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ABSTRACT

The determination of conditions at which clathrate hydrates are thermodynamically stable is important
in applications such as offshore gas exploitation and energy storage. Adsorbed gas molecules occupy
different cavity types within the hydrate lattice and this plays a significant role in the thermodynamic
stability of clathrate hydrates. The occupancy of cavities in the hydrate lattice can be studied by
undertaking Grand Canonical Monte Carlo simulations. Such simulations were performed in this
study for methane clathrate hydrate with several force fields. Langmuir-type adsorption isotherms
were fitted to the results of the simulations. The use of a single type of adsorption site was validated
for methane clathrate hydrate. The adsorption isotherms which were fitted to the results of the
simulations were used to compute the clathrate hydrate phase equilibria, which compared favourably
with results from the literature.

1. INTRODUCTION

Clathrate hydrates are ice-like materials formed when inter-molecularly connected networks of water
molecules enclathrate gas molecules, which are then trapped inside hydrogen-bonded crystal lattice
structures. In nature, clathrate hydrates predominantly contain methane and can be found in
permafrost or deep ocean deposits [1]. In industrial settings, clathrate hydrates form blockages in
natural gas pipelines in offshore exploitation operations [2] and are a major area of concern [3]. Other
areas of application of clathrate hydrates include their potential use as a storage medium for energycarrier gases such as methane [4,5] and hydrogen [6,7], as a natural carbon sink on the Martian
surface [8],and for use in industrial separation processes [9,10].

Three crystalline structures of clathrate hydrates are known: structure I (sI), structure II (sII), and
structure H (sH) [1]. The sI clathrate hydrate contains two cavity types (small and large), with
nominal radii of 0.395 and 0.433 nm, respectively [1]. The sII and sH clathrate hydrates have two and
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three cavity types, respectively. The sH clathrate hydrate has greater relative differences in cavity
radii than sI or sII [1]. This is illustrated in Table 1 [11], which summarises the crystalline structures
of the different clathrate hydrate structures. The sI or sII clathrate hydrates are usually found in nature
or industry because gas molecules can readily occupy both cavity types to a reasonable extent, thereby
stabilising the clathrate hydrate. The larger difference in cavity radii of the sH clathrate hydrate results
in a more pronounced size allowance for the gas molecules which can occupy the different cavity
types. Therefore, only specific mixtures of small and large gas molecules can stabilize the sH clathrate
hydrates, which results in this structure being less common. The use of computer simulations at the
molecular level is well established as a complementary tool for research into adsorption of gases in
clathrate hydrates [12–16]. An advantage of molecular simulations of clathrate hydrates over
laboratory experiments is that the fractional occupancies of nanoscale cavities within the crystal
lattice can be monitored directly. This is of interest as details of the physical mechanism or behaviour
of clathrate hydrate formation or inhibition (depending upon the desired application) can yield
improvements in industrial processes. For the case of natural gas exploitation, it is beneficial to inhibit
the formation of clathrate hydrates within pipelines, thus reducing the cost to the consumer. In the
case of energy storage, it is desirable to promote the formation and stability of clathrate hydrates to
yield attractive materials for commercial use. Grand Canonical Monte Carlo (GCMC) simulations
[17–19] in particular are useful to study gas adsorption in clathrate hydrates, as they provide
information about the quantity of gas adsorbed and the spatial distribution of molecules within the
crystal lattice. Moreover, purely hypothetical molecules can be investigated, providing insight into
molecular behaviour of clathrate hydrates. This contribution studies adsorption of methane into sI
clathrate hydrate by means of GCMC simulations, as well as phase equilibria calculated from these
data. Comparisons are made with published results, and the use of GCMC simulations to study
clathrate hydrate phase equilibria is illustrated.
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Clathrate crystal structure sI

sII

sH

Crystal system

Primitive cubic

Face-centered cubic Hexagonal

Space group

Pm3n

Fd3m

Cavity type

Small Large

Small

Large

Small

Medium

Large

Cavity description

512

51262

512

51264

512

435663

51268

Cavities/unit cell

2

6

16

8

3

2

1

Cavity radius (nm)

0.395 0.433

0.391

0.473

0.391

0.406

0.571

H2O/unit cell

46

136

34

Unit cell formula

2S·6L·46H2O

16S·8L·136H2O

3S·2M·1L·34H2O

P6/mmm

Table 1. Summary of crystalline structures and properties of the three types of clathrate hydrate structures. In the
unit cell formula S, M, and L denote small, medium, and large cavities, respectively [11].

