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Abstract: Although nano SiO; exhibits excellent application potential in the field of oil and gas
exploration and development, such as drilling fluid, enhanced oil/gas recovery, etc., it is prone to
agglomeration and loses its effectiveness due to the action of cations in saline environments of oil
and gas reservoirs. Therefore, it is crucial to study the mechanism of the change in energy between
nano SiO, and cations for its industrial application. In this paper, the effect of cations (Na*, K*,
Ca%*, and Mg2+) on the surface energy of nano SiO, particles is investigated from the perspective
of molecular motion and electronic change by density functional theory. The results are as follows:
Due to the electrostatic interactions, cations can migrate towards the surface of nano SiO; particles.
During the migration process, monovalent cations are almost unaffected by water molecules, and
they can be directly adsorbed on the surface by nano SiO, particles. However, when divalent cations
migrate from a distance to the surface of nano SiO; particles, they can combine with water molecules
to create an energy barrier, which can prevent them from moving forward. When divalent cations
break through the energy barrier, the electronic kinetic energy between them and nano SiO, particles
changes more strongly, and the electrons carried by them are more likely to break through the edge of
the atomic nucleus and undergo charge exchange with nano SiO; particles. The change in interaction
energy is more intense, which can further disrupt the configuration stability of nano SiO;. The
interaction energy between cations and nano SiO; particles mainly comes from electrostatic energy,
followed by Van der Waals energy. From the degree of influence of four cations on nano SiO; particles,
the order from small to large is as follows: K* < Na* < Mg?* < Ca*. The research results can provide
a theoretical understanding of the interaction between nano SiO, particles and cations during the
application of nano SiO; in the field of oil and gas exploration and development.

Keywords: oil and gas exploration and development; nano SiO;; salt water; quantum chemistry;
electrostatic action

1. Introduction

Presently, the target objects for oil/gas exploration and development are changed
from conventional oil/gas reservoirs to unconventional oil/gas reservoirs, from high
permeability oil/gas reservoirs to low permeability oil/gas reservoirs, and from medium to
shallow oil/gas reservoirs to deep oil/gas reservoirs, so that new oilfield chemical materials
are urgently used to enhance the efficient development of oil and gas [1-6]. Based on this
background, nanomaterials have emerged, displaying exceptional potential in applications
in the field of oil/gas exploration and development [7]. For instance, the conducted indoors
experiments and field tests have proved that nano flooding is a new enhanced oil recovery
(EOR) technology that is suitable for low permeability oil reservoirs [8]. The commonly
used nanomaterials in the field of 0il/gas exploration and development include SiO;, NiO,
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Fe304, nano-polymer microspheres, etc. Among them, nano SiO; is the most widely used
due to its excellent performance, good universality, and low comprehensive cost [9-13].

The fluids in a reservoir are not only oil and gas but also salt water. Generally, to
ensure that the physical parameters of the oil/gas reservoirs are not affected by the invasive
fluid, the nanomaterials are mixed evenly with the produced water from the oilfield or the
simulated formation water. The physical properties of the produced water or the simulated
formation water are the same as those of the salt water in the reservoir. Thus, the prepared
nanofluids can be applied to the production operation of the oil field. That is, the salinity in
the nanofluid is consistent with that of the salt water in the reservoir. In the saline solution,
due to the presence of cations and water molecules, the nano SiO, particles undergo a
series of physical and chemical interactions, such as charge exchange, Van der Waals action,
adsorption, etc., causing the stability of the nano SiO, particle to be changed, resulting in
the aggregation effect and a poor application effect. This problem has seriously limited the
efficient application of nano SiO, particles in the field of oilfield o0il/gas exploration and
development [14-22]. The aggregation effect of nano SiO, particles is caused by changes
in the surface energy of nano SiO; particles, which can lead to changes in the stability
of nano SiO; particles. Therefore, if the mechanism of interaction energy between nano
Si0; particles and salt solutions can be quantitatively described, an efficient application
of nano SiO; particles in oilfield drilling and oil production fields will provide important
theoretical guidance.

Currently, it is difficult to quantitatively characterize the interaction energy between
nano SiO; particles and salt solutions using conventional experimental methods. Therefore,
this study employs the density functional theory (DFT) to quantitatively analyze the energy
changes between nano SiO, clusters and various cations based on molecular motion and
electronic changes [23-26]. It can be used to demonstrate the altered intensity characteristics
of different energies, clarifying the impact of distinct cations on the configuration of nano
5i0; particles. Hence, it is helpful to understand the process of energy interaction between
nano 5iO, particles and salt solutions from a microscopic point of view.

2. Simulation Method of Density Functional Theory

Quantum chemistry can quantitatively describe the interactions of multi electron
systems. The principle of its implementation is to solve the approximate solution of the
Schrodinger equation using the ab initio calculation method of first principles as well
as simple molecular orbital methods, semi empirical molecular orbital methods, and the
density functional theory. For these calculations, the density functional theory can be
used to accurately reflect the magnitude of the electrostatic potential between electrons
while keeping the required calculations to a minimum and achieving high calculation
accuracy [27-32]. Therefore, the interaction energy between the cations and nano SiO,
particles can be analyzed using the PBE 1 functional with the def 2-svp basis set of the
generalized gradient of the density functional theory.

