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CO; injection (EOR and sequestration technique) creates the amalgamation of hydrocarbons, CO,, and
aqueous brine in the subsurface. In this study, molecular dynamics (MD) simulations were used to
investigate the diffusivity of hydrocarbon molecules in a realistic scenario of supercritical CO, (SC-CO5,)
injection in the subsurface over a wide range of pressures (50 < P < 300 bar) and aqueous brine
concentrations (0, 2, and 5% brine). To overcome existing challenges in traditional diffusivity calculation
approaches, we took advantage of fundamental molecular-based methods, along with further
verification of results by previously published experimental data. In this regard, computational methods
and MD simulations were employed to compute diffusion coefficients of hydrocarbons (benzene and
pentane). It was found that the presence of water and salt affects the thermodynamic properties of
molecules where the intermolecular interactions caused the hydrophobic hydration of hydrocarbons
coupled with ionic hydration due to hydrogen bond and ion-dipole interactions. Based on these results,
it is demonstrated that the formation of water clusters in the SC-CO, solvent is a major contributor to
the diffusion of hydrophobic molecules. The outcome at different pressure conditions showed that
hydrocarbons always would diffuse less in the presence of water. The slopes of linearly fitted MSD of
benzene and pentane infinitely diluted in SC-CO, is around 13 to 20 times larger than the slope with
water molecules (4 wt%). When pressure increases (100-300 bar), the diffusion coefficients (D) of
benzene and pentane decreases (around 1.2 x 107° to 0.4 x 102 and 2 x 10 °to 1 x 107" m? s7%,
respectively). Furthermore, brine concentration generally plays a negative role in reducing the diffusivity
of hydrocarbons due to the formation of water clusters as a result of hydrophobic and ionic hydration.
Under the SC-CO, rich (injection) system in the shale reservoir, the diffusion of hydrocarbon is
correlated to the efficiency of hydrocarbon flow/recovery. Ultimately, this study will guide us to better
understand the phenomena that would occur in nanopores of shale that undergo EOR or are becoming
a target of CO, sequestration.

Introduction

There has been a growing attention to CO, injection (EOR and
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sequestration) in the subsurface as a possible solution to alle-
viate CO, emission into the atmosphere as a major cause of the
greenhouse gas effect."> However, it is well known that super-
critical carbon dioxide (SC-CO,) has the advantage of being non-
toxic, non-flammable, and in a good chemical stability as
a viable green alternative solvent in various disciplines such as
pharmaceutics, materials, chemistry, and energy.® Considering
significant changes that happen in the density of a supercritical
fluid, its compressibility and thermal expansion coefficient will
change too, which ultimately alters other properties such as
viscosity and diffusivity. This is also accompanied by
a substantial shift in the kinetics and equilibrium,* which can
become useful in a variety of ways including extraction and
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separation processes in CO, injection operations to further
manipulate the solubility and mass transfer (diffusivity).?

As mentioned above, CO, injection in the subsurface is done
for producing hydrocarbons (oil/gas) or sequestering CO, in
deep high-pressured reservoirs that includes aqueous brine in
the system.” Commonly, at such depths, temperature and
pressure conditions will dictate that CO, should exist as
a supercritical fluid that can mix with a wide range of concen-
trations of hydrocarbon and aqueous brine. Although various
characteristics of supercritical fluids, including CO, have been
measured, they are not yet fully exploited for industrial appli-
cations. This is because it is experimentally not feasible to
understand such characteristics and change in behavior at very
high temperature and pressure conditions.*” Hence, computa-
tional methods such as molecular dynamics (MD) simulation by
taking advantage of fundamental molecular-based methods®
can overcome existing challenges in traditional methods.

The infinite dilution diffusion coefficient (D) is an important
property to accurately describe mass transfer by revealing
a combination of effects that involves intermolecular interac-
tions specially in separation processes.*® D, which is a time-
dependent property can be studied by both experimental/
predictive equation measurements’®™ and computational
calculations,***® under various temperatures, pressures, and
compositional conditions. One of these challenging scenarios
that involve hydrocarbons, brine, and SC-CO, is the injection of
CO, in the subsurface for sequestration and/or enhanced oil
recovery.

