A \
L
A4

http://pubs.acs.org/journal/acsodf

HeoO606

Molecular Simulation Study on the Density Behavior of n-Alkane/
CO, Systems

Youhui Wang, Yulong Chen,* Junliang Wang,* Zhiyan Pan, and Jun Liu

I: I Read Online

Article Recommendations ‘

Cite This: ACS Omega 2021, 6, 29618-29628

ACCESS |

ABSTRACT: The density and volumetric behavior of three typical n-alkanes (hexane, nallaze  + CO,
octane, and decane) influenced by different mole fractions of CO, injected in them at
temperatures from 303 to 363 K and pressures from 3.8 to 8.67 MPa were investigated
by performing molecular dynamics simulations. It is shown that the mass density first
increases and then decreases with increasing CO, mole fraction. Correspondingly, the
system volume only slightly swells at low CO, contents while suddenly expanding when
the CO, mole fraction exceeds a value of ~60%. The calculations of structural |
properties and interaction energies indicate that at low CO, mole fractions, there are a 5
few CO, molecules existing in the gap of alkane molecules, resulting in poor
compressibility, while at higher CO, concentrations, the CO, molecules begin to
separate from the CO,-saturated alkane phase and form a gas phase, leading to higher !
compressibility. Therefore, at high CO, mole fractions, the system density and volume °
can more easily be changed by temperature and pressure than that at low CO, mole
fractions. In addition, since it is harder for alkanes with longer chains to separate from

each other, the volume swelling decreases and the density increases with increasing carbon number of n-alkane chains. Finally, we
found that the increase in CO, mole fraction, temperature, and the decrease in alkane chain length would promote the diffusion of
both CO, and alkane molecules. However, the influence of pressure on molecular diffusion is very limited except when P = 8.67 MPa
and T = 333 K, where CO, is in the supercritical state. This work is helpful for understanding the density and volumetric behavior of
n-alkane/CO, mixtures at a molecular level and provides useful information for guiding carbon sequestration and CO,-enhanced oil
recovery.
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1. INTRODUCTION

Over the past 200 years, trillions of tons of anthropogenic
carbon dioxide (CO,), mainly from the combustion of fossil
fuels, have been emitted into the atmosphere, which plays a
key role in 2global warming and leads to serious environmental
problems.”” Only between 1901 and 2010, the global warming
resulted in a 20 cm increase in the global mean sea level.” To
mitigate severe events of climate change, many countries have
proposed plans to achieve the goals of carbon emission peak
and carbon neutrality in the coming decades.”

Carbon capture and storage (CCS), i.e., capture of CO,
from exhaust gases, followed by storing it in an appropriate
natural reservoir, is an important solution for the reduction of
anthropogenic CO, emissions.”™” Injection of CO, into oil-
bearing reservoirs is one of the most promising options that
not only can reduce CO, accumulation in the atmosphere but
also can improve oil recovery.'’~"? Specifically, this technology
can sequestrate 60% of the injected CO, underground and can
enhance oil recovery by 10—15%."* As CO, is injected into an
oil-bearing reservoir, it will dissolve in the crude oil and can
change the thermodynamic properties of the mixture, such as
density, volume, and phase, which are crucial for fluid diffusion
and migration.” ™" Therefore, the variation of oil properties
after injecting CO, needs to be sufficiently understood for
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ensuring the safety and efliciency of the CO,-enhanced oil
recovery (EOR) projects.

Many experiments focusing on the density and swelling
effect of alkane/CO, systems have been carried out.”' > A
very recent review study by Zhao et al.*”* summarized that the
saturated and compressed-liquid densities of decane/CO,
solutions have been measured comprehensively with temper-
atures reaching 510.9 K and pressures up to 76.4 MPa.
However, density data for other alkane/CO, systems are
limited to a certain range of pressure and temperature at the
phase-equilibrium and compressed-liquid states. The measure-
ment of the density near the supercritical state of the alkane/
CO, solutions remains a big challenge. Simultaneously,
experimental studies are often costly and time-consuming
and cannot gain information from a microscopic perspective.
Although various models and correlations have been developed
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Figure 1. Temporal evolution of relative concentrations of CgH 5 (black) and CO, (red) along the z axis for an initially phase-separated octane/
CO, system under an NPT ensemble at P = 7.69 MPa and T = 333 K: (a) t = 0, (b) 20, (c) 100, (d) 300, (e) 1000, and (f) 1500 ps. The insets

show the corresponding simulation snapshots.