2.1. Method of Construction of the Nano 5iO,—Cation Model

Firstly, the conformations of nano SiO; cluster molecules are searched using ABcluster
software 2.0 and then constructed using Gaussian View 6.0 software [33,34]. Subsequently,
the conformations of nano SiO, particle cluster molecules are analyzed and calculated
using quantum chemistry software (Gaussian16, Multiwfn 3.5, and VMD 1.9.4) [35,36]. The
following steps are implemented: The configuration of the amorphous nano SiO; cluster is
determined using ABcluster software. This is displayed on Gaussian View 6.0. The nano
Si0O; clusters consist of 69 atoms with a radius of approximately 0.5 nm. The configurations
of the nano SiO; clusters include deprotonated and hydroxylated silicone oxygen groups,
which can exhibit high surface activity and negative electric properties. After that, the
cluster model of nano SiO; is geometrically optimized using Gaussian 16 software to
achieve a stable energy configuration, which is shown in Figure 1a. Additionally, a single
Na*, K*, Ca®*, and Mg?* ion and water molecules are included in the nano SiO; cluster
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model. The method of input for water molecules in the nano SiO, cluster-cation model
refers to reference [37]. The distance of the cations from the surface of the nano SiO, cluster
is approximately A scale, resulting in the formation of different types of nano SiO,. Thus,
it forms nano particle—cation models, which can be observed in Figure 1b—e. Finally, the
geometric optimization and frequency calculation of the model, including 4 cations and a
73-atom nano SiO, particle, are performed using Gaussian 16 software.
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Figure 1. The model of nano SiO; particle—salt solution system; (a) the optimized configuration of
amorphous nano SiO; particles; (b) the optimized model of nano SiO, particle Na*; (c) the optimized
model of nano SiO, particle K*; (d) the optimized model of nano SiO, particle Ca®*; (e) the optimized
model of nano SiO, particle Mg2+. The red ball represents oxygen atoms, the yellow ball represents
silicon atoms, and the white ball represents hydrogen atoms.

Thus, calculations of the PBE 1 functional with the def 2-svp basis set are carried out
using the quantum chemical model of a nano SiO, particle—cation [38]. The calculated
parameters include variations in the distances between the nano SiO, particle and the
cations and water molecules. Additionally, potential energy surface scanning, energy
decomposition, and energy effect examinations on the nano SiO, are performed.

2.2. Potential Energy Surface Scanning Method

The potential energy surface of nano SiO; is scanned using Gaussian 16 software
under the conditions of maintaining different distances from cations [39]. The changes
in the relative positions of the cations can result in an increase or decrease in the energy
of the surface of nano SiO,, and the resulting effects on the conformation of nano SiO,
particles can be monitored. The process to solve the potential energy of the nano SiO,—
cation system can be divided into the following two steps: (1) By solving the motion of
electrons in the cations under the optimized configuration, the potential energy of cation
motion is considered the energy of electrons. The function describing the potential energy
surface that varies with the change in relative position of cations is referred to as the
potential energy surface. (2) The Schrodinger equation for cation movement is resolved on
the potential energy surface, yielding molecules’ characteristics and details pertaining to
chemical reactions [15-17].
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The intermolecular interaction energy AE after potential energy surface scanning
can be calculated using Hartree-Fock AE"F and electron correlation energy AECOR. The
equation is shown in (1).

AE = AEHF  AECOR (1)

AEHF and AEOR are determined predominantly by intermolecular dispersion energy,
electrostatic interaction energy, electron exchange energy, and induction effects. The used
calculation parameters are as follows: R is the distance between the cation and the center of
mass of the nano SiO, particle, which is set at 10 A. Eighty scans are performed for potential
energy changes, and for each scan, the cation is moved 0.1 A towards the center of mass of
the nano SiO, particle until it stops after R = 2 A. For each cation movement, a single-point
energy calculation is necessary, eventually leading to the creation of an intermolecular
interaction energy curve. As an illustration, Figure 2 displays the uninterrupted transport
of Na* to the center of mass of SiO, nanoparticles from a position of 10 A, taking the Na*
ion as the sample cation.
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Figure 2. Process of simulation of movement of Na* from a distance of 10 A from the center of mass
of nano SiO; to the surface. The red ball represents oxygen atoms, the yellow ball represents silicon
atoms, and the white ball represents hydrogen atoms.

2.3. Decomposition Method of Interaction Energy

Changes in the energy and charge of cations occur when cations interact with nano
SiO; particles at varying positions. These changes are due to different types of interac-
tion energies. Thus, it is essential to investigate the types and sources of intermolecular
interaction energies in the system of nano SiO; and cations. Additionally, performing an
energy decomposition of the interaction energies is necessary. In chemical methods, energy
decomposition is a vital analytical tool [40—42]. It separates the system into components,
breaks them down into energy terms that have a physical impact on the system, and studies
the intermolecular interactions. This process helps understand the source of intermolecular
energy and the nature of these interactions. The energy division separates the energy from
the interaction between molecules into two parts—electrostatic and Van der Waals—which
are then broken down further into exchange repulsion and dispersion. The formulae used
for calculations are presented in (2)—(4) [43—45].

e = q&‘f b
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In the formulae, A and B are the atomic labels, g is the atomic charge, r is the interatomic
distance, ¢ is the depth of the Van der Waals interaction potential well, and RY is the
interatomic non-bonding distance. When r = R?, the interatomic Van der Waals interaction
energy is exactly equal to the depth of the potential well. Through the above formulae,
based on the distance between atoms, the size of the interaction energy between atoms and
atoms can be calculated.

During the energy decomposition process, simulations have improved reproducibility
when the conformation of nano SiO; has stabilized and the system’s energy has reached
a very small value. At this point, the energy is the energy of the interaction between
the cation and the nano SiO, when it is situated in the deepest part of the potential
well. To perform the energy decomposition, it used the Multiwfn software with the
following calculation process [46,47]: (1) The four optimized nano SiO, particle—cation
models are loaded into the Multiwfn software, and the electrostatic potential-based atomic
charge fitting (RESP) is performed by using the Merz-Kollmann (MK) charge model [18].
Computational generalization is then carried out using the PBE1PBE with a def2-svp
basis group, ensuring reproducible electrostatic potential fitting on the molecular surface.
(2) The system’s energy decomposition is determined using the UFF force field [48,49].