A large fraction of adsorption sites may be occupied when using gas hydrates as an energy storage
medium, since it can contain by volume, significant amounts of energy-carrier gases such as methane
[4] or hydrogen [6,7,20]. Computational studies can provide occupancy data of adsorption sites
directly, whereas experimental measurements are more complex or costly, and are often based on
neutron diffraction [21–29]. There have been several computational studies of gas adsorption in
clathrate hydrates. These include gases such as methane [13,16], hydrogen [14], carbon dioxide [16],
xenon [12], and nitrogen [30]. Such studies have considered both flexible and rigid water lattices, and
although the flexible lattice is inherently more rigorous, it was found that there was little qualitative
difference between the results obtained via either approach. For the sake of rigour, flexible lattices
were used in this study. Adsorption characteristics of clathrate hydrates do not directly reveal the
conditions at which they are thermodynamically stable. However, it was suggested that there may be
“equivalence between the coexistence line on the phase diagram and the con-tour of 90% total cage
occupancy, corresponding to the stable methane hydrate” [13], and that this can provide qualitative
assessment of thermodynamic stability of the hydrate through adsorption simulations. Moreover,
phase equilibrium calculations of the stable hydrate region, performed using van der Waals–Platteeuw
(vdWP) theory, make use of a cage occupancy term. Thus, the thermodynamically stable region can
be estimated if the adsorption behaviour is known. Previous studies of adsorption in the sI methane
clathrate hydrate do not fully agree on the adsorption mechanism. The vdWP theory states that there
are two different types of adsorption sites (small and large), and that large sites are preferentially
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occupied by gas species during adsorption. Computational studies by Sizov and Piotrovskaya [13] and
Glavatskiy at al. [16] have suggested that there can be no distinction between small and large
adsorption site types in methane clathrate hydrate (for the temperature ranges of T < 260 K, and 278
K ≤ T ≤ 328 K, respectively). These two studies also found that the Langmuir-type adsorption model
did not fit the data. In contrast, Papadimitriou et al. [15] determined that adsorption of methane in sI
clathrate hydrate can be described by adsorption in two distinct types of adsorption sites, and by
Langmuir-type adsorption. Thus, this contribution examines which model can best describe the sI
methane clathrate hydrate.

2. THEORY AND METHODS

2.1. CLATHRATE HYDRATE PHASE EQUILIBRIA

Phase equilibrium relations of clathrate hydrates were developed using statistical mechanics in vdWP
theory [31], which describes the chemical potential of loaded clathrate hydrate in equilibrium with
liquid water. There are several shortcomings of vdWP theory [32–42] due to assumptions made in its
original formulation. These include the assumptions that there are no inter-molecular interactions
between the gas species molecules and that there are no thermal vibrations of the water molecules in
the crystal lattice. In spite of this, vdWP theory is frequently used to perform phase equilibrium
calculations for clathrate hydrate systems since it yields data that is in reasonably good agreement
with experimental results [43].

The internal partition function of the adsorbed methane molecules is assumed to be the same as that
for the molecules in the gas phase [31]. Therefore, the phase equilibrium criterion is the equality
between the chemical potential of liquid water (μwl) and water in the hydrate phase (μwH):

μWL = μWH

(1)

For convenience, the chemical potential of the hypothetical empty clathrate hydrate (μWβ) is used as a
reference state:
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ΔμWL = μWβ – μWL = ΔμWH = μWβ – μWH

(2)

The fractional occupancy of cavities in the clathrate hydrate by the gas species (θ) is used to calculate
the difference between the chemical potential of water in loaded hydrate and the reference state
(ΔμWH):

ΔμWH = - R∙ T ∙ ∑j [ νj ∙ ln ( 1 – ∑i θ ij ) ]

(3)

where index i refers to the gas species, j refers to cavity type (i.e., small, medium, large), νj is the ratio
of type j cavities to water molecules per unit cell in the hydrate lattice, and θ

ij

is the fractional

occupancy by gas species i of cavity type j. Langmuir-type adsorption [44] is often used to describe
adsorption of the gas species into the cavities of the clathrate hydrate. GCMC simulations yield
fractional occupancies of cavities directly. The use of this type of adsorption calculation with GCMC
simulations is elaborated in Section 2.4.