Previously, we investigated the evolution of organic
compounds during thermal maturation by spectroscopic tech-
niques.”?® Next, to understand gas adsorption in a mixture of
fluids, including CH, and CO,, the interactions that take place
between CH,, CO,, and aqueous brine in nano-pores of the
organic compound was examined.** The present work is the
extension of our previous studies into the infinitely diluted
hydrocarbons in SC-CO, and aqueous brine. In particular, we
analyzed the interactions between molecules in such mixtures
and estimated D of aromatics and aliphatic hydrocarbons in the
presence of SC-CO, and aqueous brine concentrations. The
prediction of fluid behavior in such an environment and
mixtures is an important phenomenon in CO, injection
processes that have not been studied to the best of author's
knowledge. For this analysis, D of hydrocarbon in a CO,-rich
environment was calculated via MD simulations at varying
concentrations of brine and pressures by tracking their mean
square displacement (MSD).'*'*?> Regardless of the operation
being EOR or sequestration, studying the diffusivity of hydro-
carbons in SC-CO, conditions where other fluids and NacCl salt
are present will become essential to understand the flow of
hydrocarbons in reservoir conditions. The simulations were
further employed to understand intermolecular interactions
considering hydrogen bond (H-bond) and ion-dipole interac-
tions, which would affect the diffusivity of hydrocarbons under
different mole fractions and pressures. In this regard, we
demonstrated the combination of intermolecular interaction
effects involving hydrophobic hydration and clustering of water
molecules surrounding non-polar solute (hydrocarbon) to occur
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with the free energy change reducing the exposed surface area
to the solvent.*** Authors believe this approach could become
especially of interest to model high-pressure subsurface
conditions that are difficult to experimentally investigate. Ulti-
mately, this investigation enables us to establish necessary
correlations to predict limiting asymptotic behavior of molec-
ular diffusivity in different conditions and fluidic
environments.

Materials and methods
Intermolecular potentials

To accurately calculate properties of interest by MD simula-
tions, intermolecular potentials were selected based on the
literature that provides reliable force fields (see ESI}).2**
Hence, the semi-empirical classical potential called elementary
physical model (EPM2) was used for carbon dioxide,*® and the
TIP4P/2005 was used for the representation of H,O molecules.””
For the aromatic hydrocarbon, the optimized potentials for
liquid simulation-all atoms (OPLS-AA) model was adopted
because it has already been validated for simple compounds
(light hydrocarbons)**?® similar to what is being modeled here.
Moreover, L-OPLS (an optimized OPLS-AA) was used for
modeling aliphatic hydrocarbons, which suggests a further
improvement for longer chain alkanes in diffusion problems.**
Na' and Cl~ ions were represented by the TraPPE force field
using the parameters proposed by Smith and Dang.** The total
interactions between molecules were calculated as the sum of
Lennard-Jones (LJ) and Coulomb interactions. The L] function
represents the van der Waals forces, which describes the
repulsive and attractive interactions between two molecules or
atoms that temporarily create an induced dipole moment
occurring by the motion of electrons. Likewise, the Coulomb
function demonstrates particle interactions due to their
permanent dipole moments that attract and repel one another.*

Molecular dynamics simulations

MD simulations were performed in the isothermal-isobaric
(NPT) ensemble with the LAMMPS simulation package® in
a three-dimensional simulation box with periodic boundary
conditions imposed in all directions. To acquire the infinite
dilution concentrations at desired temperature and pressure
conditions,**™*” 0.1% of mass fraction of solute (hydrocarbon)
was retained in all simulation scenarios. The system was
initially allowed to equilibrate for a period of 5 ns with inte-
gration using a Nose-Hoover thermostat and barostat, where
the density of the system converged to a mean value corre-
sponding to the temperature and pressure conditions. Both the
LJ and Coulomb interactions were modeled using a cut-off
distance of 1.4 nm. The long-range coulombic interactions
(beyond the 1.4 nm cutoff) were computed using the particle-
mesh Ewald scheme (PME) with an accuracy of 10~*. These
potentials that were achieved through trial and error summed
over all sites to obtain the total intermolecular interactions.
Furthermore, production simulations were performed for 10 ns,
while the temperature and pressure were maintained constant
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with a coupled thermostat. All simulations in this work con-
tained 3000 molecules of the solvent (CO, rich) and 1 molecule
of the selected hydrocarbon (aromatic and linear alkane) to
resemble infinite dilution conditions. Moreover, for the case
when water is in the system, around 4 wt% of the total system
comprises water molecules. Monitoring of potential energy,
pressure, and temperature during the production simulations
confirmed that they were well stabilized with minor fluctua-
tions, <1% for temperature. The molecular trajectories were
sampled every 1000 steps to enable calculating desired
parameters.