3. Results and Discussion
3.1. Analysis of Potential Energy Surface of Cation—Nano SiO, Particle Model

The results of the scanning of the potential energy surface of the cation-nano SiO,
particle model are shown in Figure 3. The changes in the interaction energies of Na™,
K*, Ca?*, and Mg?* as they approach the surface of the nano SiO; particle are shown in
Figure 3a—d, respectively.
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Figure 3. Energy changes in the movement of different cations from a distance of 10 A from the
centroid to the surface of the nano SiO, particle at different distances ((a): Na*, (b): K*, (c): Ca%*, and
(d): Mg?*).
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Figure 3a demonstrates that when Na* migrates from 10 A away from the center of mass
of the nano SiO, particle to 4.2 A, there exists a minimum value of E; = —58,108.46 kcal /mol
and an energy difference of AEy; = 0.94 kcal/mol. Figure 3b demonstrates that when K* mi-
grates from 10 A away from the center of mass of the nano SiO, particle to 4.4 A, there exists a
minimum value of E; = —58,853.36 kcal/mol and an energy difference of AE(; = 0.61 kcal/mol.
Figure 3c demonstrates that when Ca?* migrates from 10 A away from the center of mass of the
nano SiO; particle to 5.6 A, there exists a minimum value of E; = —61,332.54 kcal/mol. When
Ca?t migrates to 3.3 A, it has a minimum value of E; = —61,339.87 kcal/mol. The energy differ-
ence AEq; from 10 A to 5.6 A is 4.73 kcal/mol. The energy difference AE;, from 5.6 A to 3.3 A
is 7.33 kcal /mol, and the energy difference AEg, from 10 A to 3.3 A is 2.6 kcal /mol. Figure 3d
demonstrates that when Mg?* migrates from 10 A away from the center of mass of the nano
Si0O, particle to 5.3 A, there exists a minimum value of E; = —60,338.83 kcal/mol. Upon being
transported to a distance of 3.4 A, there exists a minimum value of E; = —60,343.78 kcal /mol.
The energy difference AEy; from 10 A to 5.3 A is 2.3 kcal/mol. At distances from 5.3 A to
34 A, the energy difference AEq; is 4.95 kcal/mol, and at distances from 10 Ato34A, the
energy difference AEy is 2.65 kcal /mol.

Comparing Figure 3a to Figure 3b, it can be observed that Na* and K* only have one
point of a very small value of interaction energy during transport, which is at 4.2 A and
4.4 A away from the center of mass of the nano SiO, particle, respectively. The intermolec-
ular repulsive energy increases as it continues to approach the center of mass. The energy
change in K* (AE(; = 0.61 kcal/mol) is smaller than that of Na* (AEg; = 0.94 kcal/mol),
indicating that the energy potential well for K* is shallower than that for Na*. This implies
that the cation adsorption ability of nano SiO, particles is weaker for K* than Na*. The
depth of the energy potential well is a measure of the strength of the cation adsorption
ability. With an increase in cation energy, the change in AE rises, leading to a deeper
potential well in which the cation is firmly bound and difficult to desorb. This suggests that
the interaction between Na* and nano SiO, particles is stronger than that of K*, resulting
in Na™" exerting a greater influence on the conformation of nano SiO, particles.

Comparing Figure 3c to Figure 3d, it is apparent that Ca®* and Mg?* both experience
a maximum and minimum energy point during the transporting process. Specifically, there
is an increase and a decrease in energy. The maximum interaction energy is achieved by
Ca®* and Mg?* when they are from the center of mass of the nano SiO, particle to 5.6 A and
5.3 A, respectively. The minimum interaction energy is achieved by Ca?* and Mg?* when
they are from the center of mass of the nano SiO, particle to 3.3 A and 3.4 A. The energy
change for Ca2* from 10 A t0 5.6 A and for Mg2+ from 10 A t0 5.3 A is AE(; = 4.73 kcal/mol
and AEg = 2.3 kcal/mol, respectively. The energy change for Ca?* from 5.6 A to 3.3 A and
for MgZJr from 5.3 A to 3.4 A is AEq, = 7.33 kcal/mol and AE;; = 4.95 kcal/mol, respectively.
Examining the entire process, it shows that the energy change for Ca®* from 10 A to 3.3 A,
AEg, = 2.6 kcal/mol, is almost equal to the energy change for Mg?* from 10 A to 3.4 A,
AEg, = 2.65 kcal /mol.

From the characteristics of energy change observed during the transporting process
of Ca%* and Mg?*, we noticed that Ca?* and Mg?* encountered energy potential barriers
at 5.6 A and 5.3 A, respectively. A further analysis revealed that, compared to Mg?*,
Ca?* required more energy to cross the energy barrier. This observation indicates that the
hydration repulsion of water molecules or electron-exchange repulsion could hinder the
aggregation of Ca* to the surface of nano SiO, particles. However, as Ca?* and Mg?* ions
continue to transport to the surface of nano SiO, particles, Ca?* reaches the deepest point
of the potential well, which is the point of minimum energy, and releases more energy than
Mg?*. This implies that the intermolecular Van der Waals or electrostatic force facilitates the
adsorption of nano SiO, particle when interacting with Ca*. The presence of a potential
barrier indicates that energy support is required for the shift of the interaction force, and the
height of the energy barrier has a certain impact on the aggregation of cations on the surface
of nano SiO; particle. Compared to that of Mg?*, when Ca?* moves closer to the surface of
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nano SiO; particles from a distance of approximately 5.6 A, its interaction with the particles
increases greatly due to the height of the intermolecular interaction potential energy.

