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Direct phase coexistence molecular dynamics
study of the phase equilibria of the ternary
methane—carbon dioxide—water hydrate system
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Molecular dynamics simulation is used to predict the phase equilibrium conditions of a ternary hydrate
system. In particular, the direct phase coexistence methodology is implemented for the determination of the
three-phase coexistence temperature of the methane—carbon dioxide—water hydrate system at elevated
pressures. The TIP4P/ice, TraPPE-UA and OPLS-UA forcefields for water, carbon dioxide and methane
respectively are used, in line with our previous studies of the phase equilibria of the corresponding binary
hydrate systems. The solubility in the aqueous phase of the guest molecules of the respective binary and
ternary systems is examined under hydrate-forming conditions, providing insight into the predictive
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Accepted 26th July 2016 phase behavior of the ternary system. The three-phase coexistence temperature is calculated at 400, 1000
and 2000 bar for two compositions of the methane—carbon dioxide mixture. The predicted values are

compared with available calculations with satisfactory agreement. An estimation is also provided for the
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1. Introduction

Clathrate hydrates are characterized as inclusion compounds
consisting of water and guest molecules of appropriate size."
The guest molecules are enclathrated in hydrogen-bonded cages
of water molecules, forming a crystal lattice. The stability as well
as the type of the hydrate structure depends on the particular
interactions of the guest molecules with water. More than 130
guest molecules, or hydrate-formers as they are routinely called,
have been identified such as methane, ethane, propane, nitrogen,
carbon dioxide, and hydrogen, which are of particular industrial
interest. The most common hydrate lattice structures are sI, sII
and sH, which mainly differ by the type of the cages that they
consist of as well as the ratio of cages of different type. For
example, both methane and carbon dioxide mainly form sI
hydrates,” whose unit cell consists of two dodecahedra (5'%) and
six larger tetradecahedra (5'26%) water cages.

Hydrates have been studied extensively due to their scientific
and engineering interest. Natural gas hydrates, in particular, are
important to the oil and gas industry, primarily related to flow
assurance®* and secondarily as a potential energy source due to
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fraction of the guest molecules in the mixed hydrate phase under the conditions examined.

the fact that they are geologically abundant, located mainly under
the oceanic floor and the permafrost regions of the planet.’
Furthermore, hydrates have drawn interest for gas storage®” and
separation applications,® as well as due to their environmental®
and geological importance.'”""

Apart from the traditional methods for the study of hydrate
systems, which include experimental®'? and equation of state
approaches,”” ™ molecular dynamics (MD) simulation'® is
increasingly proving its usefulness, as it can provide insightful
molecular level information and can also be used for the estima-
tion of hydrate properties in the absence of experimental data."”
Naturally, a first necessary step towards this goal is the verifica-
tion of the validity of the used methodologies and forcefields by
comparing the results of MD with available experimental data.

The scope of the present study is the extension of our previous
works on the calculation of three-phase equilibrium conditions
of pure methane'® and pure carbon dioxide'® hydrates, to the
respective ternary mixture (methane-carbon dioxide-water). In
both previous studies, we have implemented the direct phase
coexistence methodology,*® where a solid hydrate phase is placed
in direct contact with an aqueous phase and a guest-rich phase.
Given that these systems have one intensive degree of freedom,
by fixing the pressure for example, one can perform simulations
at different temperatures and by monitoring the tendency of the
system to move towards either hydrate growth or hydrate dis-
sociation, the equilibrium temperature can be estimated. It has
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been shown'®*!

that within the length and time scales studied,
such kind of systems exhibit stochastic behavior close to equili-
brium conditions and thus necessitate a statistical averaging of
the results in order to achieve consistent predictions. Addition-
ally, the importance of the molecular models involved cannot be
underestimated. It was shown that both water-water and water—
guest interactions affect the predicted equilibrium conditions.
In particular, in line with the work of Vega and coworkers®>** we
have shown'®"? that it is advantageous to use the TIP4P/ice water
forcefield** as its good performance at predicting the melting
temperature of ice®® is also reflected in the prediction of the
hydrate equilibrium conditions. Regarding the water-guest inter-
actions, we have shown for both systems examined previously,
that the ability of the guest forcefield to provide accurate predic-
tions of the guest solubility in the liquid water-rich phase is of
critical importance. For the case of the OPLS-UA methane model*®
the predictions of solubility under hydrate forming conditions are
quite accurate.”” On the other hand, it was found that for the case
of the TraPPE-UA model®® for carbon dioxide, a modification in
the water—carbon dioxide energy cross-interaction parameter
between the oxygens of unlike molecules was necessary in order
to correct the predicted solubility of carbon dioxide in water, and
thus improve in turn the predictions of the three-phase equilibrium
conditions of the hydrate system.