to predict the thermodynamic properties of the alkane/CO,
systems under specific conditions, the prediction ability and
generality still need to be verified and improved.*

With the progress in computing technology, molecular
simulation methods, such as Monte Carlo (MC) and
molecular dynamics (MD), have attracted increasing attention
in studying the behavior of gas/liquid mixtures, which
potentially allow for significantly shorter turnaround times
and microscopic insights into the system. Using molecular
simulation approaches, attempts have been made to under-
stand the solubility and diffusivity of CO, in various
alkanes,”' ™ the interfacial pro erty,34_37 phase equili-
brium,*”** volume swelling,”’”’ ® and the reduction in
viscosity"” of the alkane/CO, systems. Liu et al.”” investigated
the effects of temperature, pressure, and alkane structure on
the volume swelling of CO,-saturated alkanes (decane, octane,
hexane, and cyclohexane) by performing MD simulations. In
their work, the solubility of CO, in the alkanes was taken from
experimental data. Zhang et al.”* calculated the CO, solubility
in octane and investigated its effect on octane by means of
configurational-bias MC simulations in the osmotic ensemble,
showing that the interaction between octane and CO, is the
main cause of the octane swelling. By combining MD and
configurational-bias MC simulations, Li et al*® studied the
effects of alkane chain length, pressure, and temperature on the
CO, solubility, volume swelling, and viscosity reduction of
CO,/n-alkane (octane, decane, dodecane, tetradecane, and
hexadecane) systems. Very recently, Zhang et al.** also used a
combined MC and MD simulation approach to investigate the
CO, solubility in two well-known alkanes named decane and n-
eicosane and to understand the effect of CO, solubility on the
density, specific volume, swelling, static structure, diffusion,
and viscosity of CO,-saturated alkanes.

As illustrated above, despite the fact that fruitful insights
have been achieved, most of the published molecular
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simulation works only focused on the volume swelling of
CO,-saturated alkanes. Minimum efforts were allocated to
investigate the volumetric behavior of alkane/CO, systems
influenced by different mole fractions of CO,. Moreover, there
are also a few simulations concentrating on the change in oil
phase density after injecting CO, since it may not look like an
oil recovery mechanism compared to oil viscosity reduction
and oil swelling. However, many previous experimental studies
have shown that the density of alkane/CO, mixtures first
increases with increasing CO, mole fraction but decreases at
higher CO, concentrations and higher temperatures.”"*>~**
An increase in oil phase density should result in an increase in
gravitational forces acting on oil ganglia, which is favorable for
gravity-assisted gas injection scenarios because higher gravita-
tional forces could lead to drainage of oil through the oil layer
present in the cervices of pores and their reconnection and
production.*”

Therefore, in this work, the density and volumetric behavior
of three typical n-alkanes (hexane, octane, and decane)
influenced by different mole fractions of CO, injected in
them were systematically investigated by means of all-atom
MD simulations. The ranges of temperature and pressure
studied are from 303 to 363 K and from 3.8 to 8.67 MPa,
respectively, corresponding to the reservoir conditions of oils
at depths of around 1-3 km.>* To understand the underlying
microscopic mechanism, the conformation, packing structure,
and interaction energy between molecules were also analyzed.
Finally, the influences of density and volumetric behavior on
the molecular diffusion of CO, and alkanes were also
investigated since it is directly correlated with carbon
sequestration and oil recovery. The study on alkane density
change at a molecular level would assist in evaluating the effect
of CO, on the underground hydrocarbon recovery and the
environmental safety for CO, storage.
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Figure 2. Density of the hexane/CO, system as a function of CO, mole fraction: (a) at a fixed pressure P = 7.69 MPa but at different temperatures
and (b) at a fixed temperature T = 333 K but at different P values as indicated. (c) Densities of different n-alkane/CO, systems as a function of
CO, mole fraction at P = 7.69 MPa and T = 333 K. The red open circles and the orange open diamonds in panel (a) represent experimental data
taken from Wang et al.”” at T = 333 K and P = 8.08 MPa and from Tolley et al.*® at T = 308 K and P = 7.50 MPa, respectively. The violet open
circles and diamonds in panel (c) represent the density data of decane/CO, systems at T = 333 K and P = 8 MPa taken from Zaiiga-Moreno et

al?® and Song et al,*® respectively.