Comparing the energy changes in monovalent and divalent cations during trans-
portation, it is apparent that the energy potential barrier has a more significant impact on
divalent cations than on monovalent cations. After overcoming this barrier, only divalent
cations are capable of being transported to the surface of nano SiO, particles. The solva-
tion effect impedes the approach of divalent cations to the surface of nano SiO, particles.
However, as divalent cations breach the solvation layer and advance towards the surface of
the nano SiO, particle, there is an increased energy difference, indicating a deeper depth
of the potential wells. As a result, the nano SiO; particles absorb divalent cations more
than monovalent cations, causing a more intense interaction and a stronger impact on the
configuration of the nano SiO; particle.

3.2. Decomposition of Interaction Energy of Nano SiO, Particle—Cation Model

Table 1 displays the interaction energy decomposition outcomes, categorizing inter-
actions into electrostatic and Van der Waals (including exchange, mutual repulsion, and
dispersion) interactions. Electrostatic energy overwhelmingly dominates the interaction
energy of nano SiO; particles with cations, resulting in an overall attractive performance.
The interaction energy between water molecules and nano SiO, particles is predominantly
determined by the electron exchange’s mutual repulsion energy within Van der Waals
energy, resulting in an overall repulsive performance. In contrast, the interaction en-
ergy between water molecules and cations is primarily electrostatic, causing an overall
attractive behavior.

Table 1. Energy decomposition of interaction between four cations and nano SiO, particles.

Total Interaction Electrostatic Exchange Dispersion
System Energy Energy Exclusive Energy Energy
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Na*
SiO,-Na* —2.96858 —3.17415 0.337193 —0.13159
Si0,-H,O 0.50269 0.139098 0.667691 —0.30421
Na*-H,0 —1.0045 —1.12385 0.159398 —0.03991
K+
Si0,-K* —1.94638 —2.06466 0.303095 —0.1848
5i0,-H,O 1.016983 —0.02717 1.272281 —0.2281
K*-H,O —0.79818 —0.8903 0.132697 —0.0406
Ca?*
Si0,-Ca?* —5.21955 —7.45947 3.043551 —0.80358
5i0,-H,O 0.374793 0.398494 0.149897 —0.17357
CaZ*-H,0 —1.5353 —1.93716 0.524389 —0.12249
M g2+
SiO,-Mg?* —2.0102 —5.60132 4.277235 —0.68617
5i0,-H,O 0.413491 0.302995 0.408992 —0.2985
Mg?*-H,O —1.11206 —1.7934 0.825388 —0.14407

Comparing Na* and K*, it can be observed that the interaction energy between Na*
and nano SiO, particles is 1.0222 kcal /mol higher than that of K* and nano SiO, particles,
i.e., in the deepest part of the potential well, the adsorption of Na* by nano SiO, particles
is stronger than that of K*. The interaction energy between Na* and water molecules is
0.2063 kcal/mol higher than that of K * and water molecules, i.e., the interaction between
Na* and water molecules is stronger than that of K* and water molecules, which to some
extent inhibits the interaction between Na* and nano SiO, particles. The interactions
between nano SiO, particles and water molecules are all dominated by Van der Waals
forces, which are repulsive; therefore, it is known that water molecules only diffuse and
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move in the Helmholtz or diffusion layer on the surface of nano SiO, particles. When
cations are present, they can bond with water molecules to form hydrated ions, which
can create a solvation layer on the surface of the nano SiO, particle. This layer impedes
the cation’s sudden advancement. Therefore, it can be inferred that Na* experiences a
higher degree of hydration repulsion than K* during migration to the surface of nano SiO,
particles. However, Na* demonstrates a stronger interaction with the nano SiO, particle
upon reaching the energy potential well, resulting in a greater impact on the conformation
of the particles.

Comparing Mg?*, it is apparent that the interaction energy of Ca?* and nano SiO,
particles is increased by 3.209 kcal/mol compared to that of Mg?* and nano SiO, particles.
This suggests that Ca?* is more strongly adsorbed by nano SiO, particles than Mg?* in the
deepest part of the potential well. However, the exchange repulsion energy of Mg?* and
nano SiO, particles is 1.255 kcal/mol greater than that of Ca?* and nano SiO, particles.
This implies that Mg?* is in closer proximity to the surface of the nano SiO, particle, which
results in stronger repulsion within the molecules of the nano SiO; particle. The interaction
energy of Ca®* and water molecules is 1.004 kcal /mol higher than that of Mg?* and water
molecules. Therefore, Ca?* has a stronger interaction with water molecules than Mg?*. The
interaction energy between Ca?* and water molecules is 1.004 kcal/mol higher than that of
Mg?* and water molecules. The interaction energy between Ca* and water molecules is
1.004 kcal/mol higher than that of Mg?* and water molecules. In comparison, Ca?* forms
a higher energy barrier, which prevents Ca®* from aggregating to the surface of the nano
5iO; particle.

When comparing monovalent and divalent cations, it was observed that the interaction
energies of divalent cations and nano SiO; particles are greater by 1.004-3.012 kcal/mol
than those of monovalent cations and nano SiO; particles. However, the interaction energies
of divalent cations and water molecules are only higher by 0.3012-0.7028 kcal /mol than
those of monovalent cations and water molecules. This suggests that divalent cations can be
adsorbed by nano SiO, particles only after they break through the higher energy potential
barriers. Hence, cation aggregation on the surface of nano SiO, particles is impeded by
the interaction between cations and water molecules; however, cations can overcome the
energy barriers by establishing a more robust interaction with the nano SiO; particles.

Overall, the main source of the nano SiO2 particle—cation interaction energy is electro-
static energy, in which the interaction between cations and nano SiO; particles is stronger
than that of cations with water and nano SiO; particles with water. In terms of the degree
of influence of the four cations on the interaction of nano SiO, particles, the order from
smallest to largest is as follows: K* < Na* < Mg?* < Ca?*.

