).

[[_T2nsf T8ns 16 nsl 30 ns| 40 ns| 65 ns|

24 ]
22 ]
20 -
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“E 16
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=
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=
2 104
D
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6]
] 4 “‘3 T STRYT NP
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24| D S e e
0 —— T ; y / '

20 25 30 35 40 45 50
Z-axis (A°)

Fig. 4 Density profile of water adjacent to the calcite surface with

time.

The density profile of water near the calcite surface shows
a perturbation structure of water. As a result, the two major
layers of water adsorbed on the surface due to the layered
behavior of the water. The behavior of the water near the calcite
surface has been well demonstrated using X-ray reflectivity
measurements, the Crystal Truncation Rod (CTR) technique,
and Atomic Force Microscopy (AFM). It confirms the MD
simulation study [67-72]. The layered behavior of water is
analogous to the hydration of the calcite surface and confirms
the results reported by Leeuw and Parker [73]. The existence
of interactions between water molecules and the surface gives
rise to the formation of a transition zone. In this distance, the
observation of surface effecting on fluid molecules is evident,
which aligns with the findings reported by Ahmadi et al. [74].
The graph illustrates that the two primary layers of water
molecules (1.55 and 2.75 A) remain constant over time. As
time passes, the height of the peaks progressively rises, and
additional water molecules join the layers.

The presence of hydrogen and oxygen atoms within water
molecules enhances their tendency to be involved in forming
electrostatic and hydrogen bonds with calcium atoms and
carbonate molecules. The Radial Distribution Function
(RDF) is shown in Figure 5 to learn more about the structural
characteristics of water layers. The RDF is utilized to
calculate the probability that one atom is at a specific distance
from the reference atom.

The RDF, g; (1), is calculated using Equation 10 [75].

1

xixijgy.(r)z—[ZZé'(rM—r)} (10)
N kei lej

The total number of atoms, the type of atom, and the number

of atoms are given by the symbols N, N, and N. The mole

fraction of the atom types is given by x and the atom density

by N.
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Fig. 5 (a) Plots of g(r) for atom pairs of O -Ca, Hw-O
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carbonate” (

carbonate”

A pair’s distance and delta function are defined by rkl and
d, respectively. By comparing the peaks of the graphs, H_-
O, honae ad OW-Ca, we can conclude that the sharp peak of
hydrogen occurs at 1.95 A of surface oxygen and 2.35 A for
oxygen from calcium. Figure 5(b) depicts the RDF plot of
O,-0O, ... and Hw-Ca. The sharp peak of hydrogen in water
occurs at 3.05 A of surface calcium and 3.35 A for oxygen
of water from the oxygen of carbonate. It is imperative to
consider the arrangement of calcite atoms within the initial
layer of the calcite slab to analyze the water molecules’
orientation in the two primary layers. As previously
indicated, calcite has a rhombohedral structure in its unit cell,
as depicted in Figure 6. The calcium in the first layer of the
calcite slab is at -0.779 A, while the oxygen is at 0.0, -0.779,

and -0.558 A.
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Fig. 6 Location of oxygen and calcium of the first layer of calcite.

By comparing the obtained RDF values with the location of
the calcium atoms in the first layer and the nearest oxygen
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atoms of the carbonate ion to the surface, it is evident that
the first water layer tends to move toward the surface from
its oxygen side. In contrast, the second layer approaches the
surface from its hydrogen side (Figure 7), consistent with
Cooke et al. observations [76].

Density {gr/cm®)

0 T T T
20 30
Z-direction (A”)

40

08

Fig. 7 Orientation of water molecules at two first layers of water
adjacent to the calcite surface.

The ion dispersion of the two water layers is expected to alter
when the water molecules of the low-salinity water layer
enlarge and move closer to the surface. The number profile
density of the ions is illustrated in Figure 8; Na* ions form
a layer near the surface at 2.35 A, and CI- ions form two
distinct layers at 2.05 and 4.05 A. For Na*, the formed layer
is located between the two main layers of water. Different
peaks have been created for Ca®*, Mg*, and SO*, 3, 2, and
3. The peaks of sulfate ions are closer to the surface of calcite
(3.15, 4.45, and 5.65 A). Furthermore, it can be observed
that the magnesium ion is positioned in closer proximity to
the surface when compared to the calcium ion. This finding
confirms the observations made by Kwak et al. [77]. They
stated that the calcium ions exhibit lower reactivity with the
carbonated surface than sulfate and magnesium ions at 90 C.
The height and width of the sodium and chlorine ion peaks
determine the electrical distribution of ions in proximity to
the calcite surface. As shown in Figure 9, the presence of
sodium and chlorine ions in close proximity to the surface
results in the formation of a negatively charged wall close to
the calcite (at 1.95 A). The second charged wall has appeared
at 2.35 A and has a positive charge. Afterward, the negative
and positive layers appeared at 4.05 and 4.55 A, respectively.
The net charge of ions in close proximity to the calcite
surface is positively charged, leading to the repulsion of polar
molecules, such as BA. It is caused by the higher magnitude
of the second charge layer (5 e) than the first layer (3 e).
Based on the observed location of the sodium and chlorine
ion peaks, it can be inferred that the separation is due to the
presence of sodium ions. This phenomenon is illustrated by
Tohidi et al. [47] by MD simulation and Jackson et al. [ 78] by
measuring zeta potential. The presence of these charge layers
indicates the existence of the (EDL).