2. SIMULATION DETAILS

We used the Materials Studio software package for carrying out
the all-atom MD simulations. The condensed-phase optimized
molecular potential for atomistic simulation studies (COM-
PASS) force field, a widely used all-atom force field based on
ab initio calculation and optimization by experimental data,
was applied to describe all the potentials, including the bonded
and nonbonded potentials, of CO, and alkane molecules. It has
been validated that the COMPASS force field can accurately
predict structural and thermophysical properties for a broad
range of organic and inorganic substances including CO, and
alkanes.”' ="
The total potential energy was described by

+ U

U= Ubond + l]a + l]dihedra] + U cross

improper

ngle + U;/dW

+ UCoulomb ( 1 )

where the first five terms on the right side of the equation are
the bonded potentials, corresponding to bond stretching,
angular bending, dihedral angle torsion, out-of-plane inter-
actions, and their cross-coupling term, respectively, while the
last two terms are the nonbonded potentials, i.e., the short-
range van der Waals (vdW) and the long-range Coulomb
interactions, respectively. The vdW interactions were described
by Lennard-Jones (LJ) 9—6 potentials expressed as

9 6
U, gw(r) = eIZ(E) - 3(2) ] forr <r,
r r (2)

where ¢ is the depth of the potential well, o is the L] size, r is
the separation distance between a pair of atoms, and r, is the
cutoff distance that was introduced to exclude energy and force
computations if separation between atoms is over this cutoff
value. We used a truncated and shifted potential with a cutoff
of 12.5 A. The Coulomb interactions in the system were
calculated using Ewald summation, which is given by

44
€r (3)

where C = 332.0647 (kcal/mol) A/ ¢ is the unit conversion
factor, g; and g; are the partial charges of the pair atoms i and j,
respectively, and € = 1 is the relative dielectric constant.
Initially, a system consisting of two independent bulk phases
of alkane (hexane, octane, or decane) and CO, was
constructed. The number of alkane molecules was fixed at
150, while the number of CO, was varied for investigating the

UCoulomb(r) =C
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influence of CO, mole fraction on alkane. The binary systems
were subjected to three-dimensional periodic boundary
conditions. The original configuration of a CO,/octane binary
system is depicted in Figure la. At first, energy minimization
was performed for each system using a smart minimizer
approach. Following the minimization, isothermal—isobaric
(NPT) simulation was carried out to compress the system and
to equilibrate the structures for at least 1.5 ns with a time step
of 1 fs. The temperatures and pressures of the systems were
controlled at 303—363 K by the Andersen thermostat and at
3.8—8.67 MPa by the Berendsen barostat, respectively. The
changes in configuration, density, and energy were monitored
(Figure S1) for examining whether the system has reached
equilibrium. After equilibration, the average values of the
properties we are interested in were calculated. The qualities
like density, specific volume, and diffusion coefhicients of CO,
and alkanes for different systems are tabulated in Table SI in
the Supporting Information and will be discussed in detail in
the following section.

3. RESULTS AND DISCUSSION

3.1. Microscopic Process of CO, Dissolving in an
Alkane. To observe the microscopic CO, dissolving process,
taking the initially phase-separated octane/CO, system as an
example, the temporal evolution of the relative concentrations
of octane and CO, along the z axis during an NPT run was
monitored. The results are presented in Figure 1, where the
corresponding simulation snapshots are also included for
intuitive observations. Figure la shows that, initially, the
octane and CO, molecules are phase-separated with the octane
phase located in the middle of the simulation box along the z
dimension. Between the two phases, there are free spaces
available for molecules to occupy. At t = 20 ps, the spaces
between the octane and CO, phases are occupied by CO,
molecules, and some CO, molecules even begin to penetrate
to the octane phase, leading to a slight swelling of the octane
volume (Figure 1b). As the simulation proceeds, more CO,
molecules diffuse into octane and some octane molecules also
diffuse into the CO, phase (Figure 1c). In this stage, the CO,
molecules that entered the octane phase still gather in the form
of small groups rather than separating from each other. These
CO, groups would divide the octane phase into many small
clusters (Figure 1d). Consequently, octane swells further,
offering more spaces for CO, to diffuse. As CO, molecules
continuously penetrate to the octane clusters, the clusters are
further divided into much smaller clusters or even single
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Figure 3. Specific volume of CO,-mixed hexane, defined as cubic centimeters occupied by 1 g of alkane, as a function of CO, mole fraction: (a) at a
fixed P = 7.69 MPa but at different T values and (b) at a fixed T = 333 K but at different P values as indicated. (c) Specific volumes of CO,-mixed

hexane, octane, and decane as a function of CO, mole fraction at P = 7.69 MPa and T = 333 K.
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Figure 4. (a) Radial distribution function (RDF) of carbon atoms of hexane molecules and their inter- and intramolecular parts, as indicated, for
the hexane/CO, system with 85% CO, mole fraction. (b) RDFs of the intermolecular carbon atoms of hexane in systems with varied CO, mole
fractions. The inset shows the radius of gyration of alkane chains. (c) Typical snapshot of the hexane/CO, system with 85% CO, mole fraction.

