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Abstract: Graphene oxide, as a new two-dimensional material, has a large specific surface area, high
thermal stability, excellent mechanical stability and exhibits hydrophilic properties. By combining
the carboxyl groups on the surface of graphene oxide with hydrophilic groups, surfactant-like
polymers can be obtained. In this paper, based on the molecular dynamics method combined with
the first nature principle, we first determine the magnitude of the binding energy of three different
coupling agents—alkylamines, silane coupling agents, and haloalkanes—and analytically obtain the
characteristics of the soft reaction. The high stability of alkylamines and graphene oxide modified
by cetylamine, oil, and water models was also established. Then, three different chain lengths of
simulated oil, modified graphene oxide-water solution, and oil-modified graphene oxide-water
systems were established, and finally, the self-aggregation phenomenon and molecular morphology
changes in modified graphene oxide at the oil-water interface were observed by an all-atom molecular
dynamics model. The density profile, interfacial formation energy, diffusion coefficient and oil-water
interfacial tension of modified graphene oxide molecules (NGOs) at three different temperatures of
300 K, 330 K, and 360 K were analyzed, as well as the relationship between the reduced interfacial
tension and enhanced oil recovery (EOR).

Keywords: modified graphene oxide; self-aggregation phenomena; molecular morphology changes;
interfacial tension; firstness principle; all-atom molecular dynamics simulations

1. Introduction

Polymers, surfactants, and alkalis are the main repellents in current chemical flooding,
but a single chemical can only improve the oil displacement efficiency or sweep efficiency.
Combination flooding [1] has synergistic effects, with surfactants significantly reducing the
interfacial tension at the oil-water interface and increasing the number of capillary numbers.
Alkalis injected into the reservoir can chemically react with organic acids in the reservoir,
thereby reducing adsorption losses. However, the traditional tertiary oil recovery chemical
agents, which can improve the level of recovery, are limited, The nanoparticles are uniform
in size and can form compact, well-structured monolayers at the water/non-aqueous phase
interface. The emulsions are very stable under high temperatures and high-salt reservoir
conditions [2]. Nanoparticle-stabilized emulsions have a high viscosity, which can help
manage migration rates during oil transport and provides a viable method of pushing
highly viscous oil out of the subsurface, relative to surfactants with a high retention on
reservoir rocks [3]. Some oil fields in the geological reserves still constitute 50% of the
unswept region, and people are in urgent need of a breakthrough in conventional chemical
agents to significantly improve recovery factors [4].
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Nanoparticles have the advantages of a large specific surface area and small size
and have some special properties different from those of conventional chemical agents.
A large number of scholars in China and abroad have carried out a series of theoretical,
experimental, and simulation work on the influence of the concentration, size, and charge of
nanoparticles on the oil recovery factor [5-7]. Wang et al. [8] found that oil droplets could be
spontaneously detached from the solid surface when the charge of the nanofluid composed
of charged nanoparticles reached a certain critical value. The modified nanoparticles can
effectively reduce the interfacial tension and improve the carrying capacity of water relative
to the oil phase. Luo et al. [9] used molecular dynamics to study the self-assembly behavior
of 5iO; nanoparticles at the oil-water interface and found that the modified nanoparticles
could effectively reduce the interfacial tension and improve the carrying capacity of water
relative to the oil phase. Jia et al. [10] used experimental methods and found that amphiphilic
graphene flake nanofluids could form a solid interfacial film, which reduced the interfacial
tension at the oil-water interface. Through this mechanism, the oil droplets on the rock
surface were desorbed. Compared with conventional chemical flooding, in this agent, the
oil displacement efficiency of nanofluids was increased by two times.