There is only a small number of molecular simulation works
that have studied the methane-carbon dioxide-water hydrate
system (i.e., MD,**7**> DFT,?***® and Monte Carlo simulations®?).
Most of the MD studies®'~® focused primarily on the examina-
tion of the replacement of methane with carbon dioxide in the
hydrate structure.*® A detailed review of the issue is provided by
Komatsu et al.** On the other hand, the MD works of Yi et al.*®
focused on the hydrate growth rate and dissociation®® of the
ternary system.

Experimentally, the three-phase equilibrium conditions for
the particular ternary system have been measured extensively
for pressures below 100 bar, while a limited amount of experi-
mental measurements are available in the pressure range of 100
to 200 bar. On the other hand, no experimental data, to the best
of our knowledge, exist for pressures higher than 200 bar. An
extensive review of earlier experimental studies can be found in
Sloan and Koh," as well as at the NIST hydrate database,** while
more recent experimental data can be found in ref. 43-51.
Furthermore, Eslamimanesh et al>>*® presented a detailed
discussion regarding the experimental data assessment.

Limited is also the number of experimental studies regarding
the solubility of carbon dioxide and methane in the water-rich
phase of the ternary system at vapor-liquid equilibrium (VLE).
Notably, Qin et al.>* carried out experimental measurements on
VLE in the ternary systems at temperatures from 324 up to 375 K
and pressures in the range of 100 to 500 bar for three different
compositions. Ghaftri et al.>" also reported measurements both at
VLLE at temperatures from 285.15 to 303.5 K and pressures up to
the upper critical end point, and at VLE from 323.15 to 423.15 K
and up to 200 bar for an equimolar carbon dioxide to methane
composition. Lobanova et al.>> reported experimental measure-
ments at 393.15 K and pressures in the range of 60 to 120 bar,
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Fig. 1 Phase diagram (P vs. T) of the ternary methane—carbon dioxide—
water hydrate system. Experimental data (points) and CSMGem calculations
(solid lines for binary systems and dashed lines for the ternary system). The
black dash-dotted line is the vapor pressure of pure carbon dioxide, while
the blue dash-dotted line represents the upper critical end points of the
binary carbon dioxide—methane mixture.

and performed MD simulations with the SAFT-y Mie coarse-
grained model. Bruusgaard et al.*® reported experimental solubility
measurements, for the particular hydrate system, under three-
phase equilibrium conditions (hydrate-liquid-vapor) for pressures
lower than 41 bar.

Fig. 1 shows a schematic representation of the three-phase
(hydrate-liquid water-guest mixture) equilibrium conditions of the
ternary hydrate system for various gas-mixture compositions. The
depicted lines denote calculations performed with the CSMGem
simulator, which uses the Gibbs energy minimization approach
and combines a cubic equation of state with the van der Waals-
Platteeuw model in order to calculate the three-phase equilibrium
conditions. Further details can be found in ref. 1 and 56. The
points show a limited number of characteristic experimental
measurements, indicative of the range of conditions where experi-
mental data are available. The solid lines correspond to the cases
of either pure methane or pure carbon dioxide hydrate, while the
dashed lines correspond to the ternary system for different guest-
mixture compositions. Additionally, the upper critical end-points
(UCEP)*” of the binary carbon dioxide-methane mixture as well
as the saturation pressure of carbon dioxide are depicted with the
blue and black dash-dotted lines respectively.

