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ABSTRACT: Carbon dioxide (CO,) injection is a successful
enhanced oil recovery (EOR) technology that is being widely
applied in North American oil fields. Studies have suggested
CO,-based EOR is technically possible in the Middle Bakken
Formation of the Williston Basin in North Dakota. The
swelling of a crude 0il/CO, mixture plays a crucial role in the
CO, flooding process. Therefore, a better understanding of
the effect of CO, on crude oil swelling and viscosity reduction
is critical for a successful CO, EOR project in unconventional
reservoirs such as the Bakken Formation. In this work, a series
of n-alkane/CO, systems were studied by performing

configurational-bias Monte Carlo (CBMC) simulations and molecular dynamics (MD) simulations. The effects of carbon
chain length, pressure, and temperature on the CO, solubility and the swelling factor were investigated. The solubility of CO,
and the swelling factor of the CO,-saturated n-alkane are positively correlated to the pressure, while negatively correlated to the
carbon chain length and temperature. With more CO, dissolved, the interaction energy between n-alkane molecules becomes
less negative, which indicates the swelling of the n-alkane/CO, system. n-Alkanes with a longer carbon chain have a more
negative intermolecular interaction energy and thus have a smaller swelling factor after saturation with CO,. With the increase
of the CO, mole fraction, the viscosity of the n-alkane/CO, system is reduced. n-Alkanes with longer carbon chains have a
larger viscosity reduction with increasing amounts of dissolved CO,. This study provides a reliable assessment of the volume
swelling and viscosity reduction of n-alkane/CO, systems and can further assist the CO, EOR application in the Bakken

Formation.

1. INTRODUCTION

Resulting in incremental oil recovery as well as reducing
carbon dioxide (CO,) emission," CO, injection has become
one of the most common enhanced oil recovery (EOR)
techniques in North America. Many CO, injection projects
have been successfully carried out in Texas, New Mexico, and
Colorado.”™ In recent years, the Middle Bakken formation of
the Williston Basin in North Dakota has become the interest of
CO, EOR applications. The Middle Bakken formation is a
typical tight formation, which holds a huge CO, storage
capacity and the potential of significantly increasing oil
production by injection of CO,.” The predicted recovery
factor of primary oil recovery is less than 10%,”” while using
the CO, injection technique a 2.5-9.4% incremental oil
recovery factor can be obtained.®

Swelling of crude oil by dissolved CO, and reduction of
crude oil viscosity are two main physical mechanisms of the
CO, EOR method.”"® When CO, is injected into a reservoir
and contacts the crude oil, the dissolution of CO, occurs,
thereby causing swelling and density reduction. The swollen oil
droplets will increase the oil saturation and the reservoir
pressure. Some trapped oil will be forced out of the pore spaces
and move toward the fractures or the production well. Thus,
additional oil can be recovered from reservoirs. The system

-4 ACS Publications  © 2019 American Chemical Society 8871

expansion process can reduce crude oil viscosity significantly
and, therefore, increase the mobility of crude oil.

Some experiments''~'* focusing on the CO, dissolution and
swelling effect have been carried out, and various models and
correlations'®™"? have been built to predict the CO, solubility,
crude oil/CO, mixture viscosity, oil swelling factor, etc.
However, experimental studies are often time-consuming and
costly and cannot cover all the conditions, especially for CO,—
crude oil interactions in micro- and/or nanopore spaces in
tight formations. Although models and correlations can predict
many parameters easily, they cannot explain different
phenomena scientifically and thoroughly.

Over the past few years, molecular simulation methods
including the Monte Carlo (MC) method and the molecular
dynamics (MD) method have been widely used to study the
gas solubility and diffusion coefficient in liquids and the
viscosity of gas/liquid mixtures.”~>* Zhang et al.** provided a
reasonable method to study the CO, solubility in octane and
the swelling of the octane/CO, system with a MC simulation.
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Liu et al.** used MD simulations to investigate the effects of
temperature, pressure, and alkane structures on the swelling of
alkane/CO, systems. They inferred that the dispersion
interaction is the main reason for the swelling of the alkane/
CO, system. Moultos et al.*® studied the CO, diffusivity in
various hydrocarbons and reproduced the liquid viscosities
with three different force fields.