3.3. Variation of Charge in the Nano SiO,—Cation Model

The alterations in cation charge during the interaction between nano SiO, particles
and cations are demonstrated in Figure 4. Figure 4a,b indicate the changes in the charge of
monovalent cations. It is evident from the data that the charges of Na* and K* decreased
steadily from 1 to around —0.17 on their voyage from 10 A to 2 A. This suggests that as Na*
and K" ions are near the nano SiO, particle, they are attracted to the negatively charged
surface and undergo charge substitution with unsaturated hydroxyl groups. This process
continuously neutralizes the groups, ultimately causing them to become slightly negatively
charged. As a result, the potential on the surface of the nano SiO, particle increases, and
the interaction energy changes.

Figure 4c,d depict the alterations in the charge of divalent cations. The illustration
discloses that the charge amount initially rises from 0.9 to about 1.3 when Ca?* and Mg?*
migrate from 10 A to 2 A, and then it gradually declines to around 0.4. This suggests that
Ca?* and Mg?* ions have already replaced their charge with water molecules when they are
present at a distance of 10 A or more away from the nano SiO, particle. Thus, the original
charge of the divalent cation cannot be considered 2+. Therefore, during the migration
of divalent cations, water molecules possess a greater influence compared to monovalent
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cations, resulting in divalent cations being adsorbed solely to the negative surface of nano
SiO; particles upon overcoming the water molecules barrier. During the interaction process
between divalent cations and water molecules, an increase in the system’s energy and the
appearance of energy barriers occur. This results in the formation of aggregation and the
arrangement of cations and water molecules on the surface of nano SiO, particles at a
certain distance from the particles.

2 Tb)

—=— sodium ion 1 F —&— potasstum ion

qo=0.954 08 qo=0.995

06 r
04 -
02 r

ok
-02 q1=-0.181
| ! : | 04 :

Quantity of electric charge

5 7 7 9 11
Distance r{A) Distance r(A)

14
—#— calcium 1on [d)

=]
-
[a—
Lad
[

—*— Magnesium 101

qo = 0.887 08 qo=0.893

Quantity of electric charge

i i i ] 0-2 L 1 1 Il ]
5 7 9 11 1 3 5 7 9 11

Distance r(A) Distance r{A)

Figure 4. The change of charge amount after cationic migration from 10 A outside the center of nano
SiO, particle to the surface for 8 A. () represents the result of the action of sodium ion. (b) represents
the result of the action of potassium ion. (c) represents the result of the action of calcium ion.
(d) represents the result of the action of magnesium ion.

According to the analysis of Table 1 and Figure 4, comparing the migration of mono-
valent cations and divalent cations to the surface of nano SiO, particles, it can be inferred
that monovalent cations have fewer interactions with water molecules and can interact
directly with nano SiO;, particles, while divalent cations first interact with water molecules
and then overcome the energy barriers before interacting with nano SiO, particles. The
energy and charge changes reveal that the divalent cations have a stronger interaction force
with water molecules than those of the monovalent cations when attracted to the surface of
nano SiO, particles. Consequently, stronger electronic interactions occur, and the water
molecules impede the divalent cation’s movement to a certain degree. This results in more
conspicuous aggregation and arrangement on the surface of the nano SiO; particle.

In terms of the extent of the alteration in the charge of monovalent and divalent cations,
the latter experience a more rapid decrease in their charge subsequent to penetrating the
obstruction of water molecules, indicating that the interaction energy with the nano SiO,
particle is stronger. This leads to a more significant modification in the interaction energy
and destabilizes their configuration.
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4. Conclusions

The interaction energy of cations and nano SiO; particles is studied using the density
functional theory. The conclusions drawn from this study are as follows:

When cations are transported to the surface of nano SiO, particles, monovalent cations
such as Na* and K* remain largely unaffected by water molecules, enabling them to adsorb
directly on the surface of the particles. However, when divalent cations such as Ca?* and
Mg?* approach the surface from a distance of 10 A, an energy barrier arises due to the
influence of water molecules, impeding their progress to some extent. However, once the
energy potential barrier is surpassed, the interaction energy between divalent cations and
nano SiO, particles becomes stronger compared to the monovalent cations due to their
deeper energy potential.

The energy of interaction between cations and nano SiO, particles is predominantly
electrostatic energy, followed by Van der Waals energy. Increasing cation valence positively
correlates with interaction energy between cations and nano SiO, particles. Electrostatic
force is primary in affecting the conformational stability of nano SiO, particles.

Compared to monovalent cations, divalent cations exhibit a stronger electronic kinetic
energy change when interacting with nano SiO; particles. The electrons in the cations
are more prone to breaking through the nucleus edge and exchanging charges with the
particles. Moreover, divalent cations have a higher tendency to attract water molecules,
which substantially increases the interaction energy and destabilizes the conformation of
nano SiO,. The influence of the four cations on the interaction of the nano SiO, particle is
ranked from least to greatest as follows: K+ < Na* < Mg?* < Ca?*.

Author Contributions: Conceptualization, ].N., L.Z. and C.W.; Methodology, L.Z. and C.W.; Software,
L.Z. and G.J.; Formal analysis, ].N., L.Z., CW. and W.W.,; Investigation, L.Z.; Resources, ].N. and
W.W.; Data curation, L.Z.; Writing—original draft, G.J.; Writing—review & editing, L.Z. and G.J.;
Supervision, C.W.; Project administration, ].N., C.W. and W.W.; Funding acquisition, ].N. and L.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (Program
No. 52204054) and the Innovation Capability Support of Shaanxi Province (Program No. 2023-CX-TD-31).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Jun Ni and Weibo Wang were employed by the “Shaanxi Yanchang Petroleum
(Group) Co., Ltd.”. The authors declare that this study received funding from “National Natural
Science Foundation of China” and “the Innovation Capability Support of Shaanxi Province”. The
funder was not involved in the study design, collection, analysis, interpretation of data, the writing
of this article or the decision to submit it for publication.