The difference in chemical potential between water in the liquid phase and the reference state (ΔμWL)
may be expressed as the difference in chemical potential between two pure phases at a reference state
(Δμ0) of TR = 273.15 K and PR = 0 MPa, considering the temperature and pressure dependence [45]:

(Δμ WL) / ( R ∙ T ) = (Δμ 0) / ( R ∙ TR ) - TR∫T ΔHW / ( R ∙ T2 ) ∙ dT + 0∫P ΔVW / ( R ∙ T ) ∙ dP

(4)

where ΔHW and ΔVW are the differences in enthalpy and molar volume, respectively, between liquid
water and the reference state. The volume term (ΔVW) is assumed constant over the temperature range
of interest. The enthalpy term (ΔHW) is expressed in terms of the difference in isobaric heat capacity
between liquid water and the reference state (ΔCPW):

ΔHW = ΔHW 0 +

T
TR∫

ΔCPW ∙ dT

(5)

where ΔHW0 is the enthalpy difference at the reference conditions of TR= 273.15 K and PR= 0 MPa.
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The original form [45] of Eq. (4) also includes a term correcting for the solubility of the gas species in
the liquid phase. However, this term can be neglected as it is several orders of magnitude lower than
the other contributions to the chemical potential [46,47]. Values used to calculate phase equilibria can
be found in the literature [48].

The phase equilibria were calculated using the Nelder–Mead algorithm [49] with a tolerance of 10−12
to minimise the objective function, Eq. (2), by adjusting the system pressure or temperature as
required. In this way, the dissociation pressure was calculated for each temperature, and vice versa.
Only sI clathrate hydrates were considered, as methane clathrate hydrates naturally occur in this form
[1].

2.2. CLATHRATE HYDRATE CRYSTAL STRUCTURE

The usual approach to calculate gas hydrates via vdWP theory[31] considers sI clathrate hydrate as
having two separate adsorption sites onto which gas molecules are adsorbed according to a Langmuirtype mechanism. These sites are located at the centres of the small and large cavities within the unit
cell.

The sI unit cell itself consists of 46 water molecules, with 2 small and 6 large cavities fully enclosed
by hydrogen-bonded water molecules. These cavities can be considered (geometrically) as “cages”,
with the small cage being formed by 12 pentagonal rings of water molecules, and the large cage being
formed by 12 pentagonal rings and two hexagonal rings of water molecules [11]. Oxygen atoms form
vertices of these polygonal rings, with hydrogen atoms lying along the edges. Nominal radii of the
small and large cages are 0.395 nm and 0.433 nm, respectively [2]. It should be stated that although
these cages are not spherical, a spherical approximation is often used in the literature, especially when
determining the Langmuir constants to describe adsorption of gas molecules. Cages in sI clathrate
hydrate are arranged in a primitive cubic manner, according to the Pm3n crystallographic space
group, and the cell constant is 1.203 nm [1].

Clathrate hydrates are from a class of substances known as “clathrate compounds” which consist of
networks of intermolecularly connected molecules of a “host” species “enclathrating”, or trapping, a
6

“guest” species. The sI hydrate is, in more general terms, a solution of the Kelvin problem which
deals with the geometry of bubbles of equal volume which share minimum surface area when forming
foam. The sI structure is the Weaire–Phelan structure [50] which is a superior solution to the previous
optimal solution, the Kelvin conjecture [51]. In essence, the sI structure represents a system of
cavities of roughly equal volume and thus it is reasonable to presume that in certain cases there can be
guest particles which behave in a manner which suggests there is no distinction between the nominal
types of cavities.