While the minimum miscibility pressure (MMP) between
Bakken crude oil and CO, as well as CO, flow in tight Bakken
rocks were studied,”***” more work needs to be done on the
solubility of CO, in Bakken crude oil, the swelling factors of
the crude o0il/CO, system, and the crude oil viscosity
reduction. In this study, five main n-alkanes (octane, decane,
dodecane, tetradecane, and hexadecane) in Middle Bakken
crude oil*® were selected, and a series of configurational-bias
Monte Carlo (CBMC)***° simulations were performed to
study the impacts of pressure, temperature, and carbon chain
length on the solubility of CO, in different n-alkanes and the
swelling of n-alkane/CO, systems. MD simulations were
carried out to study the viscosity reduction of n-alkanes due
to the dissolution of CO,. The main temperature employed in
our simulations is 383 K, which is consistent with the reported
experimental study.*>%*’

This paper is arranged in the following manner. In Section 2
the force fields employed in the study and the simulation
details are discussed. In Section 3 the simulation results and
discussions are presented. Finally, in Section 4 the assessment
of our study and the conclusions are offered.

2. FORCE FIELDS AND SIMULATION DETAILS

2.1. Force Fields. The non-bonded interactions for the
force fields employed in this work were described by the
pairwise additive Lennard—Jones (LJ) 12—6 potentials and the
Coulombic interactions given by

12 6
o, o,
U("[j) = 4g; 2 -2
T Tij

(1)
where ¢; donates the depth of the potential well, 6;; represents
the distance at which the interaction energy of two particles is
minimal, r; is the distance between particles i and j, and g; and
g; are the partial charges for particles i and j, respectively.

In the CBMC simulations, the nonpolar, flexible chain n-
alkane molecules were described by the transferable potentials
for the phase equilibria united-atom (TraPPE-UA) model,*"**
in which methyl (CH;) and methylene (CH,) groups were
treated as pseudoatoms. The Lorentz—Berthelot combining
rules were used to determine the cross-parameters for unlike-
pair interactions. While, in the MD simulations, the L-OPLS-
AA force field®® was selected to describe the n-alkanes, as this
force field is more accurate in reproducing the viscosity of
long-chain alkanes.”* The unlike interactions were evaluated
using the geometric mean combining rule. The CO, molecules
were described by the TraPPE model® with two rigid bonds
and a rigid bond angle.

The non-bonded and bonded parameters for each of the
force fields used in this work are listed in Tables 1—4,
respectively.

2.2. Simulation Details. The CBMC simulations were
performed with a fixed number of 100 n-alkane molecules in a
cubic unit cell for both pure and CO,-saturated n-alkane
systems. The Monte Carlo moves of n-alkane molecules were

a4,
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Table 1. Parameters for Non-Bonded Interactions Used in
CBMC Simulations

atom/group” q; (e) c; (A) &; (kcal mol™")
CH, 0 375 0.195
CH, 0 3.95 0.0914
C 0.70 2.80 0.0537
(e} —0.35 3.05 0.157

“Note: C represents the C in CO,, and O represents the O in CO,.

translation, rotation, and reinsertion. The relative frequency of
the three moves was 1:1:1. For CO,-saturated n-alkane
systems, with the insertion and deletion of CO, molecules,
the systems reached equilibrium at specified temperatures and
pressures. The Monte Carlo moves of CO, molecules were
translation, rotation, reinsertion, and swap. The relative
frequency of the four moves was 1:1:1:1. The grand canonical
(uVT) ensemble”*® was employed for the simulations of
CO,-saturated n-alkane systems. In this ensemble, the
temperature, T, the volume, V, and the chemical potential, 4,
were fixed. The system volume was allowed to change when
the n-alkane was absorbing/desorbing CO,. The volume
change probability was set as 0.05. The total energy, density,
and number of CO, molecules were monitored to check the
equilibration conditions. A truncated and shifted potential with
a cutoff radius of 12 A was used. The number of initialization
cycles and production cycles was 10000 and 50000,
respectively. The simulations were performed for a pressure
range of 2—10 MPa and a temperature range of 323—383 K.
Finally, the average values of the properties of interest were
calculated and analyzed.

Equilibrium molecular dynamics (EMD) simulations were
used in conjunction with the Green—Kubo relation®”** (eq 2)
to compute the shear viscosity of the n-alkane/CO, systems.

V (o]
W0 =17 / (Bt Byt + 1)) dt o

Here, V is the volume of the simulation box, kj is the
Boltzmann constant, T is the temperature, P,; denotes the off-
diagonal components of the pressure tensor, and the angle
brackets indicate the ensemble average.