The results are obtained at P = 7.69 MPa and T = 333 K.

molecules (Figure le). Finally, the CO,/octane system reaches
the equilibrium state (Figure 1f).

3.2. Densities of n-Alkane/CO, Systems. After equili-
bration, the system densities were calculated. Note that, here,
the quantity “density” refers to “mass density”. The results are
presented in Table S1 in the Supporting Information and are
plotted in Figure 2, where some selected literature data are also
included for comparison. For a fixed composition, the density
of the binary mixture decreases with temperature at a constant
pressure (Figure 2a) but increases with pressure at a constant
temperature (Figure 2b). When the CO, mole fraction is low,
the density only slightly changes with temperature and
pressure. However, when the CO, mole fraction is higher
than 60% or greater, the simulated density decreases with
temperature or increases with pressure more sharply,
consistent with the phenomena observed by previous
experimental studies.”">> "

Meanwhile, we also find that with increasing CO, mole
fraction, the mixture density first increases and then decreases
(Figure 2). The CO, mole fraction at which the density
reaches the maximum is observed to reduce with the increase
in temperature (Figure 2a) but slightly increase with increasing
pressure (Figure 2b). This peculiar density behavior has also
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. . -« 21,25-28,30 -
been found in many previous studies. Under similar

conditions, the densities obtained from the present simulation
study are in good agreement with the experimental data from
Wang et al.,” Tolley et al,*® Zuniga-Moreno et al,*® and Song
et al.”® The results from Tolley et al.** are located between the
black and red curves of Figure 2a, further suggesting a lower
density of hexane/CO, mixture with increasing temperature or
decreasing pressure.

The densities of alkane/CO, mixtures for alkanes with
different carbon numbers were also compared, as shown in
Figure 2c. For the entire range of CO, mole fraction
investigated, the densities increase with increasing carbon
number because a higher carbon number can result in a higher
carbon/hydrogen ratio and a lower free volume between
molecules, leading to a higher mass density. Moreover, for a
given alkane, the density first increases and then decreases with
increasing CO, mole fraction and the mole fraction of CO, at
which the density reaches the maximum increases only very
slightly with the carbon number of alkane chains.

3.3. Specific Volumes of n-Alkanes in the n-Alkane/
CO, Systems. To quantify the oil swelling effect as a result of
CO, injection, the specific volumes of CO,-dissolved or mixed
alkanes were calculated, where the specific volume is defined as
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Figure 5. RDFs of the intermolecular carbon atoms of hexane in systems with 70% CO, mole fraction (a) at P = 7.69 MPa but at different T values
and (b) at T = 333 MPa but at different P values. (c) RDFs of the intermolecular carbon atoms of hexane, octane, and decane in systems with 70%
CO, mole fraction at T = 333 MPa and P = 7.69 MPa. The insets show the radius of gyration of alkane chains of the corresponding systems.

cubic centimeters occupied by 1 g of alkane.”” The results are
displayed in Table S1 and as well in Figure 3. From Figure 3,
we see that in all cases, the specific volumes increase slowly
with CO, mole fraction first while rising steeply when the CO,
mole fraction exceeds a value of ~60%. At a constant pressure,
the specific volumes of the binary mixtures increase with the
increase in temperature (Figure 3a). This trend is particularly
significant at high CO, mole fractions (Figure 3a). At low CO,
mole fractions, the CO, molecules are dissolved in alkanes and
can be considered as a single-phase liquid. However, at high
CO, mole fractions, the systems split into two separated
phases, ie., the CO,-saturated alkane phase and the CO,-
dominated gas phase, as will be validated later. Therefore, as
the temperature increases, the system with a high CO, mole
fraction expands more significantly than that with a low CO,
concentration because it contains a gas phase. However, the
influence of pressure on the specific volume is not so obvious
(Figure 3b), although increasing the pressure can suppress the
system and enhance the dissolution of CO, in the alkane
slightly, leading to the reduction of the system volume
especially when CO, is rich. The volumetric behaviors of
different alkane systems are similar, but at a given CO, mole
fraction, the specific volume reduces with increasing carbon
number of alkane chains (Figure 3c).