2.3. SIMULATION DETAILS

Methane adsorption characteristics of sI hydrates were studied by GCMC [17,18] computer
simulations making use of the Metropolis scheme [19]. The General Utility Lattice Program [52]was
used to perform these computations. The GCMC ensemble specifies the chemical potential (μ),
volume (V), and temperature (T) of the system. Simulations were performed for 107 MC moves, and
the first 25% were used to reach equilibrium, since the number of adsorbed gas molecules began to
plateau after about 106 MC moves. The following types of MC moves were considered:
translation/rotation, particle creation and destruction. The probability of selecting each type of move
was 33.3%. The translation/rotation moves mimic the motion of molecules within the hydrate, and the
creation and destruction moves (applied solely to the gas molecules) represent adsorption and
desorption processes, respectively. Flexibility was allowed for the crystal lattice, for the sake of
rigour. The maximum allowed translational displacement was 0.05 nm. The value of the chemical
potential (see Figure 1)was estimated using the grand equilibrium ensemble [53] computer program
“ms2” [54]. Chemical potential values obtained via the grand equilibrium ensemble simulations were
then used in the GCMC simulations.
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Figure 1. Chemical potential (μ) of methane versus pressure (P), estimated using the grand equilibrium ensemble
[53,54]. (-O-) T = 273.2 K, (-Δ-) T = 280 K, and (-□-) T = 300 K.

For the grand equilibrium MC simulations, the system consisted of 500 methane particles. Relaxation
for pre-equilibration consisted of 100 MC cycles, followed by 2 × 104 NVT cycles and 5 × 104 NPT
steps for equilibration. 3 × 105 MC cycles were used for data production. Widom’s method [55] was
used to estimate the chemical potential, using 2000 test particles.

A single (i.e., 1 × 1 × 1) unit cell of sI methane clathrate hydrate was considered in the present GCMC
simulations, since extensive studies of finite size effects have found negligible differences when using
either a 1 × 1 × 1 or 2 × 2 × 2 unit cell [14,56]. A sI lattice structure from a previous computational
study [57] was used, but the lattice constant was fine-tuned to 1.20 nm.

The same force fields were used for the grand equilibrium ensemble and GCMC simulations. The
water molecules were described by the simple point charge (SPC) [58] or the TIP4P/ice [59] force
fields, which allowed for comparison of the results obtained from these two models. Intermolecular
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dispersion forces were modelled using the Lennard-Jones (LJ) potential [60]. Two different methane
force fields were used: the transferable potentials for phase equilibrium (TraPPE) [61] force field, and
another in which the LJ parameters were determined from the critical properties (i.e. critical
temperature TC= 190.6 K, and critical pressure PC= 4.60 MPa) [62,63]. The force field parameters
used in this study are presented in Table 2. Interaction between unlike LJ pairs was determined by the
Lorentz [64] and Berthelot [65] combining rules. The cut-off radius was 1 nm for the LJ interactions
and Ewald [66] summation was used for electrostatic long range interactions.
Non-bonded

interactions

Force field

(Lennard-Jones [58])

Charges

Bond angle

SPC water [58]

εO / kB = 78.21 K

qO = -0.82 e

α(H-O-H) = 109.47 o

σO = 0.3166 nm

qH = +0.41 e

εO / kB = 106.1 K

qO = -1.1794 e

σO = 0.31668 nm

qH = +0.5897 e

TIP4P/Ice water [59]

United atom LJ methane [62,63]

α (H-O-H) = 104.52 o

εCH4 / kB = 145.27 K
σCH4 = 0.3821 nm

TraPPE methane [61]

εCH4 / kB = 148.0 K
σCH4 = 0.3730 nm

Table 2 Force field parameters used in this study.

2.4. LANGMUIR-TYPE GAS ADSORPTION

The single-site Langmuir adsorption isotherm [44] is the simplest physically plausible description of
the adsorption of gases onto solid surfaces [67]. Such adsorption isotherms are dependent upon
temperature and the pressure of gas being adsorbed. This description is based upon three assumptions
[67]: adsorption can only proceed up to a thickness of one layer of adsorbed gas molecules; all
adsorption sites are equivalent; and the adsorption ability of any molecule at any site is independent of
the occupation of neighbouring sites (i.e., there is no interaction between adsorbed gas molecules).
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The Langmuir adsorption isotherm, or the number of adsorbed gas molecules per unit cell (Ni) for gas
species i, can be expressed in terms of gas pressure (Pi), total number of adsorption sites per unit cell
(NT), and the Langmuir constant (Ci) [44]:

Ni = ( Ci ∙ Pi ∙ NT ) / ( 1 + [ Ci ∙ Pi ] )

(6)

The quantity of interest in clathrate hydrate phase equilibria, however, is not the number of gas
molecules adsorbed, but the fraction of cavities which are occupied, as required in Eq. (3). Therefore,
it is necessary to express Eq. (6) such that the fraction of occupied adsorption sites is expressed as a
function of P, Ci, and T. The fractional occupancy (θ) is defined as

θ = Ni / NT

(7)

It should also be noted that non-ideality of gas species can be accounted for in Eq. (6) by substitution
of pressure by fugacity. For fitting the Langmuir constant and calculating phase equilibria, the
fugacity was determined by the Peng–Robinson cubic equation of state [68]. This was to ensure
consistency with the vdWP calculation, in which the Peng–Robinson equation of state is used in this
study.

In order to determine whether Eq. (6) provides a valid description of the adsorption observed in
experiments or from simulations, a linearised form is required [69]:

( Pi / Ni ) = [ ( 1 / NT ) ∙ Pi ] + [ 1 / ( Ci ∙ NT ) ]

(8)

Thus, if a plot of Pi/Ni versus Pi is linear then a single-site Langmuir-type isotherm describes the
observed adsorption. It should be noted that this type of verification calculation is biased towards
higher pressures [67], and is therefore well-suited to clathrate hydrate systems, which are often under
high pressure.
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A useful relationship which can be used to describe temperature dependence of the Langmuir constant
is in terms of parameters Ai and Bi fitted to various data sources [48]:

Ci = ( Ai / T ) ∙ exp ( Bi / T )

(9)

3. RESULTS AND DISCUSSION

3.1. SINGLE SITE ADSORPTION

Figure 2 shows a snapshot for the SPC water + united-atom LJ methane clathrate hydrate system at T
= 273.2 K and P = 3 MPa, after 9310748 MC moves. Results of the GCMC simulations, expressed in
the form of Eq. (8), are presented in Figures 3 through 5. It is apparent that the results for all force
fields exhibit a linear trend when considering both pressure and fugacity. This suggests that there is no
significant difference whether methane is treated as an ideal or non-ideal gas under the conditions in
this study. The correlation coefficients for linear trends fitted to the data for all isotherms were greater
than 0.997, and all trend lines lie within the statistical uncertainties of the GCMC simulations.
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Figure 2. Snapshot of the SPC water + united-atom LJ methane clathrate hydrate system at T = 273.2 K and P = 3
MPa, after 9310748 MC moves. The dashed lines represent hydrogen bonds between the 3-site water molecules.
Methane molecules are represented by lone, unconnected, dark grey particles inside the clathrate lattice.
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Figure 3. Linearised Langmuir-type adsorption isotherms for sI SPC water + united-atom LJ methane clathrate
hydrate; see Eq. (8). The upper plot employs pressure (P) (i.e., assumption of ideal gas behaviour for methane), and
the lower plot uses fugacity (f) in Eq. (8). NCH4 is the number of moles of methane adsorbed per mole of the crystal
unit cell. System at: (●) T = 273.2 K, (Δ) T = 280 K, and (□) T = 300 K. Adsorption isotherms obtained by
Papadimitriou and co-workers [15] at T = 273 K: (▼).
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Figure 4. Linearised Langmuir-type adsorption isotherms for sI SPC water + TraPPE methane clathrate hydrate; see
Eq. (8). The upper plot employs pressure (P) (i.e., assumption of ideal gas behaviour for methane), and the lower plot
uses fugacity (f) in Eq. (8). NCH4 is the number of moles of methane adsorbed per mole of the crystal unit cell.
System at: (●) T = 273.2 K, (Δ) T = 280 K, and (□) T = 300 K. Adsorption isotherms obtained by Papadimitriou and
co-workers [15] at T = 273 K: (▼).
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Figure 5. Linearised Langmuir-type adsorption isotherms for sI TIP4P/ice water + united-atom LJ methane clathrate
hydrate; see Eq. (8). The upper plot employs pressure (P) (i.e., assumption of ideal gas behaviour for methane), and
the lower plot uses fugacity (f) in Eq. (8). NCH4 is the number of moles of methane adsorbed per mole of the crystal
unit cell. System at: (●) T = 273.2 K, (Δ) T = 280 K, and (□) T = 300 K. Adsorption isotherms obtained by
Papadimitriou and co-workers [15] at T = 273 K: (▼).