S. Abdolahi et al.

0.035 +
0.030 o
o
Z.0.025 -
=
3
< 0.020 4
]
a
8 0.015 -
£
5
< 0.010 o
0.005 o
0.000 Mpddinn, sk “.“' o
o 5 10 15 20 25 30 35 40 45 50 55 80
Z-axis (A%)
0.004 o
<
e
>
£
3
f =4
@
a
8 0.002
S
=}
=
0.000 .“ h. N T HH RSN s s |
5 10

o 15 20 25 30 35 40 45 50 55 60

Z-axis (A°)

0.0100

)

7o 0.0075

0.0050

Number Density (SO2

0.0025 -

0.0000 T T T T T T T T T T
] 5 10 15 20 25 30 35 40 45 50 55 60

Z-axis (A®)

Journal of Petroleum Science and Technology 13(1): 37, 2023, Pages 2-15

0.035 -

0.030

0.025 4

0.020

0.015

Number Density (CI)

0.010

0.005 4

Sl edhich
filallihe 1 v T
5 10 15 20 25 30 35 40 45 SO 55 &0
Z-axis (A°)

0.000 +
o

=
~

Number Density (Mg)

o o © o o
N w » (4 o
L 1 L 1 |

o
!

B2
o

T T T T T T T
25 30 35 40 45 50 55 60

Z-axis (A°)

o
o
°
o
N
°©
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Conclusions

We used MD simulations to look at how the ions (Na’,
C", Mg*, Ca*, and SO,*), water, and oil molecules were
spread out near the surface of calcite. For this purpose, high-
salinity water was inserted in contact with the calcite surface.
Subsequently, oil and low-salinity water were introduced to
the system. We adjust the oil composition based on the SARA

test results. Decane and toluene were selected as non-polar
components, whereas BA was chosen as a polar component.
The simulation was conducted at 360 K and was performed
under the canonical ensemble (NVT). The key findings are
as follows:

1) The polar component of oil exhibits a higher affinity
for the surface of calcite when compared to its non-polar
component.

2) Water molecules make two distinct layers near the calcite
surface.

3) In the first water layer, the oxygen atom is closer to
the surface, while in the second layer, the hydrogen atom
assumes a closer proximity to the surface.

4) The formation of an electrical double layer near the surface
results in a movement of polar oil molecules away from it.

5) The sodium and chloride ions are closer to the surface than
other ions, forming an interface with the positive charge.

This study investigated the behavior and distribution of ions in
the presence of oil and near-neutral calcite surfaces. However,
experimental research utilizing MD simulations will be
necessary to investigate a particular system comprehensively.
Given that the force field designed for calcite is tailored
to specific systems, it is recommended to use a quantum-
mechanical atomistic simulation method to obtain a deeper
knowledge of the calcite's interactions with ions, oil, and water.
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Nomenclatures

U: Potential Energy [kcal/mol]

f: Force [Kcal/mole-Angstrom]

m: Mass

r: Position of particle, Atom-atom distance [A]

t: Time [s]

q: Charge [C]

a: Acceleration [Kcal/mole*-Angstrom]

kb: Bonded stretch parameter [kcal/(mol-A?)]
kO: Angle bend parameter [kcal/(mol-deg?)]

k1, k2, k3, k4 : Dihedral parameter [kcal/mol]
K: Improper parameter [kcal/mol]

N: Number of atoms

x: Mole fraction

g: Radial distribution function

Greek Letters

€0: Vacuum permittivity [F A-1]

€: Minimum energy of Lennard Jones potential [kcal/mol]
o: Lennard Jones diameter [A]

0: Radius [deg]

¢: Radius [deg]

%0: Radius [deg]

pN: Density of atoms

d: Delta function

7: Pi number [3.14]

Subscripts and Superscripts

i,j: Type of atom

k,1: Counter

X, Y, Z: X-axis, y-axis, z-axis

Abbreviations

EOR: Enhanced Oil Recovery

WF: Water Flooding

LSWF: Low Salinity Water Flooding

CR: Carbonated Reservoir

IFT: Interfacial Tension

DLE: Double-layer expansion

MIE: Multivalent Ion Exchange

DLVO: Derjaguin-Landau-Verwey-Overbeek
EDL: Electrical Double Layer

PDI: Potential determining ion

MD: Molecular Dynamics

EMD: Equilibrium Molecular Dynamics
NEMD: Non-Equilibrium Molecular Dynamics
DFT: Density functional theory

LSW: Low Salinity Water

HSW: High Salinity Water

SARA: Saturates-Asphaltenes-Resins-Aromatics
BA: Benzoic Acid

LAMMPS: Large Atomic/Molecular Massively Parallel
Simulator

LJ: Lennard Jones

TIP3P: Transferable Intermolecular Potential 3-Point
OPLS-AA: Optimized Potentials for Liquid Simulations-All-
Atom

PPPM: Particle-Particle-Particle-Mesh

NVT: Canonical ensemble (Fix N, constant V and constant
T)

CTR: Crystal Truncation Rod

AFM: Atomic Force Microscopy

RDF: Radial Distribution Function
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