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Abstract: Although nano SiO2 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 SiO2 and cations for its industrial application. In this paper, the effect of cations (Na+, K+,
Ca2+, and Mg2+) on the surface energy of nano SiO2 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 SiO2 particles.
During the migration process, monovalent cations are almost unaffected by water molecules, and
they can be directly adsorbed on the surface by nano SiO2 particles. However, when divalent cations
migrate from a distance to the surface of nano SiO2 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 SiO2 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 SiO2 particles. The change in interaction
energy is more intense, which can further disrupt the configuration stability of nano SiO2. The
interaction energy between cations and nano SiO2 particles mainly comes from electrostatic energy,
followed by Van der Waals energy. From the degree of influence of four cations on nano SiO2 particles,
the order from small to large is as follows: K+ < Na+ < Mg2+ < Ca2+. The research results can provide
a theoretical understanding of the interaction between nano SiO2 particles and cations during the
application of nano SiO2 in the field of oil and gas exploration and development.

Keywords: oil and gas exploration and development; nano SiO2; 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 oil/gas exploration and development include SiO2, NiO,
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Fe3O4, nano-polymer microspheres, etc. Among them, nano SiO2 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 SiO2 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 SiO2 particle to be changed, resulting in
the aggregation effect and a poor application effect. This problem has seriously limited the
efficient application of nano SiO2 particles in the field of oilfield oil/gas exploration and
development [14–22]. The aggregation effect of nano SiO2 particles is caused by changes
in the surface energy of nano SiO2 particles, which can lead to changes in the stability
of nano SiO2 particles. Therefore, if the mechanism of interaction energy between nano
SiO2 particles and salt solutions can be quantitatively described, an efficient application
of nano SiO2 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 SiO2 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 SiO2 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
SiO2 particles. Hence, it is helpful to understand the process of energy interaction between
nano SiO2 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
Schrödinger 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 SiO2
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 SiO2–Cation Model

Firstly, the conformations of nano SiO2 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 SiO2 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 SiO2 cluster is
determined using ABcluster software. This is displayed on Gaussian View 6.0. The nano
SiO2 clusters consist of 69 atoms with a radius of approximately 0.5 nm. The configurations
of the nano SiO2 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 SiO2 is geometrically optimized using Gaussian 16 software to
achieve a stable energy configuration, which is shown in Figure 1a. Additionally, a single
Na+, K+, Ca2+, and Mg2+ ion and water molecules are included in the nano SiO2 cluster
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model. The method of input for water molecules in the nano SiO2 cluster–cation model
refers to reference [37]. The distance of the cations from the surface of the nano SiO2 cluster
is approximately Å scale, resulting in the formation of different types of nano SiO2. 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 SiO2 particle, are performed using Gaussian 16 software.
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Figure 1. The model of nano SiO2 particle–salt solution system; (a) the optimized configuration of
amorphous nano SiO2 particles; (b) the optimized model of nano SiO2 particle Na+; (c) the optimized
model of nano SiO2 particle K+; (d) the optimized model of nano SiO2 particle Ca2+; (e) the optimized
model of nano SiO2 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 SiO2 particle–cation [38]. The calculated
parameters include variations in the distances between the nano SiO2 particle and the
cations and water molecules. Additionally, potential energy surface scanning, energy
decomposition, and energy effect examinations on the nano SiO2 are performed.

2.2. Potential Energy Surface Scanning Method

The potential energy surface of nano SiO2 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 SiO2, and the resulting effects on the conformation of nano SiO2
particles can be monitored. The process to solve the potential energy of the nano SiO2–
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 ∆E after potential energy surface scanning
can be calculated using Hartree–Fock ∆EHF and electron correlation energy ∆ECOR. The
equation is shown in (1).

∆E = ∆EHF + ∆ECOR (1)

∆EHF and ∆ECOR 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 SiO2 particle, which is set at 10 Å. Eighty scans are performed for potential
energy changes, and for each scan, the cation is moved 0.1 Å towards the center of mass of
the nano SiO2 particle until it stops after R = 2 Å. 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 SiO2 nanoparticles from a position of 10 Å, taking the Na+

ion as the sample cation.