Examination of the occupancy at the molecular level (using spatial coordinate data) showed gas
molecules at all adsorption sites. Statistical uncertainties of occupancy data for the “small” cavities
were substantial, and made it difficult to distinguish between adsorption at the two types of sites. For
this reason, Eq. (8) was used to further examine the plausibility of using a single type of adsorption
site. It should also be noted that the reciprocals of the slopes of the linear trends described by Eq. (8)
yielded a range of6.3 < NT < 7.1, which further corroborates the fact that gas molecules are adsorbed
at all site (as mentioned above there are 8 sites in the unit cell used in the simulations).

The linearity present in Figures 3 through 5 suggests that adsorption of methane into sI clathrate
hydrates can be described in terms of a single type of Langmuir site. This is evidenced by the linear
trends in Figures 3 through 5. The correlation coefficients (R2) for each of the linear trends (averaged
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for each force field combination) are shown in Table 3, and it is clear that all are highly linear (R2=
0.999 in all cases, with a minimum of R2= 0.997). The validity of a single Langmuir-type adsorption
site suggests that, from the perspective of methane molecules being adsorbed, there is no clear
distinction between cavity types in the hydrate lattice. This can be due to the size of methane
molecules relative to the cavities; σCH4 ≈ 0.38 nm (see Table 2), while the small and large cavity radii
are 0.395 and0.433 nm, respectively (see Table 1). This significant size differential between methane
molecules and cavities in the hydrate lattice resulted in the probability of acceptance during the
adsorption process being about the same for both small and large cavities (within the statistical
uncertainties).

Force fields

Ai / K·MPa-1

Bi / K

AAD / %

R2

SPC water + united atom LJ methane

19.129

1.3121·103

6.3

0.999

SPC water + TraPPE methane

18.276

1.5073·103

2.7

0.999

TIP4P/Ice water + united atom LJ methane

10.392

1.5183·103

7.3

0.999

Table 3. Fitted parameters for Langmuir-type adsorption isotherms [44] obtained from GCMC simulations; see Eq.
(9). AAD is the absolute average deviation of fitted adsorption isotherms to GCMC simulation results from this study,
and R2 is the average correlation coefficient of linear fits to the adsorption isotherms.

It should be noted, however, that this lack of differentiation in the adsorption of methane into the
usual two cavity types can be considered as an approximation. Strictly speaking, there can be a
differentiation in the adsorption of methane molecules into the cavity types. However, the statistical
uncertainties of the results of the GCMC simulations of around 5–9%, and in the results of laboratory
experiments of around 2–15% [70] should also be considered in this analysis. Therefore, results
shown in Figures 3 through 5 suggest that the differentiation between cavity types in sI methane
clathrate hydrates can be neglected, as this approximation is within the limits of the expected
uncertainties in fractional occupancies of cavities within the hydrate lattice.

A consequence of considering only a single cavity type for certain clathrate hydrates is that in fitting
Eq. (9) to experimental data, only two parameters are required, instead of the usual two parameters
per cavity type. Thus, fewer data points are needed for regression. Future GCMC simulations will
focus on the size range of the gas molecules in which this simplification is valid.
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3.2. ADSORPTION ISOTHERMS

Parameters required to estimate the Langmuir constants by Eq. (9) are presented in Table 3, with
average absolute deviation (AAD) of fitted equations with respect to results of GCMC simulations.
Fit-ting was undertaken by comparing calculated occupancies (θCalc.) and occupancies from GCMC
simulations (θSim., see Eq. (8)), using the sum of squared errors (SSE) adjusted for uncertainties in
simulations (ui) as follows:

SSE = ∑i [ (θCalc. - θSim. )i2 / ui ]

(10)

This adjustment can limit the fitting procedure from favouring data which are associated with large
uncertainties. The occupancies are considered as the fraction of the total number of adsorption
sites(i.e., 8 in the sI clathrate hydrate) which are occupied by methane molecules.