As can be seen in Fig. 1, for pressures higher than approxi-
mately 200 bar the ternary hydrate equilibrium temperature is
lower than that of the pure methane hydrate and additionally the
guest-mixture forms a single super-critical phase. For pressures
slightly lower than approximately 200 bar and above the UCEP of
the carbon dioxide-methane mixture, the ternary hydrate equili-
brium temperatures can be higher than that of pure methane
hydrate. Right below the UCEP it has been shown experimentally
that the guest mixture forms a two-phase system, while the ternary
mixture is at VLLE state.>" Finally, in the lower pressure range, the
guest-mixture is found in the vapor phase with very low density.
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This phase diagram is helpful for the selection of the simula-
tion conditions that are appropriate for the use of the direct phase
coexistence methodology, given two significant limitations of the
method from our perspective. Firstly, it is not clear to us how the
methodology can be used practically for systems with more than
three coexisting phases, given that it is necessary from a practical
point of view for phases to be in contact with each other. Secondly,
performing simulations under the conditions of very low guest-
mixture density is highly impractical, as it is then necessary to use
an extremely large simulation box to accommodate the guestrich
phase (of the order of 60 nm or more) which creates problems
in the pressure coupling and additionally reduces considerably
the computational speed. For the aforementioned reasons we
have chosen to carry our simulations for pressures higher than
200 bar, as in this area we avoid having a low density guest-rich
phase or a guest-mixture forming two phases and also the
methane hydrate phase which we use in our initial configuration
is thermodynamically stable, as explained in more detail in the
next section.

In the case of the ternary hydrate system, there are three
important issues to be addressed. Firstly, it is necessary to
explore whether the combination of the aforementioned force-
fields can be used in a predictive manner for the determination
of the three-phase equilibrium conditions, without any further
modifications. Secondly, it is essential to understand how the
interactions between the molecules of the different guests
come into play as they can affect both the solubility in the
aqueous phase and the hydrate equilibrium conditions. The
final important issue is the examination of the capability of
the direct-phase coexistence methodology to handle such a
ternary hydrate system.

The paper is organized as follows: initially, the details of the
methodology used are presented, including the preparation of
structures and implemented force fields. Next, the results are
presented and discussed, and finally, the conclusions are
summarized.

2. Methodology

For the determination of the three-phase coexistence equili-
brium conditions of the ternary hydrate system the direct phase
coexistence method was used.”® In this methodology, we allow
three different phases to coexist in our simulation box, namely
a solid hydrate phase, a liquid water phase and a guest-rich phase.
MD simulations were carried out in the isobaric-isothermal
ensemble (NPT) at different temperatures in order to identify
the equilibrium temperature for a given pressure and composi-
tion. Depending on the particular conditions, the hydrate phase
can either grow or dissociate, and thus the three-phase equili-
brium temperature (73) can be identified as the average value
between the highest temperature at which hydrate growth occurs
and the lowest temperature at which hydrate dissociation takes
place. In order to treat the stochastic behavior of the system,
which is described in more detail in our previous work,'® at each
pressure four independent temperature scans were carried out
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and the reported T3 is the arithmetically averaged value of the
four T; values calculated for each pressure.

The initial three-phase configuration consists of a methane
hydrate slab surrounded by two liquid water slabs which are in
contact with the mixed guest-rich phase, resulting in a four slab
configuration ordered as water-hydrate-water-guest (WHWG).
The guest-rich phase consists of methane and carbon dioxide.
It is necessary to have the hydrate slab in direct contact with water
due to the very low solubility of water in the guest-rich phase.
Hydrate growth would be practically impossible if the hydrate
phase were to be in contact with the guest-rich phase only.

The selection of the initial hydrate phase to be that of a
methane hydrate is based on three reasons. The first one is that
methane hydrate has the same sI structure as the mixed carbon
dioxide-methane hydrate, and so it can serve as a suitable
growth substrate. The second reason is that, in the range of
pressures studied in this work, the three-phase coexistence
temperatures of the mixed hydrate are higher than that of pure
carbon dioxide and lower than that of pure methane hydrate.
Although carbon dioxide hydrate has also the sI structure, the
methane hydrate is more stable than carbon dioxide hydrate
under the conditions examined. The third and most important
reason is that it is unclear to us what should be the correct
partial fractions of carbon dioxide and methane in the mixed
hydrate phase. Even with the knowledge of this information,
our study, as it is shown later, indicates that the distribution
of the two guest molecules in the mixed hydrate phase is to a
certain extent random.