1.  Hu, W,; Wei, Y,; Bao, J. Development of the theory and technology for low permeability reservoirs in China. Pet. Explor. Dev. 2018,

45, 646—656. [CrossRef]

2. Yuan, S.; Wang, Q. New progress and prospect of oilfields development technologiess in China. Pet. Explor. Dev. 2018, 45, 657-668.

[CrossRef]

3. Fang, X.Y; Deng, B.; Geng, A.S,; Liu, S.F; Wang, PF; Liang, X.; Li, Y.; Cheng, B.; Jiang, W.M.; Wu, L.L. Geochemical properties,
mechanism of formation, and source of solid bitumen in the Ediacaran Dengying Formation from the central to northern Sichuan
Basin, China. Mar. Pet. Geol. 2024, 159, 106573. [CrossRef]

4. Radwan, A.E; Yin, S.; Hakimi, M.H.; Li, H. Petroleum geology of conventional and unconventional resources: Introduction. Geol.
J. 2023, 58, 3965-3969. [CrossRef]

5. Qin, T.Z,; Fenter, P.; AlOtaibi, M.; Ayirala, S.; AlYousef, A. Pore-Scale Oil Connectivity and Displacement by Controlled-Ionic-
Composition Waterflooding Using Synchrotron X-ray Microtomography. SPE J. 2021, 26, 3694-3701. [CrossRef]

6. Lei, Q; Weng, D.W,; Luo, ]. H.; Zhang, ].J.; Li, Y.L.; Wang, X.; Guan, B.S. Achievements and future work of oil and gas production
engineering of CNPC. Pet. Explor. Dev. 2019, 46, 145-152. [CrossRef]


https://doi.org/10.1016/S1876-3804(18)30072-7
https://doi.org/10.1016/S1876-3804(18)30073-9
https://doi.org/10.1016/j.marpetgeo.2023.106573
https://doi.org/10.1002/gj.4898
https://doi.org/10.2118/201618-PA
https://doi.org/10.1016/S1876-3804(19)30014-X

Molecules 2024, 29,916 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lau, H.C; Yu, M.; Nguyen, Q.P. Nanotechnology for oilfield applications: Challenges and impact. J. Pet. Sci. Eng. 2017,
157,1160-1169. [CrossRef]

Alsaba, M.T.; Al Dushaishi, M.E,; Abbas, A.K. A comprehensive review of nanoparticles applications in the oil and gas industry.
J. Pet. Explor. Prod. Technol. 2020, 10, 1389-1399. [CrossRef]

Liu, H.; Jin, X,; Ding, B. Application of nanotechnology in petroleum exploration and development. Pet. Explor. Dev. 2015,
33, 639-657. [CrossRef]

Liu, ].C.; Zhang, Y.D.; Wei, M.Z.; He, X.M.; Bai, B.]. Fabrications and Applications of Micro/Nanofluidics in Oil and Gas Recovery:
A Comprehensive Review. Energy Fuels 2022, 36, 9904-9931. [CrossRef]

Rafati, R.; Smith, S.R.; Haddad, A.S.; Novara, R.; Hamidi, H. Effect of nanoparticles on the modifications of drilling fluids
properties: A review of recent advances. J. Pet. Sci. Eng. 2018, 161, 61-76. [CrossRef]

Jiang, G.C.; Ni, X.X,; Yang, L.L.; Li, W.Q.; Li, Y.Y.; Deng, Z.Q. Synthesis of superamphiphobic nanofluid as a multi-functional
additive in oil-based drilling fluid, especially the stabilization performance on the water/oil interface. Colloid Surf. A Physicochem.
Eng. Asp. 2020, 588, 124385. [CrossRef]

Luo, X.W,; Jiang, G.C.; Wang, G.S.; Yang, L.L.; He, Y.B.; Cui, K.X,; Yang, J. Novel approach to improve shale stability using
super-amphiphobic nanoscale materials in water-based drilling fluids and its field application. Rev. Adv. Mater. Sci. 2022,
61, 41-54. [CrossRef]

Ngata, M.R.; Yang, B.L.; Aminu, M.D.; Emmanuely, B.L.; Said, A.A.; Kalibwami, D.C.; Mwakipunda, G.C.; Ochilov, E.; Nyakilla,
E.E. Minireview of Formation Damage Control through Nanotechnology Utilization at Fieldwork Conditions. Energy Fuels 2022,
36,4174-4185. [CrossRef]

Zhao, K.; Wang, X.D.; Pan, H.; Li, Q.Y,; Yang, ].].; Li, X.H.; Zhang, Z.]J. Preparation of molybdenum-doped akaganeite nano-rods
and their catalytic effect on the viscosity reduction of extra heavy crude oil. Appl. Surf. Sci. 2018, 427, 1080-1089. [CrossRef]
Zhou, M.; Yang, X.L.; Gao, Z.D.; Wu, X.Y,; Li, LK.; Guo, X.; Yang, Y.Z. Preparation and performance evaluation of nanoparticle
modified clean fracturing fluid. Colloid Surf. A Physicochem. Eng. Asp. 2022, 636, 128117. [CrossRef]

Zhang, Q.D.; Qian, ].Q.; Guo, H.; Zhang, W.; Kuang, C.L. Utilization of Nano-SiO; as a Supporting Material for Immobilization of
Porcine Pancreatic Lipase. J. Nanosci. Nanotechnol. 2018, 18, 5837-5841. [CrossRef]

Tang, X.C.; Kang, W.L.; Zhou, B.B.; Gao, Y.B.; Cao, C.X,; Guo, SJ.; Igbal, M.W.; Yang, H.B. Characteristics of composite
microspheres for in-depth profile control in oilfields and the effects of polymerizable silica nanoparticles. Powder Technol. 2020,
359, 205-215. [CrossRef]

Xu, B.B.; Zhang, Q.H. Preparation and Properties of Hydrophobically Modified Nano-SiO, with Hexadecyltrimethoxysilane.
ACS Omega 2021, 6, 9764-9770. [CrossRef]

Luo, J.H.; Du, Z.P; Tai, X.M.; Wang, W.X.; Wu, ].H.; Ding, B.; Wang, PM. One-Pot Preparation of Nano-5iO, Using a Silane
Derivative as a Coupling Agent. Tenside Surfact. Det. 2016, 53, 278-283. [CrossRef]

Zhang, R].; Yang, K.; Xiong, T.Y. Research on a new process of preparation for nano-5iO, with high activity and mesopores.
J. Mater. Sci. Technol. 2004, 20, 353-356.