One hundred twenty-five n-alkane molecules and CO,
molecules with different mole fractions were randomly placed
in a cubic box. The box was then equilibrated in the
isothermal—isobaric (NPT) ensemble for 3 ns. The average
volume of the simulation box during the final 1 ns was
calculated and employed in the following 5 ns canonical
ensemble (NVT) simulation. The long-range electrostatic
interactions were calculated using the particle—particle
particle—mesh (PPPM) method®® with an accuracy of 1075
and a cutoff radius of 14 A. The Nosé—Hoover thermostat*>*!
and Parrinello—Rahman barostat** were applied to control the
temperature and pressure, respectively. Fast-moving bonds
involving hgfdrogen atoms were constrained with the SHAKE
algorithm,*” and the time step was set to 2 fs. The sample
interval, correlation length, and dump interval were set to 10,
400, and 4000 timesteps, respectively. The viscosity was finally
obtained from the last 2 ns NVT production run based on
three independent trajectories.

All CBMC simulations were carried out with the open
source package RASPA 2.0.** The MD simulations were
performed using the LAMMPS package.*> The configuration
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Table 2. Parameters for Bonded Interactions Used in CBMC Simulations”

stretch ro (A) ky (keal mol™ A™2)
CHx—CH}, 1.54 191.77
C-0 1.16 -
bend 0, (deg) ky (kcal mol™ rad™?)
CH,—CH,—CH, 12420
C-0-C -
torsion C; (kcal mol™) C, (kcal mol™") C; (keal mol™) C, (kcal mol™)
CH,~CH,~CH,~CH, 0 0.666 ~0.136 1.573

“Note: x =2 or 3; y =2 or 3.

Table 3. Parameters for Non-Bonded Interactions Used in
MD Simulations

atom® q: (e) o, (A) &;; (kcal mol™)
CT_CH, —0222 3.50 0.066
CT_CH, —0.148 3.50 0.066
HC_CH, 0.074 2.50 0.03
HC_CH, 0.074 2.50 0.0263
C 0.70 2.80 0.0537
(@] —0.35 3.05 0.157

“Note: CT represents C in in the alkane; HC represents H in the
alkane. C represents C in CO,; O represents O in CO,.

snapshots were rendered by VMD software.*® The snapshots
of the systems simulated in this work are shown in Figure 1.

3. RESULTS AND DISCUSSION

3.1. CO, Solubility in n-Alkanes. The definition of CO,
solubility in an n-alkane is the maximum quantity of CO, that
can dissolve in a certain quantity of the n-alkane at a specified
temperature or pressure. The swap move imposes a chemical
equilibrium between the system and an imaginary reservoir for
CO, molecules. Below the concentration of solubility, the
chemical potential of CO, in the solution is lower than that of
the pure CO,, so CO, molecules will transfer from the
reservoir to the system until the saturation is reached. The
solubility of CO, in each n-alkane as a function of pressure and
temperature is presented in Figures 2 and 3, respectively. For
each n-alkane, the solubility of CO, increases with the
increasing pressure and decreases with the increasing temper-
ature. As shown in Figure 2, at 383 K, the solubility of CO, in
n-alkanes with different carbon chain lengths varies slightly at a
low pressure (2 MPa), while CO, is more soluble in n-alkanes
with shorter carbon chain length at a high pressure (10 MPa).

At the temperature of 383 K, the standard deviations of CO,
solubility of five n-alkanes at five different pressures (2, 4, 6, 8,
and 10 MPa) are 0.93, 2.59, 4.46, 7.93, and 13.14, respectively.
At 383 K and 10 MPa, the solubility of CO, in n-octane is 2.09
times the solubility of CO, in n-hexadecane. Similarly, under
the same pressure condition (6 MPa), the difference in
solubility of CO, in n-alkanes between short-chain n-alkanes
and long-chain n-alkanes at a low temperature (323 K) is much
larger than that at a high temperature (383 K), as shown in
Figure 3. At the pressure of 6 MPa, the standard deviations of
CO, solubility of five n-alkanes at three different temperatures
(323, 353, and 383 K) are 15.66, 7.21, and 4.46, respectively.
At 323 K and 6 MPa, the solubility of CO, in n-octane is 1.92
times the solubility of CO, in n-hexadecane.