Molecules 2023, 28, x FOR PEER REVIEW 4 of 13 
 

 

energy surface. (2) The Schrodinger equation for cation movement is resolved on the po-
tential energy surface, yielding molecules’ characteristics and details pertaining to chem-
ical reactions [15–17]. 

The intermolecular interaction energy ∆E after potential energy surface scanning can 
be calculated using Hartree–Fock ∆E𝐻𝐻𝐻𝐻 and electron correlation energy ∆E𝐶𝐶𝐶𝐶𝐶𝐶. The equa-
tion is shown in (1). 

∆E = ∆E𝐻𝐻𝐻𝐻 + ∆E𝐶𝐶𝐶𝐶𝐶𝐶 (1) 

∆E𝐻𝐻𝐻𝐻and ∆E𝐶𝐶𝐶𝐶𝐶𝐶are determined predominantly by intermolecular dispersion energy, elec-
trostatic interaction energy, electron exchange energy, and induction effects. The used cal-
culation parameters are as follows: R is the distance between the cation and the center of 
mass of the nano SiO2 particle, which is set at 10 Å. Eighty scans are performed for poten-
tial energy changes, and for each scan, the cation is moved 0.1 Å towards the center of 
mass of the nano SiO2 particle until it stops after R = 2 Å. For each cation movement, a 
single-point energy calculation is necessary, eventually leading to the creation of an inter-
molecular interaction energy curve. As an illustration, Figure 2 displays the uninterrupted 
transport of Na+ to the center of mass of SiO2 nanoparticles from a position of 10 Å, taking 
the Na+ ion as the sample cation. 

 
Figure 2. Process of simulation of movement of Na+ from a distance of 10 Å from the center of mass 
of nano SiO2 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 

SiO2 particles at varying positions. These changes are due to different types of interaction 
energies. Thus, it is essential to investigate the types and sources of intermolecular inter-
action energies in the system of nano SiO2 and cations. Additionally, performing an en-
ergy 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 stud-
ies the intermolecular interactions. This process helps understand the source of intermo-
lecular energy and the nature of these interactions. The energy division separates the en-
ergy from the interaction between molecules into two parts—electrostatic and Van der 
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2.3. Decomposition Method of Interaction Energy

Changes in the energy and charge of cations occur when cations interact with nano
SiO2 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 SiO2 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].

Eele
AB =

qAqB
rAB

(2)
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EvdW
AB = Erep

AB + Edisp
AB (3)

Erep
AB = εAB

(
R0

AB
rAB

)12

Edisp
AB = −2εAB

(
R0

AB
rAB

)6

(4)

In the formulae, A and B are the atomic labels, q is the atomic charge, r is the interatomic
distance, ε is the depth of the Van der Waals interaction potential well, and R0 is the
interatomic non-bonding distance. When r = R0, 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 SiO2 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 SiO2 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 SiO2 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 SiO2 Particle Model