At present, the research on nanoparticles is mainly focused on experimental aspects [11-13].
The simulation means for modified nanoparticles are still at the stage of exploration and
realization [14,15]. This study selected alkyl-modified graphene oxide as the research object
and used the all-atom molecular dynamics simulation method [16] to study the diffusion of
modified nanoparticles (NGOs) in the aqueous phase and the self-aggregation phenomenon
at the oil-water interface. We also established two different models through the visualiza-
tion software Materials Studio. Model I analyzed the dispersion nature of nanoparticles
in the aqueous phase, Model I analyzed the dispersion properties of nanoparticles in the
water phase, while Model II observed the molecular configuration of nanoparticles at the
oil-water interface and the self-aggregation phenomenon of nanoparticles at the oil-water
interface. The interaction of modified nano molecules on the oil-water phase at three tem-
peratures was investigated according to the constructed models, and finally, the effect of
modified graphene oxide on the interfacial tension at different temperatures was revealed.

2. Models and Methods

Molecular dynamics simulation is commonly used method for the software, Material
Studio, Lammps, Amber, etc. This visualization software, with built-in rich algorithms, a
powerful interactive interface, and multi-scale and multi-functional modules, is widely used
in the field of molecular property simulation. The properties of the oil-water interface [17],
the aggregation pattern of the solution [18], and the wettability of oil droplets on the
solid surface [19] were investigated by domestic and foreign scholars under the action
of chemical flooding systems. The simulation process is chosen from all-atom molecular
dynamics simulation, which has the advantage of a high accuracy compared to dissipative
molecular dynamics simulation [20].

2.1. Model Construction

The simulations were completed with Materials Studio (MS) software, and the simula-
tion process was carried out using the COMPASS force field [21]. Firstly, the simulations
established three crude oil systems with different molecular compositions of hexane, hep-
tane, and isooctane, as shown in Figure 1.

The binding energies required for the reaction of the three different coupling agents
with graphene oxide were obtained according to the first principle [22], and the parameters
are shown in Table 1. The binding energy of haloalkane with graphene oxide was +0.47,
which means that the reaction of haloalkane with graphene oxide was not easy to carry out;
the reaction conditions were harsh, and the resulting structures were unstable. However,
the binding energies of —1.96 and —1.68, for alkylamines and silane coupling agents with
graphene oxide, respectively, indicate that the reaction process of alkylamines and silane
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coupling agents with graphene oxide is easier; the reaction conditions are milder and the
resulting products have a good structural stability.

hexane

5
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Isooctane
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Figure 1. Molecular configuration of oil droplet composition (grey—carbon, white—hydrogen):
(a) oil phase box; (b) oil phase composition.

Table 1. The binding energy of different modifiers to graphene oxide.

Silane Coupling

. Alkylamines and Halothane and
Material Graphene Oxide Agents and Graphene Oxide
P Graphene Oxide P
Binding of energy/eV —1.96 —1.68 0.47

To investigate the effect of graft length on the properties of graphene oxide, the binding
energies of thirteen, sixteen, and nineteen alkylamines were separately investigated. As
shown in Table 2, the binding energies gradually decreased with increasing alkylamine
carbon chain length, indicating that, as the alkylamine carbon chain length increased, the
reaction proceeded with more ease, and the structure of the resulting modified graphene
oxide products became more stable.

Table 2. The binding energy of different graft chain lengths.

Material Thirteen Alkyl Sixteen Alkyl Nineteen Alkyl
Binding energy/eV —1.46 —1.68 —2.52

To investigate the interaction between water molecules, the reservoir surface, and
modified graphene oxide, the adsorption energy of water molecules on the surface of the
modified graphene oxide was simulated.

As shown in Table 3, with 13 alkylamines, the adsorption energy of the modified
water molecule is —1.06; with 16 alkylamines, the modified graphene oxide adsorption
energy is —0.94; and with 19 alkyls, the modified graphene oxide adsorption energy is
—0.76. The adsorption of water molecules on both types of modified graphene oxide is
an exothermic process, and the surface of the modified product is strongly chemisorbed.
Additionally, the octadecylamine-modified graphene oxide had the weakest interaction
with water compared to the other chain lengths.