3.4. Microscopic Mechanism of the Density and
Volumetric Behavior. 3.4.1. Structural Properties. One of
the advantages of MD simulation methods is the ability to
obtain the microscopic information of the simulated systems,
which is helpful for a better understanding of the density and
volumetric behavior of alkanes after being mixed with CO,.
Here, the structural properties of alkane and CO, molecules
were first examined.

Figure 4a provides the radial distribution function (RDF) of
carbon atoms of hexane molecules and their inter- and
intramolecular parts. From the figure, we observe that there are
several sharp peaks at short distances, corresponding to the
carbon atoms on the same molecule, including the two carbon
atoms that are covalently bonded (r ~ 1.5 A) and those
separated by one, two, or more CH, groups. However, the
peaks at r & 5 A represent either of the two carbon atoms on
the same chain that are separated by at least three CH, groups
or two neighboring carbon atoms on different alkane chains.
However, from the inter-RDF and intra-RDF, one can find that
the contribution of neighboring carbon atoms on different
alkane chains plays a dominant role when r ~ § A.

Figure 4b shows the RDFs of the intermolecular carbon
atoms and the radius of gyration of the hexane chains (inset)
for systems with varying CO, mole fractions. At a given
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temperature and pressure, we find that the RDF values at
around r = 5—13 A increase with increasing CO, mole fraction.
This trend is extremely significant at high CO, mole fractions.
Note that the values of RDF curves reflect the local density of
other atoms around a given reference atom normalized by their
averaged density over the total volume. Therefore, the results
shown in Figure 4b indicate the increasingly inhomogeneous
distribution of alkane molecules in the systems at high CO,
contents because the addition of CO, molecules would occupy
or even expand the gaps between alkane molecules, leading to
significant fluctuation in their density. From Figure 4c,
showing a typical snapshot of the hexane/CO, system at a
high CO, mole fraction of 85%, we see that part of CO,
molecules is accumulated in some localized regions, implying
that the system would split into two separated phases, i.e., the
CO,-saturated alkane phase and the CO,-dominated gas phase.
Such phase separation is independent of the system’s initial
state. We have examined that even starting from an initially
well-mixed configuration, the system would still become phase-
separated after long enough time of equilibration (Figure S2).
From the inset of Figure 4b, we find that as CO, is injected
into the system, the alkane chains slightly extend, implying that
the presence of CO, molecules would lead to the swelling of
the alkane molecules and, consequently, the system volume.

For a fixed composition, we observe that the first peak at r &
5.3 A and the second peak at r &~ 9.6 A seem to slightly
decrease with increasing temperature (Figure Sa), indicating
that the alkane molecules can disperse more homogenously at
higher temperatures. However, for each alkane molecule, the
chain slightly shrinks with the increase in temperature (see the
inset of Figure Sa) because, at high temperatures, the alkane
chains prefer to reduce their coil size to increase their
conformational entropy. This chain collapsing effect may in
part lead to the reduction of CO, solubility in alkanes. In
comparison to the effect of temperature, the influence of
pressure on the alkane conformation is very limited (the inset
of Figure Sb). Meanwhile, the RDF curves are also in good
agreement between different pressures (Figure Sb), indicating
that the packing structure of alkane molecules is almost not
affected by pressure, although the bulk density and the CO,
solubility between different systems are slightly different. For
the influence of alkane chain length, we find that increasing the
chain carbon number would increase the radius of gyration of
alkane chains (the inset of Figure Sc). The higher chain size
would make the alkane molecules hard to be separated from
each other and thus with a slightly more structured local
structure, as reflected from Figure Sc, where the minimum at r
~ 7.5 A decreases with increasing alkane chain length.
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and (c, f, i) in systems of different n-alkanes at P = 7.69 MPa and T = 333 K.