The results of the scanning of the potential energy surface of the cation–nano SiO2
particle model are shown in Figure 3. The changes in the interaction energies of Na+,
K+, Ca2+, and Mg2+ as they approach the surface of the nano SiO2 particle are shown in
Figure 3a–d, respectively.
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Figure 3a demonstrates that when Na+ migrates from 10 Å away from the center of mass
of the nano SiO2 particle to 4.2 Å, there exists a minimum value of E1 = −58,108.46 kcal/mol
and an energy difference of ∆E01 = 0.94 kcal/mol. Figure 3b demonstrates that when K+ mi-
grates from 10 Å away from the center of mass of the nano SiO2 particle to 4.4 Å, there exists a
minimum value of E1 =−58,853.36 kcal/mol and an energy difference of ∆E01 = 0.61 kcal/mol.
Figure 3c demonstrates that when Ca2+ migrates from 10 Å away from the center of mass of the
nano SiO2 particle to 5.6 Å, there exists a minimum value of E1 = −61,332.54 kcal/mol. When
Ca2+ migrates to 3.3 Å, it has a minimum value of E2 = −61,339.87 kcal/mol. The energy differ-
ence ∆E01 from 10 Å to 5.6 Å is 4.73 kcal/mol. The energy difference △E12 from 5.6 Å to 3.3 Å
is 7.33 kcal/mol, and the energy difference ∆E02 from 10 Å to 3.3 Å is 2.6 kcal/mol. Figure 3d
demonstrates that when Mg2+ migrates from 10 Å away from the center of mass of the nano
SiO2 particle to 5.3 Å, there exists a minimum value of E1 = −60,338.83 kcal/mol. Upon being
transported to a distance of 3.4 Å, there exists a minimum value of E2 = −60,343.78 kcal/mol.
The energy difference ∆E01 from 10 Å to 5.3 Å is 2.3 kcal/mol. At distances from 5.3 Å to
3.4 Å, the energy difference ∆E12 is 4.95 kcal/mol, and at distances from 10 Å to 3.4 Å, the
energy difference ∆E02 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 Å and
4.4 Å away from the center of mass of the nano SiO2 particle, respectively. The intermolec-
ular repulsive energy increases as it continues to approach the center of mass. The energy
change in K+ (∆E01 = 0.61 kcal/mol) is smaller than that of Na+ (∆E01 = 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 SiO2 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 ∆E 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 SiO2 particles is stronger than that of K+, resulting
in Na+ exerting a greater influence on the conformation of nano SiO2 particles.

Comparing Figure 3c to Figure 3d, it is apparent that Ca2+ and Mg2+ 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
Ca2+ and Mg2+ when they are from the center of mass of the nano SiO2 particle to 5.6 Å and
5.3 Å, respectively. The minimum interaction energy is achieved by Ca2+ and Mg2+ when
they are from the center of mass of the nano SiO2 particle to 3.3 Å and 3.4 Å. The energy
change for Ca2+ from 10 Å to 5.6 Å and for Mg2+ from 10 Å to 5.3 Å is ∆E01 = 4.73 kcal/mol
and ∆E01 = 2.3 kcal/mol, respectively. The energy change for Ca2+ from 5.6 Å to 3.3 Å and
for Mg2+ from 5.3 Å to 3.4 Å is ∆E12 = 7.33 kcal/mol and ∆E12 = 4.95 kcal/mol, respectively.
Examining the entire process, it shows that the energy change for Ca2+ from 10 Å to 3.3 Å,
∆E02 = 2.6 kcal/mol, is almost equal to the energy change for Mg2+ from 10 Å to 3.4 Å,
∆E02 = 2.65 kcal/mol.

From the characteristics of energy change observed during the transporting process
of Ca2+ and Mg2+, we noticed that Ca2+ and Mg2+ encountered energy potential barriers
at 5.6 Å and 5.3 Å, respectively. A further analysis revealed that, compared to Mg2+,
Ca2+ 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 Ca2+ to the surface of nano SiO2 particles. However, as Ca2+ and Mg2+ ions
continue to transport to the surface of nano SiO2 particles, Ca2+ reaches the deepest point
of the potential well, which is the point of minimum energy, and releases more energy than
Mg2+. This implies that the intermolecular Van der Waals or electrostatic force facilitates the
adsorption of nano SiO2 particle when interacting with Ca2+. 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 SiO2 particle. Compared to that of Mg2+, when Ca2+ moves closer to the surface of
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nano SiO2 particles from a distance of approximately 5.6 Å, 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 SiO2 particles. The solva-
tion effect impedes the approach of divalent cations to the surface of nano SiO2 particles.
However, as divalent cations breach the solvation layer and advance towards the surface of
the nano SiO2 particle, there is an increased energy difference, indicating a deeper depth
of the potential wells. As a result, the nano SiO2 particles absorb divalent cations more
than monovalent cations, causing a more intense interaction and a stronger impact on the
configuration of the nano SiO2 particle.