Table 3. The adsorption energy of water molecules with modified graphene oxide.

Material Thirteen Alkyl Sixteen Alkyl Nineteen Alkyl
Adsorption energy/eV —1.06 —0.94 —0.76
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An analysis of the change in binding energy and adsorption energy shows that as the
graft chain length increases, the exothermic reaction is enhanced and the binding energy
increases. As the graft chain length increases, the adsorption is a spontaneous process
and the adsorption energy decreases. On balance, the final choice was to choose s with a
relatively smooth reaction process, a high adsorption energy of the modified molecules
with water, and a better reduction in interfacial tension.

By oxidizing a thin layer of graphene, structures containing -COOH and -OH on the
surface could be obtained. In this study, alkyl long-chain groups were grafted onto the surface
of graphene oxide using the azide chemical reaction of cetylamine, as shown in Figure 2.

R-NH

=

0
H OH OH

Figure 2. Azide chemical reaction process.

A thin-layer, graphene oxide model with a diameter of 1.8 nm was constructed, and
seven cetylamine long chains were grafted on the unilateral side of the graphene oxide
model to obtain partially alkyl-modified graphene oxide nanoparticles (NGOs). The NGOs
before and after modification are shown in Figure 3.

(b)

Figure 3. Modified graphene oxide conformation (gray—carbon atoms; red—oxygen atoms;
white —hydrogen atoms; blue—nitrogen atoms): (a) Thin layer of carbon; (b) GO; (c) NGOs.

To investigate the dispersion properties of nanoparticles in water, a water-NGO misci-
ble system was built. A square simulation box with a size of 21.92 A x 21.92 A x 21.92 A
was created by “amorphous cells tools”. The mixed solution system contained 56.4% water
and 42.6% NGOs. The initial constructed model is shown in Figure 4a. To investigate the
self-aggregation of nanoparticles at the oil-water interface, a columnar simulation box
of 26.25 A x 26.25 A x 777.61 A was constructed by the “build layer” tool. To eliminate
the influence of periodic boundaries, a thickness of 10 was added above the oil model.
The initial model of the vacuum layer is shown in Figure 4b, the molecular dynamics
simulation was performed using the “forcite tools”, and the simulation parameters are
shown in Table 4.
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Figure 4. Schematic diagram of the initial model: (a) Model I (b) Model II.
Table 4. Model II force field parameters.
Summation Method Cutoff Distance Long-Range Correction Buffer Width

Atom-based 125 A YES 05 A

2.2. Mathematical Model Construction

This simulation used an all-atom molecular dynamics simulation approach, and the
Newton’s Equation of motion (1) was used during the simulation:

Fi(t) = mja;(t) @)

where: F; is combined force on the molecule, m; is relative molecular mass, a; is the
acceleration of the molecule. The force on the atom can be obtained from the potential
energy concerning the position in the coordinate system as Equation of motion (2):

S @
ari ot2

Because there are no charged molecules in the system, the potential energy func-
tion [23] discards electrostatic interactions and constructs a potential energy function that
includes inter-bonding atomic interactions and van der Waals forces, with the specific
functional relationship shown in Equation (3):

V=Y k(r—reg)"+ Y ko(0—0e0)*+ Y kp(1+cos[np—])+ Y &

bonds

12 6
atoms
T T
angles dihedral i<j Tij Tij

where: k; is force constant, r¢; is equilibrium bond length, 6, is equilibrium bond angle,
gjj is van der Waals force constant between atoms, r;, is the minimum distance between
atoms, and rij is the distance between atoms at equilibrium.

The integration process uses the Verlet (1967) integral equation of motion algorithm.
The advantages of the Verlet integrator are that it has only one energy evaluation per step,
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requires only a modest amount of memory, and allows relatively large time steps to be used.
The Verlet velocity algorithm overcomes the disadvantages of the Verlet step-over method,
which is not synchronous. The Verlet velocity algorithm is provided in Equations (4)—(6):

r(t+ At) = r(t) + Ato(t) + Atzg(t) @)
a(t+At) = L;M ®)
ot + At) = o(t) + S AHa(t) +a(t + A1) ©)

where: r(t) is relative position, v(t) is relative velocity, and a(t) is the acceleration of the atom.