The dimensions of the hydrate slab correspond to that of a
2 x 2 x 2 sI hydrate supercell. The positions of the oxygen atoms
in the unit cell of the sI methane hydrate were obtained from
XRD data as reported by McMullan and Jeffrey.”® The hydrogen
atoms are initially randomly positioned around each oxygen atom,
respecting the geometry of the water forcefield, and their final
positions are found by energy minimization, using the steepest
descent algorithm, resulting in a structure that obeys the Bernal
and Fowler rules.” It has been shown®® that this approach is an
alternative to that of dipole moment minimization. The methane
molecules are placed in the center of the cages with 100%
occupancy. Thus, the initial structure has 368 water and 64
methane molecules.

Following a short equilibration of the hydrate slab at each
pressure and temperature, the water and methane-carbon dioxide
slabs are constructed with their tangential dimensions equal to
that of the hydrate slab. After equilibration of each slab, the four
slabs are connected with a 0.1 nm buffer distance, followed by
energy minimization to avoid overlaps, while keeping the oxygen
positions frozen. Each water slab consists of 368 molecules while
the methane-carbon dioxide slab consists of 400 molecules
in total.

The three-phase equilibrium temperature was calculated at
three different pressures, namely 400, 1000 and 2000 bar. Given
that T3 depends on the composition, we also investigated two
compositions, where the initially prepared methane-carbon
dioxide slab consisted of a methane mole fraction of 0.5 and 0.2,
respectively.
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Table 1 Forcefield parameters for TIP4P/ice (water),?> OPLS-UA (methane),?® and TraPPE (carbon dioxide).?® The distance between atoms A and B is
denoted by dag. The angle, in degrees, formed at the central atom B separating two A atoms is denoted by / A—B—A. The Lennard-Jones parameters are
denoted by ¢ (size parameter) and ¢/kg (energy parameter), with kg the Boltzmann constant. The charge is denoted by g

Force field Atom a (A) e/ks (K) q(e) Geometry

TIP4P/ice water (6] 3.1668 106.1 0.0 don (A) 0.9572
H 0.0 0.0 0.5897 /. H-O-H 104.5
M 0.0 0.0 —1.1794 dom (A) 0.1577

OPLS-UA methane CH,4 3.73 148 0.0

TraPPE carbon dioxide C 2.800 27.0 0.700 deo (A) 1.16
(6] 3.050 79.0 —0.350 £ 0-C-0O 180

The rigid, non-polarizable models TIP4P/ice,** OPLS-UA%®
and TraPPE>® were used to describe water, methane and carbon
dioxide respectively. The parameters for these models are given
in Table 1. It should be noted that the OPLS-UA methane model
is practically the same as the TraPPE methane model, so effec-
tively, both guest molecules can be described by the TraPPE
forcefield. The Lorentz-Berthelot'® combining rules were used
for the Lennard-Jones cross-interaction parameters. Consistent
with our previous work,'® the cross-interaction energy parameter
between the oxygen of water and the oxygens of carbon dioxide
was modified by a factor of y = 1.08, according to the equation

£0(C0O,)~0(H,0) = X+/€0(CO,)E0(H,0) (1)

where ¢o(co,) and eo(,0) are the Lennard-Jones energy parameters
for oxygen in carbon dioxide and water, respectively. This modifica-
tion was found necessary in order to correct the predicted solubility
of carbon dioxide in the aqueous phase, which consequently
corrects the predicted 7; of the pure carbon dioxide hydrate
system in the whole range of pressures above the quadruple point
up to 5000 bar.

The GROMACS MD simulation package (version 4.6.5)*' %
was used and all simulations were carried out in the isobaric—
isothermal ensemble (NPT). The Berendsen® temperature and
pressure coupling schemes were employed with time constants
of 1 ps. Anisotropic pressure coupling was used for the WHWG
system with equal compressibility in all directions, so that each
dimension can fluctuate independently, in order to avoid inducing
stresses to the hydrate crystal. The leap-frog integration algorithm
was employed with a time step of 2 fs and periodic boundary
conditions were applied in all directions. The Lennard-Jones
potential was truncated at 11 A without employing any dispersion
corrections as the system is anisotropic and inhomogeneous. The
long range Coulombic interactions were handled with the particle
mesh Ewald (PME) method.®® Four independent temperature
scans were performed at each pressure by using different initial
velocities. It should be noted that in order to allow for a clear
conclusion about the evolution of the system to that of either
hydrate growth or dissociation, it is necessary that the simulations
are more than 2000 ns long, rendering this type of calculations
computationally demanding.