3.2. Decomposition of Interaction Energy of Nano SiO2 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 SiO2 particles with cations, resulting in an overall attractive performance.
The interaction energy between water molecules and nano SiO2 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 SiO2 particles.

System
Total Interaction

Energy
(kcal/mol)

Electrostatic
Energy

(kcal/mol)

Exchange
Exclusive Energy

(kcal/mol)

Dispersion
Energy

(kcal/mol)

Na+

SiO2-Na+ −2.96858 −3.17415 0.337193 −0.13159
SiO2-H2O 0.50269 0.139098 0.667691 −0.30421
Na+-H2O −1.0045 −1.12385 0.159398 −0.03991

K+

SiO2-K+ −1.94638 −2.06466 0.303095 −0.1848
SiO2-H2O 1.016983 −0.02717 1.272281 −0.2281
K+-H2O −0.79818 −0.8903 0.132697 −0.0406

Ca2+

SiO2-Ca2+ −5.21955 −7.45947 3.043551 −0.80358
SiO2-H2O 0.374793 0.398494 0.149897 −0.17357
Ca2+-H2O −1.5353 −1.93716 0.524389 −0.12249

Mg2+

SiO2-Mg2+ −2.0102 −5.60132 4.277235 −0.68617
SiO2-H2O 0.413491 0.302995 0.408992 −0.2985
Mg2+-H2O −1.11206 −1.7934 0.825388 −0.14407

Comparing Na+ and K+, it can be observed that the interaction energy between Na+

and nano SiO2 particles is 1.0222 kcal/mol higher than that of K+ and nano SiO2 particles,
i.e., in the deepest part of the potential well, the adsorption of Na+ by nano SiO2 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 SiO2 particles. The interactions
between nano SiO2 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 SiO2 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 SiO2 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 SiO2
particles. However, Na+ demonstrates a stronger interaction with the nano SiO2 particle
upon reaching the energy potential well, resulting in a greater impact on the conformation
of the particles.

Comparing Mg2+, it is apparent that the interaction energy of Ca2+ and nano SiO2
particles is increased by 3.209 kcal/mol compared to that of Mg2+ and nano SiO2 particles.
This suggests that Ca2+ is more strongly adsorbed by nano SiO2 particles than Mg2+ in the
deepest part of the potential well. However, the exchange repulsion energy of Mg2+ and
nano SiO2 particles is 1.255 kcal/mol greater than that of Ca2+ and nano SiO2 particles.
This implies that Mg2+ is in closer proximity to the surface of the nano SiO2 particle, which
results in stronger repulsion within the molecules of the nano SiO2 particle. The interaction
energy of Ca2+ and water molecules is 1.004 kcal/mol higher than that of Mg2+ and water
molecules. Therefore, Ca2+ has a stronger interaction with water molecules than Mg2+. The
interaction energy between Ca2+ and water molecules is 1.004 kcal/mol higher than that of
Mg2+ and water molecules. The interaction energy between Ca2+ and water molecules is
1.004 kcal/mol higher than that of Mg2+ and water molecules. In comparison, Ca2+ forms
a higher energy barrier, which prevents Ca2+ from aggregating to the surface of the nano
SiO2 particle.

When comparing monovalent and divalent cations, it was observed that the interaction
energies of divalent cations and nano SiO2 particles are greater by 1.004–3.012 kcal/mol
than those of monovalent cations and nano SiO2 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 SiO2 particles only after they break through the higher energy potential
barriers. Hence, cation aggregation on the surface of nano SiO2 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 SiO2 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 SiO2 particles is stronger
than that of cations with water and nano SiO2 particles with water. In terms of the degree
of influence of the four cations on the interaction of nano SiO2 particles, the order from
smallest to largest is as follows: K+ < Na+ < Mg2+ < Ca2+.