3.2. Density of Pure n-Alkanes and CO,-Saturated n-
Alkanes. The simulated density values of the pure n-alkanes
are consistent with the experimental data provided in the
National Institute of Standards and Technology (NIST)
database.*” As shown in Figures 4 and $, the density of pure
n-alkanes increases slightly with the increasing pressure and the
decreasing temperature, while the density of CO,-saturated n-
alkanes decreases dramatically with the increasing pressure and
the decreasing temperature. The reason for this phenomenon
can be explained by the impacts of pressure and temperature
on the solubility of CO, in n-alkane. With the increasing
pressure and the decreasing temperature, more CO, can
dissolve in n-alkane, resulting in the expansion of the n-alkane,
and thus the density of the n-alkane decreases.

3.3. Swelling Factor of n-Alkane/CO, Systems. The
swelling factor, an important indicator for quantifying the oil
swelling when CO, dissolves into oil, is defined as the volume
of the saturated CO,—oil mixture divided by the volume of the
oil alone.” The swelling factor of the n-alkanes/CO, system as
a function of pressure and temperature is presented in Figures

Table 4. Parameters for Bonded Interactions Used in MD Simulations

stretch ro (A) ky (keal mol™ A~2)
CT CT 1.529 268.0
CT_HC 1.090 340.0
C-0 1.16 -
bend 0, (deg) ky (kcal mol™" rad™2)
CT_CT_CT 1127 58.35
CT_CT_HC 1107 375
HC_CT_HC 107.8 33.0
C-0-C 180.0 -
torsion C; (kcal mol™) C, (kcal mol™") C; (keal mol™) C, (kcal mol™)
CT_CT_CT_CT 0.645 —0214 0.178 0.000
CT_CT_CT_HC 0.000 0.000 0.300 0.000
HC_CT_CT_HC 0.000 0.000 0.300 0.000
8873 DOI: 10.1021/acs.iecr.9b01268
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Figure 1. Simulation unit cells of (a) pure and (b) CO,-saturated hexadecane (green and blue tubes represent the CH; group and CH, group,
respectively; red and cyan spheres represent O atoms and C atoms, respectively).
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Figure 2. CO, solubility in n-alkanes as a function of pressure at 383
K
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Figure 3. CO, solubility in n-alkanes as a function of temperature at 6
MPa.

6 and 7. The swelling factor of the n-alkanes/CO, system
increases with increasing pressure and decreasing temperature,
which is consistent with the CO, solubility in n-alkanes. n-
Alkanes with a shorter chain length have a higher swelling
factor when saturated with CO,, which indicates that light oil
has a higher swelling factor than heavy oil. The simulation
results agree well with the experimental ones in ref 16. The
swelling factor is a function of the amount of dissolved CO, as
well as the size of the oil molecules.

8874
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Figure 4. Density of pure (dashed lines) and CO,-saturated (solid
lines) n-alkanes as a function of pressure at 383 K.
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Figure S. Density of pure (dashed lines) and CO,-saturated (solid
lines) n-alkanes as a function of temperature at 6 MPa.

3.4. Interaction Energy. As the n-alkane molecule and
CO, molecule are both nonpolar, the intermolecular forces
both belong to the London dispersion force, and we would
expect that they are soluble in each other. The interactions of
these molecules arise solely from the dispersion energy, which
will be referred to as the “interaction energy” in this paper. The
interaction energies of pure n-alkanes at specified pressures and
temperatures are calculated, as shown in Figure 8. The n-
alkanes with shorter chains have a less negative intermolecular
interaction energy, which means it is easier for molecules to
separate from each other, so a higher swelling factor can be
observed when octane is saturated with CO,.
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Figure 6. Swelling factor
pressure at 383 K.
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Figure 7. Swelling factor of n-alkane/CO, system as a function of
temperature at 6 MPa.
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Figure 8. Interaction energy of pure n-alkane molecules at 383 K and
10 MPa.

The interaction energy of n-alkane—n-alkane, CO,—CO,,
and n-alkane—CO, in the n-alkane/CO, system are also
analyzed. Taking hexadecane (Figure 9) as an example, the
interaction energy between hexadecane and CO, molecules
becomes more negative with the increasing pressure, while the
interaction energy between hexadecane molecules becomes
less negative. This is because more CO, molecules dissolve in
the hexadecane and occupy the intermolecular space of
hexadecane molecules.
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Figure 9. Interaction energy as a function of pressure in the
hexadecane/CO, system at 383 K.