MD simulations with the same initial coordinates and the
mean square displacement (MSD) tracking atomic motion in
the systems were calculated by running an average of MSD of 15
trajectories. The independent MD simulations were conducted
using different random seeds to generate initial velocities.*®
Molecular diffusion, which describes the spread of molecules
through random motion (diffusion coefficient), is performed via
the following formula by the Einstein relation based on calcu-
lating the MSDs:*

D= lim é[r(z) —HO)P
where D is the diffusion coefficient at infinite dilution, ¢ is the
time, r(t) is the position of a molecule at time ¢, and the average
value is carried out over the time origin. Then, the slope of
scattered lines of MSD would help to predict the diffusion
coefficient."”

Results and discussions

Molecular dynamics (MD) simulations have been utilized to
determine the diffusivity of hydrocarbon molecules in selected
and various conditions. Diffusion coefficients were obtained via
calibration in the simulation setting and selection of the
appropriate molecular force field as explained earlier. A total of
15 simulations were run independently, with the same system
conditions with a different ensemble of velocities using
a random number, to avoid a relatively larger discrepancy with
the experimental result.

First, to validate the results of MD simulations, calculated
diffusion coefficients (D) of water and benzene infinitely diluted
in SC-CO, are compared with available experimental data'®**~*>
as shown in Fig. 1. The diffusion coefficients of water in
a pressure interval of 134 to 300 bar were calculated at
a constant temperature of 308 K; for the infinitely diluted
benzene in SC-CO, at 333 K, the simulations were performed
between 130 and 350 bar.

Despite D being determined by calculating the average
results of 15 independent MD simulations, the overall diffusion
coefficient of both water and benzene are higher than experi-
mental data. We speculate that the discrepancy between simu-
lation results and experimental data could be due to inaccuracy
in internal degrees of freedom of molecules, which could occur
for isotherms at higher pressures.*® Unlike the case of self-
diffusivity of molecules, the mixture of hydrocarbon and CO,
would create a more complex system considering the number of
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degrees of freedom compared to the water-CO, mixed system.
Fig. 1 shows that D of water in SC-CO, is relatively closer to
experimental data than benzene for isotherms at higher pres-
sures. Given these observations, we note that the simulation
results have considered the lack of accuracy of absolute diffu-
sivity values because of selected force field models under the
condition of SC-CO, solvent at high pressures.

However, although the absolute values of calculated D
demonstrate certain differences with experimental data, overall
satisfactory correlations have been achieved between the
simulation results and experimental data for both water and
benzene (R* of 0.916 and 0.764, respectively) in Fig. 1. Ulti-
mately, based on these results, the diffusivity trend of the
molecule is significantly can be changed to highly in the
selected solvent (CO, molecule) at all pressure ranges.

Hydrophobic hydration of hydrocarbons

A major aim of this study is to understand the diffusion of
particles in reservoir pressure and temperature conditions
during CO, injection and sequestration. To understand the
corresponding phenomena based on the presence of these
fluids, the presence of salt (halite mineral), which is ubiquitous
in the subsurface environment should not be neglected, as
another essential particle in the system.

As shown in Fig. 1, in addition to the earlier diffusion
calculations for water and benzene in SC-CO, separately and
individually, infinitely diluted aromatic (benzene) and aliphatic
(pentane) hydrocarbons diffusivity were examined in the CO,
solvent that contains water and salt (NaCl) under selected
pressure and temperature conditions. For all simulations that
contained water molecules (4 wt%), it is observed that water
molecules were aggregated around the hydrocarbon molecules
at varying salt concentrations (0, 2, and 5% brine). Fig. 2 shows
that water aggregation occurs, which has minimized the free
energy of the whole system. We observed a drop in the energy of
the system at the early stages of the simulation (see ESIf) and
then the system reaches equilibrium to form H-bond and
hydration structure around the hydrocarbons.

The hydrocarbon molecules come to equilibrium positions
in the clustered water structure, which happens at the hydro-
carbon-CO, interface with hydrogen bonds (Fig. 3). Developing
the water molecule structure surrounding the hydrocarbon
occurs while forming hydrogen bonds or by losing free energy.
The hydrophobic molecule and water molecules interact
through multiple van der Waals forces forming hydration
structure because of flexibility in the spatial arrangement of
water molecules.**® Hydrogen bonds (H-bonds) between water
molecules have been induced and formed around hydrocarbons
as the hydrophobic hydration in the CO, solvent system.
Moreover, due to non-zero dipole attractions of water mole-
cules, the cluster of hydration is observed around ions (Na" and
Cl7) in SC-CO, conditions too. The dipole moment of water
molecules is favorably engaged by the interaction with ions in
the system.”” However, because the CO, molecule is non-polar
comprising symmetrical dipole bonds, it can form relatively
weaker bonds with other molecules.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Correlation between calculated and previously published experimental diffusion coefficients of (left) water and (right) benzene infinitely
diluted in supercritical carbon dioxide (SC-CO,) at different pressures.104°-42