2.3. Simulation Details

For Model I, 500 ps of canonical tethered MD simulations were carried out with a
simulated temperature of 300 K. For Model II, 500 ps of isothermal isobaric (NPT) MD
simulations were first carried out with a pressure level of 0.1 MPa, followed by 500 ps of
canonical tethered MD simulations, with three simulated temperatures of 300 K, 330 K, and
360 K selected. The Andersen method [24] was used for temperature control; the Be-redden
method [25] was used for pressure control; the Coulomb interaction was calculated using
the Ewald method [26]; the truncation radius was 1 nm; the step size was 1.0 fs; and every
100 ps the system trajectory information was recorded once.

3. Characterization of Molecular Dynamics Simulation Results
3.1. Visualization Characterization

The visualization results of Model I are shown in Figure 5. The left panel shows that,
after a 500 ps canonical system synthesis simulation, the nanoparticles gradually leaned
towards the center through the attraction of their own branched chains and the repulsion
of the branched chains by water. The right panel of Figure 5 shows that the nanoparticles
are well-dispersed among themselves and show different characteristics from conventional
surface-active multimolecular aggregation.

(b)
Figure 5. Schematic diagram of the initial model: (a) Dispersed morphology, (b) NGO distribution.

The visualization model of Model II is shown in Figure 6a: the simulation process
of NGOs goes through two processes. The first process is the transport of water solution
towards the oil-water interface. The second process is the spontaneous orientation of the
lipophilic end towards the oil phase, and the spontaneous orientation of the hydrophilic
end towards the water phase. The regular self-aggregation at the oil-water interface is
shown in Figure 6b.
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() (b)

Figure 6. Self-aggregation equilibrium configuration of the system: (a) Self-aggregation process,
(b) self-assembled membrane configuration.

3.2. Density Profile

The alkyl groups in the modified molecules are mixed with the oil phase, and the GO
molecules are distributed on the water phase interface because of the polar group -OH.
As shown in Figure 6, the oil and water phases are regularly separated by the modified
nanoparticle NGOs. To more intuitively observe the self-assembled structure of the NGOs
in the oil-water interface layer and the distribution of oil, water, alkyl, and GO molecules at
the interface, the density distribution curves of various molecules along the Z-axis direction
were calculated, as shown in Figure 7. The nanoparticle NGOs formed a more disordered
self-assembled interfacial film structure. An analysis of the density profiles showed that a
distinct oil-water interface at 35 A formed after being distributed, and the nanoparticles
were mainly found in the interfacial range of 15 A-45A.

' — = alkyl
1.4 b + GO
—a— ol
1.2
| —v— water
= 1.0+ A A A AMAA
I
c ]
S 0.8
= |
< 06
2 |
2 04
[0]
O 1 \
0.2 ‘
0.0 Yy vy ao—w o gw
_02 T T T T T T T
0 10 20 30 40 50 60 70

Figure 7. The density of the components in the oil-water and nanoparticle NGO systems.
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As shown in Figure 7, the systems appearing along the Z-axis direction are the water
phase and NGO-oil phase, with alkyl groups mainly distributed on the oil side. The
graphene oxide thin layers are mainly distributed on the water side, forming an interfacial
film system at the oil-water interface.

3.3. Interfacial Formation Energy

In order to investigate the stability of the interface in the presence of NGOs at three
temperatures, the interaction energy between nanoparticles and water molecules was
calculated, the calculation process is shown in Equation (7):

AE = (ENano + EWater) - ETotul (7)
VNano

where: AE is interaction energy per unit volume; E,,,; is the total energy of the nanoparticle
and water phase system; Enygy, is the energy of the nanoparticle; Eyy,, is the energy of the
water phase; and Vi, is occupied volume of the nanoparticle.