For the calculation of the solubility of the guest molecules in
the liquid water-rich phase, direct phase coexistence MD simu-
lations were carried out using a two-slab configuration, one for
the water and one for the guest phase. The water slab contained
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1104 molecules while the guest slab contained 400 molecules.
During these calculations the tangential to the interface dimen-
sions were kept fixed and equal to 2.4 nm which also corresponds
to the dimensions of the cubic hydrate slab. The solubility was
calculated with a 2 ns block-averaging scheme over a 200 ns
long trajectory.

3. Results and discussion

In our previous studies we have demonstrated that the combi-
nations of TIP4P/ice-OPLS-UA for the water-methane system,
and the modified TIP4P/ice-TraPPE for the water-carbon dioxide
system provide good predictions of the guest solubility in the
water-rich phase under hydrate equilibrium conditions. In the
present study the main focus is the examination of how well-
behaved is the combination of these forcefields for the ternary
system with respect to the predictions of the three-phase equili-
brium temperature T;. Given the important effect of solubility
on the accuracy of the T; predictions, we have calculated the
solubility of both guests in the water-rich phase under the
three-phase equilibrium conditions. The results are presented
in Fig. 2 along with comparison with the solubility predicted by
CSMGem, given the lack of experimental solubility data under
hydrate equilibrium conditions in this region. For each pressure
the corresponding temperature is equal to the three-phase equi-
librium temperature as predicted by CSMGem. An equimolar
initial feed composition of the methane-carbon dioxide mixture
was used in these simulations, but the final equilibrium bulk
composition of the guest-rich phase corresponds to a value of
0.6 methane mole fraction. This is due to the different solubility
of the two species in the aqueous phase and primarily due to the
strong adsorption of the carbon dioxide molecules on the water
interface, so that the initial load is always significantly different
from the equilibrium composition. Naturally, this is also true for
the case of the ternary hydrate system, where although the initial
compositions were 0.5 and 0.2 methane mole fraction in the
guest-mixture, the equilibrium methane mole fraction in the
guest-rich phase was calculated to be 0.6 and 0.25, respectively.
The strong adsorption of carbon dioxide on the water interface
has been previously reported in various studies.®®"*® The MD-
calculated solubility agrees, within the computational standard
deviation, with the predictions of CSMGem for both carbon
dioxide and methane, although it appears that the slopes are
slightly different.
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Fig. 2 Carbon dioxide and methane solubility in the agueous phase (mole
fraction) as a function of the three-phase equilibrium pressure. Comparison
between MD and CSMGem results. The equilibrium temperatures calculated

by CSMGem (0.6 methane mole fraction) for 400, 1000, and 2000 bar are
295.9, 302.6, and 308.5 K respectively. Lines are guides to the eye only.

Ghafri et al.>" have determined experimentally the solubility in
the aqueous phase of the VLE ternary system at 100 bar and
323.15 K which is the experimental data with the closest available
temperature to the hydrate equilibrium conditions of interest.
Comparison of the MD results with this experimental measure-
ment is presented in Fig. 3 along with the dependence of carbon
dioxide and methane solubility on the methane mole fraction in
the guest-rich phase (methane-carbon dioxide). The agreement is
satisfactory as is also the agreement with the solubility in the
aqueous phase given by the models of Duan et al.*® and Sun and
Duan’® for the binary systems, also presented in Fig. 3. Thus, the
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Fig. 3 MD predicted solubility of carbon dioxide and methane in the
agueous phase as a function of the methane composition in the guest-rich
phase, at 100 bar and 323.15 K. Comparison with experimental measure-

ments by Ghafri et al.>* and the results of the models by Duan et al.%® and
Sun and Duan’® for the respective binary mixtures.
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(b)

Fig. 4 Two snapshots of a typical MD trajectory of the ternary hydrate
system at 400 bar and 291.4 K: (a) initial configuration and (b) final state.
Dark blue spheres correspond to the carbon atom of the carbon dioxide
molecule, light blue spheres correspond to methane molecules, and red
and white lines represent the water molecules.

combination of these particular forcefields can predict correctly
the solubility of both gases in the aqueous phase close to the
hydrate equilibrium conditions. Additionally, the solubility of each
guest decreases by the addition of the other guest, a conclusion
which is in disagreement with the conclusions drawn by Qin et al.>*
and Ghafti et al>