Fig. 3 shows that the first hydration structure has occurred
around the hydrocarbon molecule in the CO, solvent system
with relevant energy levels. The hydrogen bonds are considered
when the 0-O distance is within 3.5 A, and the HO-O bond
angle is less <30°.***° Both systems of benzene and pentane
infinitely diluted in CO, with 4 wt% pure water exhibited the
generation of the hydration shell by employing hydrogen bonds
as shown in Fig. 3a and d, respectively. However, in Fig. 3b and
e, salt ions seem to interfere with the formation of the hydration
structure around the hydrocarbon molecules. Slight changes in
the intensity of the RDF (radial distribution function) is
observed when brine concentration is increased (Fig. 3¢ and f).
The hydration structure develops when hydrogen bonds and
salt ions engage in the dipole moment of water molecules.
Therefore, when the number of salt ions increases because of
brine concentration, the density of water molecules that are
aligned in hydration structure decreases at the distance of
hydration shell ~3.5-5 A, as shown in Fig. 3c and f. It indicates
that the ions immerse in the first hydration shell and interfere
with the hydrogen bonds. However, reverse trends are revealed
as the distances between water and hydrocarbons grow farther

Fig. 2

{27,

away from the benzene and pentane molecules at 7 A and 5 A,
respectively. The RDF results exhibit that salt concentration
affects the number of water molecules, which could be involved
in H-bond and ion-dipole interaction, as per the distance
between water and hydrocarbon atoms. In other words, this
indicates that the presence/adding of salt ions led to an increase
in the number of water molecules outside the first hydration
shell. The increased brine concentration effect is explained by
observing water structure around Na" and CI~ ions that caused
larger aggregates and more clusters of hydration around
hydrocarbon molecules. This happens because water molecules
that are around these ions are highly polarized,” while the
presence of such ions can considerably increase the strength of
hydrogen bonds within the geometry of the hydrogen bonds.>*
Therefore, it is concluded that the combination of hydrophobic
and ionic hydration phenomena would lead to a denser and
bigger water structure. In this regard, the brine that can exist
at low salinity (1%) and high salinity (>5%)°* would affect
the thermodynamics and kinetics of particles under true
reservoir pressure that should be considered in a CO, injection
process.

(a) Snapshots of initial diffusion simulation containing hydrocarbon (pentane), water, and CO, molecules; the mixture consists of 3000

CO, molecules, 320 water molecules, and 1 pentane molecule with color codes as: carbon: cyan; oxygen: red; hydrogen: white using molecular
graphics program.** (b) The system reaches to an equilibrium status forming a water structure around pentane.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The snapshots of hydrophobic hydration shell that is developing around (a) benzene and (d) pentane molecules at 333 K and 200 bar in
SC-CO, with 4 wt% pure water, (b) benzene and (e) pentane in SC-CO, with 5% brine (4 wt%). The snapshots (a, b, d and e) show that water
molecules connecting hydrogen bonds within around 5 A from the benzene molecule color codes as: carbon: cyan; oxygen: red; hydrogen:
white; sodium: green; chloride: yellow. The radial distribution function (RDF) between water and the molecules; (c) benzene and (f) pentane with
increasing brine concentration.
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Fig. 4 Linear fits of MSD calculations for hydrocarbons infinitely diluted in SC-CO,; (a) benzene at 130 bar and (b) pentane at 100 bar in the

presence (4 wt%) and absence of water at 333 K.

Diffusivity of hydrocarbons

Fig. 4 shows that the average travel distance of hydrocarbon
molecules over time exhibits a strong dependency on the pres-
ence of water (4 wt%) in the SC-CO, system. The slope of linearly
fitted MSD of benzene infinitely diluted in SC-CO, is around 20
times larger than the one with moisture (Fig. 4a). Moreover, the
MSD slope for pentane shows 13 folds of difference between the
case when water is missing from the system and in its presence
(Fig. 4b). We confirmed that this is the outcome of a scenario at
different pressure conditions where hydrocarbons always show
significantly lower diffusion in aqueous systems. Thus, the
results indicate that both benzene and pentane diffusivities are
highly affected by the formation of hydrophobic hydration
based on the observations in Fig. 3 and 4.