From Table 5, it can be observed that the interaction energy between nanoparticles
and water becomes smaller as the temperature increases, indicating that an increasing
temperature can reduce the resistance to movement between nanoparticles and water,
making them easier to transport to the oil-water interface.

Table 5. The interaction energy of nanoparticles with water per unit volume.

T t
criperatire 300 K 330 K 360 K
Free Energy

Eqoal (K] » mol~! x nm~3) 374.65 312.84 281.32

3.4. Diffusion Coefficient

The aggregation pattern of each molecule significantly affects the microstructure of
the oil-water emulsion system. The nanoparticulate NGOs are spontaneously transported
from the aqueous phase to the oil-water interface, and the temperature resistance and
diffusion rates of the NGOs are analyzed by comparing the mean square displacement
(MSD), as shown in Equation (8), at the three temperatures of 300 K, 330 K, and 360 K set by
the model. The mean square displacement can be characterized by a diffusion coefficient
(D) related to the simulation time [27]:

N
D = gplim g L { ) (0} ®

where D is the diffusion coefficient of the molecule, N is a molecular term of diffusion in
the system, r;(t) is the position of the molecule at the moment, and the differential term is
the ratio of mean square displacement to time.

The calculation shows that the mean squared displacement MSD is 7.43 A at 300 K,
11.98 A at 330 K, and 18.64 A at 360 K. As the temperature increases, the NGO diffu-
sion coefficient becomes larger. These results mainly originate from the interaction of
the nanoparticle NGOs with the oil phase. The interaction of the surface-oxidized GO
molecules with the aqueous phase was much larger than that with the oil phase, and the
interaction with the oil phase was greatly enhanced by the surface-grafted cetylamine, so
the transportability of the NGOs along the Z-axis was much larger than that of the nanopar-
ticles in the X and Y directions. The results show that the surface-modified alkylamine
graphene oxide is highly susceptible to aggregation towards the oil-water interface.

The NGOs move under the combined action of water and oil [28]. As can be seen from
Figure 8, the higher the temperature, the greater the slope of the nanoparticle dynamic
diffusion curve. It can be observed that the free energy of the mixed-phase is increased
and the relative intermolecular displacement rate is expanded under the action of a high



Energies 2022, 15, 4443

9of 12

temperature, while the NGOs are found to have a good temperature resistance according
to the molecular equilibrium conformation.

207 = 360K -
e 330K P
—4— 300 K -
15 /'/
2 -
~ ]
@
2 10 °
® A
5 . -
0 // T T T T 1
0 100 200 300 400 500
Time (ps)

Figure 8. MSD curves for NGOs at different temperatures.

3.5. Interfacial Tension

The oil phase is divided from the water phase by NGOs, forming a clear oil-water
interface. Conventional surfactants can be used to improve recovery by reducing the surface
tension at the oil-water interface. Numerous experiments demonstrated that modified
2D nanomaterials can significantly improve the recovery rate of cores. In this paper, the
interfacial tensions at the oil-water interface, and at the 0il—NGO—water interface at three
temperatures of 300, 330, and 360 K, were calculated based on Equation (9) [29], and the
results are shown in Figure 9:

1 1
Y= ELZ Pzz — E(Pxx + Pyy) )

where L, denotes the length of the system in the z-axis direction. pxy, pyy, pz- are denoted
by the pressure tensor in the x, y, and z directions, respectively.

60

300K
330K

360 K

je)l
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-1

Interfacial tension (MN-m™")
£
1

w
o
1

N
o
1

-
o
1

1 2

Figure 9. (1) Change in interfacial tension without and (2) with the addition of NGOs.