The RDFs of carbon atoms from CO, molecules were also
calculated, as shown in Figure 6. At short distances, the RDF
curves show a zero value due to the strong repulsive forces
between molecules. The first peak that appears at r ~ 4.2 A is
related to the most likely separation at which the two
neighboring CO, molecules can be found. However, the
second peak that occurs at around r ~ 8 A corresponds to the
separation of two CO, molecules with another CO, molecule
inserted in between. At long distances, the RDFs approach
one, which suggests that there is no long-range order in CO,
packing. With increasing temperature, both the first and
second peaks become less pronounced (Figure 6a), indicating
that the CO, molecules become more disordered and
homogeneous at higher temperatures. However, the influence
of pressure on CO, packing is very limited (Figure 6b),
consistent with the behavior of alkane molecules (Figure Sb).
As the carbon number of alkane chains increases, the RDF
peaks become more significant (Figure 6¢c) because a higher
alkane molecular weight can result in harder dissolution of
CO, in the alkane, making the CO, molecules with a more
inhomogeneous packing structure.

3.4.2. Interaction Energy. Previous molecular simulation
studies by Zhang et al,* Liu et al,*® and Li et al.* argued that
the interaction between CO, and alkane molecules is
responsible for the volume swelling of alkane/CO, systems.
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Therefore, the van der Waals (vdW) interaction energies of
C0O,—CO0O,, alkane—CO,, and alkane—alkane in the CO,-mixed
hexane, octane, and decane systems were also calculated, as
shown in Figure 7.

We find that with increasing CO, mole fraction, the vdW
interaction energies between CO, molecules become more
negative (Figure 7a—c). At low CO, mole fractions, the CO,—
CO, vdW interaction energies change very slowly because the
CO, molecules are well dissolved in the alkane phase and
hence with a low probability to interact with each other.
However, when the CO, mole fraction exceeds a value of
~60%, the interaction energies become dramatically negative,
implying that at such a high CO, concentration, CO, in the
alkane phase is saturated, leaving a lot of CO, molecules that
cannot dissolve in alkane to gather as a separated gas phase.
Accordingly, the volume of the mixture increases significantly
(Figure 3). When the gas phase dominates the system
properties, the system density decreases (Figure 2) because
the density of CO, is lower than that of alkane at the same
temperature and pressure.

As CO, is continuously injected, the interaction energy
between alkane and CO, molecules becomes more negative
(Figure 7d—f), while the interaction energy between alkane
molecules becomes less negative (Figure 7g—i). This is due to
the dissolution or penetration of more CO, molecules to the
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alkane, occupying or even expanding the space between alkane
molecules. In comparison to the CO,—CO, interaction, the
alkane—CO, interaction contributes a larger amount to the
total interaction energy, especially when the CO, mole fraction
is below the saturated point, suggesting that the oil swelling is
predominantly controlled by the 0il—-CO, interaction.

For a given pressure, the CO,—CO, and alkane—CO, vdW
interactions are little influenced by temperature when the CO,
mole fraction is lower than 60% (Figure 7a,d) because, at such
a low CO, concentration, all CO, molecules are dissolved in
the alkane. However, when the CO, mole fraction exceeds
60%, both the CO,—CO, and alkane—CO, interactions
become less negative with increasing temperature. The reason
is that at a higher temperature, the CO, solubility is decreased
when fewer CO, molecules are dissolved into the alkane, and
hence, the interaction between CO, and alkane becomes
weaker. Meanwhile, with the increase in temperature, the
increasing number of undissolved CO, molecules that gather
as a gas phase would expand, leading to a reduced negative
interaction between CO, molecules as well. However, for the
entire range of CO, mole fractions investigated, the alkane—
alkane interaction becomes less negative with increasing
temperature (Figure 7g) due to the expansion of the CO,-
satuated alkane phase.

Different from the influence of temperature, the pressure
shows a very limited impact on the intramolecular vdW
interactions when P < 7.69 MPa (Figure 7b,e,h). Therefore,
the density and volume of the systems are only slightly affected
(Figures 2b and 3b). However, when P = 8.67 MPa, the vdW
interactions of CO,—CO, (at a mole fraction > 40%), alkane—
CO,, and alkane—alkane are significantly more negative than
those at lower P values, suggesting that CO, is in the
supercritical state,** which can lead to significant changes in
the diffusive and viscous properties of the mixtures. One
should note that in the present study, the supercritical behavior
of CO, occurred at temperature and pressure higher than that
estimated from experiments, i.e., the critical temperature T, =
304.1 K and the critical pressure P, = 7.38 MPa in
experiments.*> This may be because the adopted COMPASS
force field is not accurate enough for mimicking the behavior
of alkane/CO, systems. In the MD study by Moultos et al.,*’
three different atomistic models were compared and it was
found that the L-OPLS force field, an optimized version of
OPLS, is the most accurate one to reproduce the density,
viscosity, and diffusivity of CO, in hydrocarbons. Despite the
fact that the model used in the present study is not accurate
enough, it still can well describe the behavior observed in
experiments (Figure 2a,c)****™* and therefore would not
affect the general conclusions we obtained.