Skinner, J.L. Following the Motions of Water molecules in Aqueous Solutions. Science 2010, 328, 985-986. [CrossRef] [PubMed]
Lam, Y,; Abramov, Y.; Ananthula, R.S.; Elward, ].M.; Hilden, L.R.; Lill, S.O.N.; Norrby, P; Ramirez, A.; Sherer, E.C,;
Mustakis, J.; et al. Applications of Quantum Chemistry in Pharmaceutical Process Development: Current State and Opportunities.
Org. Process Res. Dev. 2020, 24, 1496-1507. [CrossRef]

Menon, A.; Pascazio, L.; Nurkowski, D.; Farazi, F.; Mosbach, S.; Akroyd, J.; Kraft, M. OntoPESScan: An Ontology for Potential
Energy Surface Scans. ACS Omega 2023, 8, 2462-2475. [CrossRef] [PubMed]

Tecmer, P.; Boguslawski, K.; Borkowski, M.; Zuchowski, PS.; Kedziera, D. Modeling the electronic structures of the ground and
excited states of the ytterbium atom and the ytterbium dimer: A modern quantum chemistry perspective. Int. |. Quantum Chem.
2020, 119, 25983. [CrossRef]

Besler, B.H.; Merz, K.M.; Kollman, P.A. Atomic charges derived from semiempirical methods. J. Comput. Chem. 1990, 11, 431-439.
[CrossRef]

Mitsui, T.; Rose, M.K.; Fomin, E.; Ogletree, D.F,; Salmeron, M. Water diffusion and clustering on Pd(111). Science 2002,
297, 1850-1852. [CrossRef]

Scatena, L.F,; Brown, M.G.; Richmond, G.L. Water at hydrophobic surfaces: Weak hydrogen bonding and strong orientation
effects. Science 2001, 292, 908-912. [CrossRef]

De Lara, L.S; Rigo, V.A.; Miranda, C.R. Controlling Clay Swelling-Shrinkage with Inorganic Nanoparticles: A Molecular
Dynamics Study. J. Phys. Chem. C 2017, 121, 20266-20271. [CrossRef]

De Lara, L.S.; Rigo, V.A.; Miranda, C.R. The stability and interfacial properties of functionalized silica nanoparticles dispersed in
brine studied by molecular dynamics. Eur. Phys. . B 2015, 88, 261. [CrossRef]

DelloStritto, M.J.; Kubicki, J.D.; Sofo, J.O. Effect of Ions on H-Bond Structure and Dynamics at the Quartz(101)-Water Interface.
Langmuir 2016, 32, 11353-11365. [CrossRef] [PubMed]

Li, J.; Cramer, C.J.; Truhlar, D.G. Application of a universal solvation model to nucleic acid bases: Comparison of semiempirical
molecular orbital theory, ab initio Hartree-Fock theory, and density functional theory. Biophys. Chem. 1999, 78, 147-155. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.petrol.2017.07.062
https://doi.org/10.1007/s13202-019-00825-z
https://doi.org/10.1016/S1876-3804(16)30129-X
https://doi.org/10.1021/acs.energyfuels.2c01943
https://doi.org/10.1016/j.petrol.2017.11.067
https://doi.org/10.1016/j.colsurfa.2019.124385
https://doi.org/10.1515/rams-2022-0003
https://doi.org/10.1021/acs.energyfuels.2c00210
https://doi.org/10.1016/j.apsusc.2017.09.097
https://doi.org/10.1016/j.colsurfa.2021.128117
https://doi.org/10.1166/jnn.2018.15366
https://doi.org/10.1016/j.powtec.2019.09.070
https://doi.org/10.1021/acsomega.1c00381
https://doi.org/10.3139/113.110434
https://doi.org/10.1126/science.1190093
https://www.ncbi.nlm.nih.gov/pubmed/20489012
https://doi.org/10.1021/acs.oprd.0c00222
https://doi.org/10.1021/acsomega.2c06948
https://www.ncbi.nlm.nih.gov/pubmed/36687109
https://doi.org/10.1002/qua.25983
https://doi.org/10.1002/jcc.540110404
https://doi.org/10.1126/science.1075095
https://doi.org/10.1126/science.1059514
https://doi.org/10.1021/acs.jpcc.7b05130
https://doi.org/10.1140/epjb/e2015-60543-1
https://doi.org/10.1021/acs.langmuir.6b01719
https://www.ncbi.nlm.nih.gov/pubmed/27755876
https://doi.org/10.1016/S0301-4622(98)00228-2
https://www.ncbi.nlm.nih.gov/pubmed/17030308

Molecules 2024, 29,916 12 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Teotia, ].; Kumar, V.; Annu; Bhardwaj, S.; Rathi, I. Experimental (ft-raman, ft-ir and nmr) and theoretical (dft) calculations, thermo-
dynamic parameters, molecular docking and nlo (non-linear optical) properties of n-(2,6-dimethylphenyl)-1-piperazineacetamide.
Int. . Mater. Res. 2023, 114, 536-554. [CrossRef]

Lu, J; Lu, Q.H,; Li, X.J. Quantum chemistry calculations of the growth patterns, simulated photoelectron spectra, and electronic
properties of LaASi; (A =Sc, Y, La; I < 10) compounds and their anions. Phys. Chem. Chem. Phys. 2021, 23, 25679-25688. [CrossRef]
[PubMed]