Brine concentration has an impact on intermolecular inter-
actions between water and hydrophobic molecules by changing
the hydration structure.® As discussed previously (Fig. 3), the
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results show that adding salt can affect interactions between
salt ions and water molecules. Although diffusivity expresses
relatively minor changes due to high-pressure conditions (over
100 bar), salt plays a role in reducing the diffusivity of hydro-
carbons as shown in Fig. 5. In Fig. 5a, the calculated D of
benzene clearly exhibits that adding salt to the system would have
a negative impact in all pressure ranges. However, the calculated D
of pentane shows that it is relatively less affected by the salt in the
system (Fig. 5b). We also found that the calculated D of both of
these two hydrocarbons in SC-CO, condition is around 25% of the
case when CO, is in the gaseous phase at lower pressures (at 50
bar) regardless of the brine concentration. Ultimately, as the
pressure in the system increases, the calculated diffusion coeffi-
cients (D) in all simulation scenarios start to decrease.

As we discussed the effects of adding the salt, the hydration
water shell around ions (Na“ and Cl7) occurs by agglomerated
water molecules. In this regard, water molecules that are
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Fig. 5 Calculated diffusion coefficient of (a) benzene and (b) pentane infinitely diluted in CO, at different pressures (50 to 100 bar) and 333 K

temperature.
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polarized by the neighboring ions can considerably enhance the
strength of hydrogen bonds through the change in the geometry
of hydrogen bonds.”** Consequently, the aggregation of
hydrophobic and ionic hydration water structure (Fig. 2 and 3)
creates a larger structure. This could be the main reason for
lower diffusivity in hydrophobic molecules (hydrocarbon) in the
presence of brine as compared to the absence of water and/or
brine in the system. Therefore, it can be concluded that the
relationship between the brine concentration and diffusivity is
not monotonic, and a hydration effect should be expected to
happen as a major phenomenon in the CO, solvent.

CO, injection for producing hydrocarbons that are hydro-
phobic in an aqueous environment takes place in the deep high-
pressured reservoir in SC-CO, conditions. The diffusivity of
hydrocarbon in the CO, rich system is highly correlated with
a combination of effects involving intermolecular interactions.
The water cluster surrounding a non-polar hydrocarbon could
occur by hydrophobic hydration (H-bond) and ionic hydration
(ion-dipole) between hydrocarbon and brine (water and salt
ions) molecules. The agglomerate of hydrocarbon and brine
molecules leads to a significantly smaller diffusivity in a CO,
rich system. Therefore, it would affect the flow of hydrocarbon,
which is the main goal in EOR considering the separation and
diffusion phenomena that play a major role in CO, EOR/
separation. Based on the outcome of this study where we
observed interactions between water and other molecules
(hydrocarbon and salt) that caused hydration effects in the SC-
CO, system, it is important to note that further study is required
to understand molecular behavior in the reservoir pressure and
temperature when a variety of hydrophobic molecules exist in
the system.

Conclusion

During CO, injection (EOR/sequestration) process, the diffu-
sion characteristics of hydrocarbons (oil/gas) in SC-CO, fluid
containing the aqueous brine is important to understand the
hydrocarbon flow at reservoir conditions. In this study, MD
simulations were conducted to explore particle diffusion
behavior considering the interrelated combination of effects
involving intermolecular interactions. In an EOR/sequestration
process in the subsurface, both CO, and interstitial water
mutually dissolve and subsequently diffuse until thermody-
namic equilibrium is reached. The diffusivity of hydrocarbon
molecules and hydrophobic hydration around hydrocarbon
molecules in SC-CO, solvent were observed in this study and the
following conclusions were made:

@ The presence of water and salt affects the thermodynamic
properties of the system, and the interactions between water
molecules and others (hydrocarbon, CO,, and salt) give rise to
the hydrophobic hydration. Results demonstrated that water
cluster formation in the SC-CO, solvent is a major contributor
to the diffusion of hydrophobic molecules (both aromatic and
aliphatic hydrocarbons).

@ Due to water dipole attraction, the cluster of hydration is
observed around ions (Na* and Cl7) in selected SC-CO, condi-
tions. The combination of hydrophobic and ionic hydration
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water structure can increase the size of the water structure in
SC-CO,.

® The outcome at different pressure conditions shows that
hydrocarbons always show significantly lower diffusion in the
aqueous system. The calculated diffusion coefficient (D) from
all simulations exhibited decreasing trends as the pressure
increased.

@ Finally, the brine concentration plays a negative role in
reducing the diffusivity of hydrocarbons due to the water
structure formation as a result of complex hydrophobic and
ionic hydration.
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