From Figure 7i, we see that the n-alkanes with a higher
carbon number have a more negative intermolecular
interaction energy, which means that it is harder for alkanes
with longer chains to separate from each other. Meanwhile,
with increasing carbon number, the alkane—CO, interaction
energy also becomes more negative especially at high CO,
mole fractions (Figure 7f), suggesting that longer alkane chains
can lead to a denser packing of alkane and CO, molecules.
Therefore, a higher density (Figure 2c) and a lower volume
swelling (Figure 3c) can be observed when the alkane with
longer chains is mixed with CO,.

3.4.3. Microscopic Mechanism. Based on the analysis of
structural and interaction properties, the microscopic mecha-
nism of the density and volumetric behavior of n-alkane/CO,

systems can be briefly generated as follows, as schematically
shown in Figure 8. When a small amount of CO, is added to
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Figure 8. (a) Schematic of filling CO, in an n-alkane. (b) Density and
hexane-specific volume of the hexane/CO, system as a function of
CO, mole fraction at T = 333 K and P = 5.55 MPa.

an n-alkane, they are filled in the space between n-alkane
molecules and completely dissolved in the liquid n-alkane. In
this case, the alkane is only slightly swelled by CO, when the
increase amplitude of system volume is far below that of mass,
and hence, the system density increases with increasing CO,
mole fraction. When all spaces among alkane molecules are
occupied by CO, (at CO, mole fraction > 60%), the system
density reaches a maximum. With further increasing the CO,
mole fraction, the CO, molecules in alkane are saturated and
part of them begins to separate from the alkane and form a gas
phase, resulting in the rapid increase in system volume and,
consequently, the reduction in density. Owing to the existence
of a highly compressible gas phase at high CO, mole fractions,
the system density and volume can more easily be changed by
temperature and pressure than that at low CO, mole fractions.
In addition, since the molecular properties and space among
molecules are different between different n-alkanes, the density
and volumetric behavior should also depend on the alkane
properties, such as alkane chain length.

3.5. Diffusivity of CO, and Alkane Molecules in the
Alkane/CO, Mixtures. It has been examined that the
injection of CO, can significantly change the thermodynamic
properties and, therefore, the diffusion and migration of crude
oils, which are important for carbon sequestration and oil
recovery. To design the appropriate processes of carbon
sequestration and oil recovery, it is required to understand the
transport property of CO, and alkane in the alkane/CO,
mixtures at different temperatures, pressures, and CO, mole
fractions. Therefore, the mean square displacements (MSDs)
of CO, and alkane molecules were calculated, as given by46

MSD(AF) = ((5(Af) ~ £(0))?) @)

where r,(At) — r,0) is the distance (vector) traveled by
molecule i over the time interval of At. The squared amplitude
of this vector is averaged over different time intervals and
averaged also over all CO, or alkane molecules. Figure 9
presents some typical MSD results of CO, and hexane
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Figure 9. Mean square displacement (MSD) of CO, (solid) and
hexane (dashed) molecules in the hexane/CO, mixtures with varied
CO, mole fraction at T = 333 K and P = 7.69 MPa.

molecules in the mixtures with varied CO, mole fractions while
at a fixed T = 333 K and a fixed P = 7.69 MPa. It is seen that
the MSDs increase linearly with the elapse time At. Note that
at high CO, mole fractions, the systems are locally phase-
separated, which may result in inhomogeneous diffusion along
different directions. However, our results show that the MSDs
of CO, molecules along x, y, and z directions are nearly
equivalent to each other and are one-third the magnitude of
the total MSD (Figure S3) because the CO, and alkane
distributions, on a macroscopic scale, are almost uniform along
the three dimensions after the system sufficiently reached
equilibrium.