Fig. 4 presents two indicative snapshots of a typical trajectory
used in the determination of the three-phase coexistence condi-
tions. The first snapshot (Fig. 4a) depicts the initial four-slab
configuration of the system, while the second snapshot (Fig. 4b)
represents the final state, where hydrate growth has taken place
given the favorable conditions in this particular example (400 bar
and 291.4 K). An example of a single temperature scan is given in
Fig. 5 where the time evolution of the potential energy of the
system is presented for four different temperatures at 400 bar
and for a methane mole fraction in the guest-rich phase of 0.6.
In this particular case, the prediction by CSMGem is T; = 295.9 K.
If both CSMGem and our method are accurate, one would expect
to estimate from MD a value of T3 =292.9 K, given the AT= -3 K
deviation caused by the use of TIP4P/ice forcefield. At T=291.4 K
hydrate growth takes place, at T = 297.4 K the potential energy
evolution is indicative of hydrate dissociation, and for 7=293.4 K
and T = 295.4 K the system remains stable. In this case the MD
T value cannot be calculated as the average value between the
highest temperature at which hydrate growth occurs (291.4 K)
and the lowest temperature at which hydrate melting dissociation
takes place (297.4 K). This is because in our system the hydrate
phase is composed of methane hydrate whose MD expected T =
294.2 K, so within statistical uncertainty the system is expected to
remain stable in the range of 7'=292.9 K to T = 294.2 K. Thus,
T; must be calculated as the average between the maximum
temperature at which growth takes place and the minimum
temperature at which the system remains stable. In this case this
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Fig. 5 Indicative time evolution of the potential energy of the ternary
hydrate system at 400 bar and for four different temperatures close to the

equilibrium Ts.

corresponds to a value of 292.4 K which is very close to the
expected value of 292.9 K. As mentioned before, four indepen-
dent temperature scans per pressure are carried out in order to
calculate the reported MD T3 values.

The predicted three-phase equilibrium temperatures are pre-
sented in Table 2 for 400, 1000, and 2000 bar, and for two methane
compositions in the guest-rich phase, namely 0.6 and 0.25 mole
fraction (starting from an initial load mole fraction of 0.5 and 0.2,
respectively). These results are also presented in Fig. 6, corrected
by +3 K, so that they can be directly compared with the CSMGem
predictions, given that the MD method is known to include a —3 K
error that is caused by the use of the TIP4P/ice water model which
underpredicts the melting temperature of ice by 3 K.'"*'***> we
observe that for both compositions the agreement between the MD
results and CSMGem is satisfactory up to 1000 bar, while devia-
tions appear at higher pressures. It should be noted, however, that
the predictions of CSMGem for the case of pure carbon dioxide
hydrate deviate from experimental data™”"”* for pressures higher
than 1000 bar, as shown in Fig. 6, while our methodology can
consistently predict 75 up to 5000 bar.'® Thus, it is possible that the
inefficiency of CSMGem to describe accurately the high pressure
retrograde behavior of the carbon dioxide hydrate system is also
reflected in the case of the ternary hydrate system.

During the MD simulations, while the total number of mole-
cules in the three-phase system is conserved, since no molecules

Table2 MD results for the three-phase coexistence temperature T3 [K] of
the ternary hydrate system at 400, 1000, and 2000 bar, and for 0.6 and
0.25 methane mole fraction in the guest-rich phase. The statistical
uncertainty in temperature is given in parentheses

Temperature [K]

Methane mole
fraction 0.25

Methane mole

Pressure [bar] fraction 0.6

400 292.4 (0.0) 290.3 (1.2)
1000 299.7 (1.2) 295.4 (1.2)
2000 307.9 (0.5) 302.7 (0.0)
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Fig. 6 MD results for the three-phase coexistence conditions of the ternary
hydrate system for two methane bulk compositions (0.6 red circles and 0.25
blue diamonds). Comparison with the respective CSMGem predictions (red
and blue dashed lines). The three-phase coexistence lines for the binary
hydrate systems (solid lines) as predicted by CSMGem are also presented.
Small black circles correspond to carbon dioxide hydrate experimental
data”2”2 for pressures higher than approximately 100 bar.