3.3. Variation of Charge in the Nano SiO2–Cation Model

The alterations in cation charge during the interaction between nano SiO2 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 Å to 2 Å. This suggests that as Na+

and K+ ions are near the nano SiO2 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 SiO2 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 Ca2+ and Mg2+

migrate from 10 Å to 2 Å, and then it gradually declines to around 0.4. This suggests that
Ca2+ and Mg2+ ions have already replaced their charge with water molecules when they are
present at a distance of 10 Å or more away from the nano SiO2 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
SiO2 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 SiO2 particles at a
certain distance from the particles.
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(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 SiO2 particles, it can be inferred
that monovalent cations have fewer interactions with water molecules and can interact
directly with nano SiO2 particles, while divalent cations first interact with water molecules
and then overcome the energy barriers before interacting with nano SiO2 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 SiO2 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 SiO2 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 SiO2
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 SiO2 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 SiO2 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 Ca2+ and
Mg2+ approach the surface from a distance of 10 Å, 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 SiO2 particles becomes stronger compared to the monovalent cations due to their
deeper energy potential.

The energy of interaction between cations and nano SiO2 particles is predominantly
electrostatic energy, followed by Van der Waals energy. Increasing cation valence positively
correlates with interaction energy between cations and nano SiO2 particles. Electrostatic
force is primary in affecting the conformational stability of nano SiO2 particles.

Compared to monovalent cations, divalent cations exhibit a stronger electronic kinetic
energy change when interacting with nano SiO2 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 SiO2. The influence of the four cations on the interaction of the nano SiO2 particle is
ranked from least to greatest as follows: K+ < Na+ < Mg2+ < Ca2+.

Author Contributions: Conceptualization, J.N., L.Z. and C.W.; Methodology, L.Z. and C.W.; Software,
L.Z. and G.J.; Formal analysis, J.N., L.Z., C.W. and W.W.; Investigation, L.Z.; Resources, J.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, J.N., C.W. and W.W.; Funding acquisition, J.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.

References
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, P.F.; 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, J.H.; Zhang, J.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

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

8. Alsaba, M.T.; Al Dushaishi, M.F.; 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]

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

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

11. 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]

12. 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]

13. 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]

14. 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]

15. Zhao, K.; Wang, X.D.; Pan, H.; Li, Q.Y.; Yang, J.J.; 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]

16. Zhou, M.; Yang, X.L.; Gao, Z.D.; Wu, X.Y.; Li, L.K.; 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]

17. Zhang, Q.D.; Qian, J.Q.; Guo, H.; Zhang, W.; Kuang, C.L. Utilization of Nano-SiO2 as a Supporting Material for Immobilization of
Porcine Pancreatic Lipase. J. Nanosci. Nanotechnol. 2018, 18, 5837–5841. [CrossRef]

18. Tang, X.C.; Kang, W.L.; Zhou, B.B.; Gao, Y.B.; Cao, C.X.; Guo, S.J.; Iqbal, 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]

19. Xu, B.B.; Zhang, Q.H. Preparation and Properties of Hydrophobically Modified Nano-SiO2 with Hexadecyltrimethoxysilane.
ACS Omega 2021, 6, 9764–9770. [CrossRef]

20. Luo, J.H.; Du, Z.P.; Tai, X.M.; Wang, W.X.; Wu, J.H.; Ding, B.; Wang, P.M. One-Pot Preparation of Nano-SiO2 Using a Silane
Derivative as a Coupling Agent. Tenside Surfact. Det. 2016, 53, 278–283. [CrossRef]

21. Zhang, R.J.; Yang, K.; Xiong, T.Y. Research on a new process of preparation for nano-SiO2 with high activity and mesopores.
J. Mater. Sci. Technol. 2004, 20, 353–356.

22. Skinner, J.L. Following the Motions of Water molecules in Aqueous Solutions. Science 2010, 328, 985–986. [CrossRef] [PubMed]
23. Lam, Y.; Abramov, Y.; Ananthula, R.S.; Elward, J.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]

24. 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]
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