From the slopes of the MSD curves, the diffusion
coefficients of CO, and alkane molecules can be obtained
according

lim MSD(At)
D= At— oo
6At ()

as shown in Table S1 and Figures 10 and 11. We find that at
low CO, contents, the diffusion coefficients of both CO, and
alkane molecules increase with CO, mole fraction only very
slightly because, under that condition, the diffusion of CO, or
an alkane is mainly controlled by the viscous drags of the
surrounding alkane molecules. Cadogan et al.*” and Moultos et
al.’ reported the diffusivity of infinitely diluted CO, in various
alkanes, including hexane, octane, and decane, by experiments
and simulations, respectively. They found that the CO,
diffusivity is about 0.3 X 10™* to 2 X 10™* cm?® s™" depending
on the alkane type, temperature, and pressure, which is of the
same magnitude as that estimated from the present simulation
study for the cases at low CO, mole fractions. When the CO,
mole fraction exceeds a value of ~60%, the diffusivities of both

CO, and alkane rise greatly, suggesting that the addition of
increasingly more CO, molecules would promote the motion
of both CO, and alkane molecules. This is because the
insertion of a certain number of CO, molecules into the gap of
alkane molecules would expand the space between alkane
molecules and hence can reduce the space barriers of alkane
molecules to CO, and the interaction between alkane
molecules. This trend is extremely significant at CO, mole
fractions >60% where the number of CO, molecules is
dominant and the n-alkane molecules are spread among the
CO, phases. As CO, molecules are smaller than alkane
molecules, they can move faster than the alkane molecules.

Increasing the temperature would enhance the diffusivity of
both CO, and alkane molecules, especially at high CO,
contents (Figures 10a and 1la) due to the increase in
molecular kinetic energy and the expansion of the system
volume that allows much freer movement of molecules.
However, the influence of pressure on diffusivity is very
limited except when P = 8.67 MPa (Figures 10b and 11b). At P
= 8.67 MPa and T = 333 K, CO, is in the supercritical state
when the mobility of both CO, and alkane molecules increases
significantly. With the increase in n-alkane chain length, the
diffusivity of both CO, and alkane molecules decreases
(Figures 10c and 11c) because the long alkane chains not
only can reduce their own mobility but also would retard the
transport of their surrounding CO, molecules.

4. CONCLUSIONS

We have performed atomistic MD simulations to investigate
the density and volumetric behavior of three typical n-alkanes
(hexane, octane, and decane) influenced by different mole
fractions of CO, injected in them at temperatures from 303 to
363 K and pressures from 3.8 to 8.67 MPa. Our results indicate
that at low CO, mole fractions, the CO, molecules are filled in
the space between n-alkane molecules and completely
dissolved in the liquid n-alkane, leading to only a slight
swelling of the alkane. Since the increase amplitude of system
volume is below that of mass, the system density increases.
Due to poor compressibility of such systems, their density and
volume are only slightly influenced by temperature and
pressure. When the CO, mole fraction is higher than 60% or
greater, the system splits into two separated phases, i.e., the
CO,-saturated alkane phase and the CO,-dominated gas phase,
resulting in the rapid expansion of volume and the reduction in
density. For the two-phase simulated states, the large ratio of
surface area to volume means that our results do not represent
the real thermodynamic condition. Therefore, the results for
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Figure 10. Diffusion coefficient (D) of CO, in a hexane/CO, mixture as a function of CO, mole fraction: (a) at a fixed P = 7.69 MPa but at
different T values and (b) at a fixed T = 333 K but at different P values as indicated. (c) D of CO, in different n-alkane/CO, mixtures as a function
of CO, mole fraction at P = 7.69 MPa and T = 333 K.
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Figure 11. D of hexane molecules as a function of CO, mole fraction: (a) at a fixed P = 7.69 MPa but at different T values and (b) at a fixed T =
333 K but at different P values. (c) D of hexane, octane, and decane as a function of CO, mole fraction at P = 7.69 MPa and T = 333 K.

these states should not be taken as quantitative but only as
indicating qualitative changes in the behavior of the system.
Owing to the existence of a highly compressible gas phase, the
system density and volume can more easily be changed by
temperature and pressure. Since it is harder for alkanes with
longer chains to separate from each other, the volume swelling
decreases and the density increases with increasing carbon
number of n-alkane chains. Furthermore, it was found that the
increase in CO, mole fraction, temperature, and the decrease
in alkane chain length would promote the diffusion of both
CO, and alkane molecules. However, the influence of pressure
on molecular diffusion is very limited except when P = 8.67
MPa and T = 333 K, where CO, is in the supercritical state. In
that state, the molecular diffusivity significantly increases,
although the structural properties do not change much. In
general, this work provides insight into aspects of the carbon
sequestration and oil recovery processes.
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