are added or removed, the total number of molecules in each
phase can change, due to hydrate formation/dissociation. Thus,
the fact that our finite-sized system is closed affects the determi-
nation of T3 as during the simulation the composition in the
guest-rich phase dynamically changes, causing a shift in T3,
with respect to the value of T; that corresponds to a given
initial composition. Nevertheless, due to the finite character of
our system it is possible to estimate this shift in 7; having as a
guide the dependence of T; on composition as predicted by
CSMGem. This calculation, however, depends also on the relative
composition of the guest molecules in the hydrate phase,
denoted thereby as the guest hydrate fraction, expressing the
ratio of guest molecules of a particular species over the sum of all
guest molecules in the hydrate phase. In Fig. 7, indicative results
are presented, where the shift in T3 is given as a function of the
number of new hydrate unit cells that have been added to the
crystal, for the case of 400 bar, the equimolar guest-phase
composition and as a function of the carbon dioxide hydrate
fraction. For the given system size of our simulations, the
maximum number of hydrate unit cells that can be added is
16, and thus the shift in T; is of the order of 0.5 K for values of the
carbon dioxide hydrate fraction in the range of 0.4-0.6, which as
shown later are quite reasonable. For a pressure of 2000 bar the
maximum shift in 73 is approximately 1 K. In this way, it is shown
that the correction that should be applied to the estimation of T;
from MD simulations with a closed system, with the implication
of dynamically varying guest-rich phase composition, is rather
small and of the same order of magnitude as the uncertainty that
is inherent to this methodology, and thus this correction for this
particular case can be ignored.

An estimation of the guest hydrate fraction can be obtained
from the MD simulations by measuring it directly in the grown
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part of the hydrate phase. Our simulations (using the 2 x 2 x
2 initial hydrate configuration) indicate that the carbon dioxide
hydrate fraction is approximately 0.6 for both guest-rich phase
compositions and for all three pressures examined. Nevertheless,
due to the small size of our ternary simulation system, the newly
grown hydrate part was not big enough to provide a clear picture
of the carbon dioxide hydrate fraction. For this reason we
estimated this fraction in a larger system, which consists of a
4 x 2 x 2 unit cell methane hydrate phase in contact with a water
phase with 3000 molecules and a guest phase with 1000 carbon
dioxide and 1000 methane molecules. Given the high computa-
tional cost and taking into consideration the growth rate of the
hydrate, we chose 2000 bar and 295 K to be the conditions of this
simulation. The initial and the final state of this system are
presented in Fig. 8, where in snapshot (a) the three initial phases
are shown, while in snapshot (b) the hydrate phase has grown
by 8 x 2 x 2 unit cells, as much as the water content allowed. In
Fig. 9 the ratio of carbon dioxide molecules over the sum of the
molecules of both guests is given as a function of the box length
for the final state of the system, which corresponds to Fig. 8b.
On the left, in the area of approximately 0-2.5 nm this ratio is
zero corresponding to the initial methane hydrate slab. The part
in the range of 2.5-12 nm corresponds to the newly formed mixed
hydrate phase and finally the last part on the right corresponds to
the guest-rich phase. As mentioned before, although the initial
load was 0.5 methane mole fraction, the equilibrium guest-rich
phase composition, for the whole duration of the simulation, is
closer to 0.6 methane mole fraction. The carbon dioxide hydrate
fraction, as given directly by the middle part of Fig. 9, has an
average value of 0.56, and exhibits fluctuations.

Yi et al,”® in their MD study, also observed a high carbon
dioxide hydrate fraction, however not under comparable condi-
tions and using a highly supersaturated solution. Contrary to
these MD results, CSMGem for 0.6 methane mole fraction of the
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(b)
Fig. 8 Initial (a) and final (b) configurations of the MD simulation used in
the estimation of the carbon dioxide hydrate fraction, at 2000 bar and
295 K. Dark blue spheres correspond to the carbon atom of the carbon
dioxide molecule, light blue spheres correspond to methane molecules,
and red lines represent the hydrogen bonds between the water molecules.
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Fig. 9 Ratio of carbon dioxide molecules over the sum of the molecules
of both guests as a function of the box length for the final state of the large
ternary hydrate system, at 2000 bar and 295 K, corresponding to Fig. 8b.

guest-rich phase, at 2000 bar and 308.3 K, the respective pre-
dicted equilibrium temperature, predicts a value of 0.24 for the
carbon dioxide hydrate fraction.