The less negative n-alkane—n-alkane interaction energy with
the increasing pressure indicates that the diffusion capacity of
oil molecules increases when more CO, molecules are
dissolved. Both the 0il—CO, interaction and the CO,—CO,
interaction are responsible for the oil swelling. In contrast with
the 0il—CO, interaction energy, the CO,—CO, interaction
energy contributes a tiny amount to the total interaction
energy. As a consequence, the oil swelling is predominantly
due to the 0il—CO, interaction.

3.5. Viscosity Reduction of n-Alkane/CO, System. The
viscosities of pure n-alkanes and CO, at 383 K and 35 MPa are
computed and compared with the experimental data in the
NIST database.”” All of the simulation results are in good
agreement with the NIST data, yielding a viscosity value within
4% of the experimental one (except 9.5% for dodecane), as
shown in Figure 10.

0.7+
I simulation results

| I NIST data

o
)

mPa's)
o
5}

e
iN

e
w

Viscosity (103

o
[N]

°©
-

0.0 CO;

octane

decane dodecane

Figure 10. Interaction energy as a function of pressure in the
hexadecane/CO, system at 383 K.

With the increase of the CO, mole fraction, the viscosity of
the n-alkane/CO, system is reduced (Figure 11). The viscosity
and the CO, mole fraction are approximately in a linear
relationship. The slopes of these viscosity trend lines (dotted
lines in Figure 11) show that the n-alkanes with longer carbon
chains have a larger viscosity reduction with increasing CO,
mole fraction. The average viscosity reduction rate is about
45% when the CO, mole fraction is 60%.

The viscosity of crude oil is reduced dramatically when
dissolving CO, in oil, but it is still much higher than the CO,

viscosity. When CO, is injected into a reservoir, it possibly will

DOI: 10.1021/acs.iecr.9b01268
Ind. Eng. Chem. Res. 2019, 58, 8871-8877


http://dx.doi.org/10.1021/acs.iecr.9b01268

Industrial & Engineering Chemistry Research

0.8r & I octane
i ¥ decane
07l 3 . dodecane
@ — . £§ ¥ tetradecane
% 06 I S ¢ hexadecane
Q05 # e b
> I i I
§ 0.4r e L i %
K] e S S
>0.3 R e — .
“““““ i‘““‘“-»-*;
o2r T i
0 10 20 30 40 >0 60

CO, Mole Fraction (%)

Figure 11. Viscosity of n-alkane/CO, system as a function of CO,
mole fraction at 383 K and 35 MPa.

cause early breakthrough of CO, because of its low viscosity
and high mobility, which reduces the sweep efficiency. CO,
foam or CO, emulsion can viscosify the CO, and further
enhance the oil recovery. In future studies, we will focus on the
interactions between the crude oil and CO, confined in
nanopores and the methods to improve CO, sweep efficiency.

4. CONCLUSIONS

In this study, CBMC and MD simulations were carried out to
investigate the volume swelling and the viscosity reduction of
the n-alkane/CO, systems. Results from the CBMC simu-
lations indicate that pressure, temperature, and oil composition
are the main factors impacting the CO, solubility, density, and
swelling factor of the n-alkane/CO, system. Both the CO,
solubility and the swelling factor of the n-alkane/CO, system
increase with increasing pressure and decreasing temperature.
The CO, solubility and swelling effect are more pronounced in
light oil. The pressure and the temperature have a negligible
effect on the density of pure n-alkanes, while the density of
CO,-saturated n-alkanes decreases dramatically with the
increasing pressure and the decreasing temperature. The
interaction energy between n-alkanes and CO, can reasonably
explain the swelling process.

The MD simulation results show that the viscosity of the n-
alkane/CO, system is approximately in an inversely propor-
tional relationship with the mole fraction of dissolved CO,.
The average viscosity reduction rate is about 45% when the
CO, mole fraction is 60%. However, the viscosity of the
mixture is still much higher than the CO, viscosity. In order to
enhance the oil recovery with CO, injection, more research
should focus on controlling the CO, mobility and improving
the sweeping efficiency.

Molecular simulation studies provide better insight into the
interactions between oil components and CO, at the molecular
level. The application of molecular simulation methods can
play an important role in interpreting experimental results and
providing guidance for practical oil recovery processes in the
Bakken Formation.
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