Seth, R.; Singh, A. Rational design of co-ordination compounds in combination of bipyridine type of ligands and group 7 metal
(M = Mn, Re) for photoCORM: A DFT study. . Mol. Model. 2023, 29, 306. [CrossRef] [PubMed]

Shi, B,; Yu, J.; Tang, T,; Li, Y,; Tang, Y. Calculation of the UV Spectrum and Electrophilic Reactive Sites of Fentanyl Molecule Based
on the Density Functional Theory. Russ. |. Phys. Chem. 2020, 94, 2586-2593. [CrossRef]

Creazzo, F.; Luber, S. Explicit solvent effects on (110) ruthenium oxide surface wettability: Structural, electronic and mechanical
properties of rutile ruo 2 by means of spin-polarized dft-md. Appl. Surf. Sci. 2021, 570, 15039. [CrossRef]

Ovalle, S.; Malardier-Jugroot, C. Choice of functional for iron porphyrin density functional theory studies: Geometry, spin-state,
and binding energy analysis. Comput. Theor. Chem. 2022, 1213, 113726. [CrossRef]

Jiang, D.P,; Zhu, C.C.; Shao, X.S.; Cheng, ].G.; Li, Z. Bioactive conformation analysis of anthranilic diamide insecticides: DFT-based
potential energy surface scanning and 3D-QSAR investigations. Chin. Chem. Lett. 2015, 26, 662-666. [CrossRef]

Alipour, M.; Kargar, K. Anionic behavior and single-molecule crystal in fullerene confinements: A contribution from DFT energy
decomposition and cooperativity analyses. J. Comput. Chem. 2020, 41, 1912-1920. [CrossRef]

Fojcik, L.; Latajka, Z. The nature of halogen bond in model OC- - - XY systems from the energy decomposition analysis perspective.
Comput. Theor. Chem. 2021, 1202, 113342. [CrossRef]

Zhang, Q.; Chen, T.; Ma, L.].; Tang, Z.Q.; Yu, L.X. Decoding the terahertz spectrum of allantoin crystal using DFT simulations and
energy decomposition analysis. Chem. Phys. Lett. 2021, 767, 138350. [CrossRef]

Fang, D.; Piquemal, J.P; Liu, S.B.; Cisneros, G.A. DFT-steric-based energy decomposition analysis of intermolecular interactions.
Theor. Chem. Acc. 2014, 133, 1484. [CrossRef]

Gao, W.; Feng, H.].; Xuan, X.P,; Chen, L.P. The assessment and application of an approach to noncovalent interactions: The energy
decomposition analysis (EDA) in combination with DFT of revised dispersion correction (DFI-D3) with Slater-type orbital (STO)
basis set. J. Mol. Model. 2012, 18, 4577-4589. [CrossRef] [PubMed]

Xu, Y.; Zhang, S.; Wu, W.; Su, PE. Assessments of DFT-based energy decomposition analysis methods for intermolecular
interactions. J. Chem. Phys. 2023, 158, 124116. [CrossRef] [PubMed]

Akman, F. Effect of solvents on intra- and inter-molecular interactions of oligothiophenes. J. Mol. Model. 2023, 29, 276. [CrossRef]
[PubMed]

Vimala, M.; Mary, S.S.; Irfan, A.; Muthu, S. Solvent role in molecular structure, thermodynamic quantities, reactions and electronic
transitions (TDDFT) on 2- piperidin-1-yl phenol. J. Mol. Lig. 2023, 375, 121313. [CrossRef]

Jaillet, L.; Artemova, S.; Redon, S. IM-UFF: Extending the universal force field for interactive molecular modeling. J. Mol. Graph.
Model. 2017, 77, 350-362. [CrossRef]

Jasz, A.; Rak, A.; Ladjanszki, L; Cserey, G. Optimized GPU implementation of Merck Molecular Force Field and Universal Force
Field. J. Mol. Struct. 2019, 1188, 227-233. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1515/ijmr-2021-8747
https://doi.org/10.1039/D1CP03767F
https://www.ncbi.nlm.nih.gov/pubmed/34755155
https://doi.org/10.1007/s00894-023-05712-3
https://www.ncbi.nlm.nih.gov/pubmed/37676553
https://doi.org/10.1134/S0036024420120055
https://doi.org/10.1016/j.apsusc.2021.150993
https://doi.org/10.1016/j.comptc.2022.113726
https://doi.org/10.1016/j.cclet.2015.04.010
https://doi.org/10.1002/jcc.26362
https://doi.org/10.1016/j.comptc.2021.113342
https://doi.org/10.1016/j.cplett.2021.138350
https://doi.org/10.1007/s00214-014-1484-7
https://doi.org/10.1007/s00894-012-1425-0
https://www.ncbi.nlm.nih.gov/pubmed/22643965
https://doi.org/10.1063/5.0140912
https://www.ncbi.nlm.nih.gov/pubmed/37003781
https://doi.org/10.1007/s00894-023-05684-4
https://www.ncbi.nlm.nih.gov/pubmed/37555864
https://doi.org/10.1016/j.molliq.2023.121313
https://doi.org/10.1016/j.jmgm.2017.08.023
https://doi.org/10.1016/j.molstruc.2019.04.007

	Introduction 
	Simulation Method of Density Functional Theory 
	Method of Construction of the Nano SiO2–Cation Model 
	Potential Energy Surface Scanning Method 
	Decomposition Method of Interaction Energy 

	Results and Discussion 
	Analysis of Potential Energy Surface of Cation–Nano SiO2 Particle Model 
	Decomposition of Interaction Energy of Nano SiO2 Particle—Cation Model 
	Variation of Charge in the Nano SiO2–Cation Model 

	Conclusions 
	References