The guest hydrate fraction, in general, is not a quantity that
can be either easily or very accurately measured experimentally.
In general, two types of experiments have been reported. Studies of
the first type performed analysis (e.g;, Raman) in order to identify
which types of guests are enclathrated inside the different types of
cages within a hydrate structure.”*””” On the other hand, studies
of the second type performed analysis of the relative amount of
gas that is released from the dissociation of formed hydrates.”®
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These studies were primarily interested in calculating the separation
efficiencies of gas mixtures with the use of hydrates. In the region
of interest to this study there are no experimental measurements
available as the aforementioned experimental works are for pres-
sures below 50 bar. An exception is the study by Nakano and
Ohgaki’* which reported no change in the composition between
the initial gas feed and the gas resulting after hydrate dissociation
for the case of hydrate formation at 1000 bar.

It is noteworthy that in our MD simulations, as is also evident
from Fig. 8b, the small 5'> cages can be occupied, apart from
methane molecules, by carbon dioxide molecules as well,
although to a smaller extent. To further elucidate this point
quantitatively, we carried out on the grown mixed hydrate of
the final state of the simulation at 2000 bar and 295 K (see
Fig. 8b) an analysis based on Voronoi tessellation®* which was
able to identify the distribution of the occupancies of the
methane and carbon dioxide guests in the small and large
cages. The analysis was carried out using radical Voronoi
tessellation as implemented in Voro++®> where the radii of the
atoms were taken into account in space tessellation. The result
is presented in Fig. 10, where for each guest two distinct peaks
can be identified with direct correspondence to the small and
large cages. Based on this information we calculated that the
molar fraction of carbon dioxide in the small cages is 0.40 while
in the large cages it is 0.63. The respective values predicted by
CSMGem at 2000 bar and the equilibrium temperature of
308.5 K are 0.041 and 0.308. This finding by MD is in agreement
with the experimental observations reported by Nakano and
Ohgaki,”* Lee et al.,”® and Everett et al.”® On the other hand,
the work of Sum et al.”® reported the presence of methane-only
in the small cages. The MD simulations indicate that the
presence of carbon dioxide molecules is prevalent in the larger
5'%6” cages. This observation is also in agreement with experi-
mental observations reported by Everett et al.,’® Sum et al.,”
and Kang et al.”’
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4. Conclusions

The direct phase coexistence methodology was implemented for
the determination of the three-phase coexistence conditions of a
ternary hydrate system, namely methane-carbon dioxide-water.
The three-phase coexistence temperature was determined at 400,
1000 and 2000 bar and for two methane compositions of the guest-
rich phase, 0.6 and 0.25 mole fraction. The results, due to lack of
experimental data in this region, were compared with predictions
by CSMGem. For both compositions examined, agreement was
observed up to 1000 bar while deviations exist for higher pressures.
The stochastic behavior that is inherent to these systems was taken
into consideration through statistical averaging of multiple MD
realizations. Additionally, the dynamically varying composition of
the guestrich phase, which is characteristic for a finite-sized
closed ternary system, was taken into consideration and it was
shown that it does not affect significantly the calculated T3.
Furthermore, the relative ratio of the guest molecules in the mixed
hydrate phase was estimated, showing a higher occupancy for the
carbon dioxide molecules. Additionally, the carbon dioxide mole-
cules were found to occupy the smaller cages of the sI structure as
well, but to a lesser degree than the methane molecules, consistent
with reported experimental observations.

The use of the TIP4P/ice water model introduces for this
ternary system an underprediction of T3 by 3 K, similarly to the
case of the binary systems, and equal to the deviation of this
model for the prediction of the melting temperature of ice.
Furthermore, the solubility of the guest molecules in the aqueous
phase was calculated and was found to be in good agreement
with existing data. The addition of methane was found to reduce
the solubility of carbon dioxide as well as the addition of carbon
dioxide reduces the solubility of methane. In general, the combi-
nation of the guest forcefields, which were successfully used for
the case of the binary hydrate systems in our earlier studies,"®"®
was shown to be adequate for the description of the ternary
system. This is reflected by the accurate calculation of the guest
solubility in the water-rich phase and the calculated three-phase
coexistence conditions of the ternary hydrate system.
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