In order to compare the effect of conventional surfactants with modified graphene
oxide by reducing interfacial tension, the oil-water surface tension of three systems (dis-
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odium laureth sulfosuccinate DLS, disodium cocoate monoethanolamide sulfosuccinate
DMSS and modified graphene oxide) was measured. The results are shown in Table 6, and
the modified graphene oxide was the most effective in reducing interfacial tension.

Table 6. Comparison of different surfactants for reducing interfacial tension (mN-m™1).

f
, , Surfactant DLS DMSS NGO
Time (Min)
20 69 54 49
40 52 42 36
60 32 32 30

From Table 7, the interfacial tension in both systems decreases with increasing temper-
ature, and the interfacial tension of the system without the addition of NGOs decreases by
7.2 mN-m~! with increasing temperature. The analysis showed that the modified graphene
oxide could still significantly reduce the interfacial tension between oil and water at 360 K,
showing an excellent temperature resistance. The decrease in interfacial tension was ob-
served at all three temperatures with the addition of NGOs, as shown in Table 7, and it was
found that the NGOs could be excellent surfactant substitutes.

Table 7. Variation of interfacial tension (mN-m~1) at different temperatures.

T t
emperature 300 K 330K 360 K
Free Energy

Eqoral/ (K] » mol~! x nm~3) 374.65 312.84 281.32

In the process of tertiary oil recovery, the remaining oil is mainly subject to the com-
bined effect of pressure gradient force, surface tension, cohesive force [30], oil drops and oil
films, which are the main methods of maintaining oil in the pore space. By using interfacial
tension as an important parameter to describe the nature of the oil-water interface, this
paper analyzes the force of oil droplets and oil films in the nanopore space to obtain the
mechanism of tertiary oil recovery to improve the recovery factor.

The cohesive force: When there is relative motion between the oil droplets and the
solid surface, a force that blocks this motion occurs, and a force of this nature is known as
the cohesive force. Pressure gradient force is the constant velocity in the flow through a
small orifice compared with the value of change in pressure per unit time. Surface tension
can be considered as the contraction force acting on the interface of a unit length of liquid.

It can be observed from Figure 10 that, after NGOs were added, the surface tension
(orange line in Figure 10) at the o0il drops and oil films in the remaining oil becomes less
intense, resistance to the three recovery processes and the kinetic energy required at the
injection end decrease, and the remaining oil is more easily displaced.

(b)

Figure 10. Vector diagram of forces on oil droplets and oil film: (a) Force on oil droplets, (b) oil film

stresses.
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4. Conclusions

The binding energies of alkylamines, silanes, and haloalkanes were compared, and
the most stable binding was found for alkylamines. Using this substance as the object of
the study, it was found that the grafted nanoparticles were uniformly dispersed in the
aqueous solution without agglomeration. The lipophilic end aggregated towards the center
of the molecule, showing a dispersion characteristic different from that of conventional
surfactants, which form micelles in solution. After surface grafting of graphene oxide, there
are a large number of polar hydroxyl groups on the surface layer, which exhibit a strong
hydrophilicity, while a large number of alkyl groups exist on one side, showing strong
lipophilicity. Unlike conventional surfactants, a single NGO can exhibit the characteristics
of multiple surfactant molecules at the oil-water interface.

The simulations show that there is a self-aggregation phenomenon of NGOs at the
oil-water interface, specifically the two processes of transport to the oil-water interface and
regular at the oil-water interface. After these two stages, a disordered monolayer interfacial
film can be formed at the oil-water interface, and the interfacial film can make the oil-water
interface irregular, improving the carrying capacity of water to the oil phase. After the
addition of NGO nanoparticles, the increase in temperature reduces the free energy of the
interfacial layer, which reduces the resistance between the nanoparticles and the water
phase, and the NGOs can be dispersed in the oil-water interface faster, thus accelerating
the decrease in the interfacial tension between oil and water. Less energy is required at
the injection end, thus making it easier to displace oil drops in small pores and oil films
adsorbed on rock surfaces in tertiary oil recovery.
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