It should also be mentioned that in order to describe retrograde phase behaviour of methane clathrate
hydrate, an explicit pressure dependence of the Langmuir constants could be considered
[71].However, pressure dependence would only influence the phase equilibria at very high pressures.
The simulations considered in this study reached a maximum pressure of 100 MPa, and so this may
not be applicable for the results shown. This will be investigated in future studies.

There is some disparity between the AAD values presented in Table 3 and the linearity (described by
the R2 values) of the Langmuir isotherm trend lines shown in Figures 3 through 5. The significantly
larger absolute average deviations for the fit-ted adsorption isotherms using Eq. (9) arise as an artefact
of the temperature-dependence fitting. This is not a shortcoming of the Langmuir adsorption isotherm
itself, but of the form of the temperature dependence which is commonly used.

3.2. PHASE EQUILIBRIA

Phase equilibria of methane clathrate hydrates are shown in Figure 6, expressed in terms of
dissociation pressure versus temperature. The calculated phase equilibria from this study are
compared to calculations using Langmuir-type isotherms reported in the literature [15,48] as well as
17

to experimental results [72,73]. It can be seen that the present simulations agree with calculations
from the literature [15], within estimated statistical uncertainties. Uncertainties were derived from the
maximum fractional deviations of Langmuir-type adsorption isotherms fitted to results of GCMC
simulations. It should be noted that this study uses only two adjustable parameters (Ai and Bi), as
opposed to the four parameters (Ai and Bi for both the small and large cavities) from the literature
[15]. Considering two types of cavities in the hydrate lattice does not result in a significant
improvement of the calculated phase equilibria as compared to the assumption of a single effective
cavity type.

Figure 6. Dissociation pressure (P) versus temperature (T) for sI methane clathrate hydrate. The upper plot was
determined by varying P, and the lower plot by varying T in Eq. (2). Calculated phase equilibria based on Langmuirtype adsorption isotherms fitted to GCMC data: (●) previous study [15], (Δ) SPC water + TraPPE methane, and (O)
SPC water + united atom LJ methane, (□) TIP4P/ice water + united atom LJ methane, (∗) experimental
measurements [72,73], and (· · ·) calculated phase equilibria [48].
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Another point of interest is the apparent convergence between calculated phase equilibria and
experimental measurements at high pressures. It was previously [12] found that the free energy of
clathrate hydrates calculated from GCMC simulations converges with the directly calculated free
energy at high pressures. The convergence seen for the calculated phase equilibria in this study also
suggests that agreement between GCMC simulations and the real clathrate hydrate systems improves
at high pressures.

Figure 7 compares the results of this study with a previous study which used molecular dynamics
(MD) simulations to determine the direct coexistence [74] for a united atom LJ methane using
parameters from two sources [75,76] with several water force fields: TIP4P [77], TIP4P/2005 [78],
and TIP4P/ice [59]. The influence of adjusting a binary correction factor (kij) for the Berthelot rule
applied for the cross-interaction in the dispersion parameter (ε) between intermolecular LJ sites i and j
is also shown. This correction factor is applied as:

εij = kij ∙ ( εi ∙ εj )0.5

(11)

The adjustment to kij shown in Eq. (11) was performed indirectly, by fitting the excess chemical
potential of dilute methane in liquid water [79].
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Figure 7. Dissociation pressure (P) versus temperature (T) for sI methane clathrate hydrate. Calculated phase
equilibria based on Langmuir-type adsorption isotherms fitted to GCMC data: (●) SPC water + TraPPE methane, (o)
SPC water + united atom LJ methane, (◊) TIP4P/ice water + united atom LJ methane. Direct coexistence simulations
[74] using a different united atom LJ methane [75,76]: (×) TIP4P water, (▼)TIP4P/2005, (Δ) TIP4P/2005 with kij =
1.07 (see Eq. (11)), (□) TIP4P/ice. (∗) experimental measurements [72,73], (· · ·) calculated phase equilibria [48].

It is apparent that the phase equilibria calculated in this study from GCMC simulations compare
favourably with results of direct coexistence MD simulations. A comparison of the deviations in terms
of temperature is presented in Table 4. In particular, only direct coexistence MD simulations
performed using TIP4P/ice water performed as well as the GCMC simulations in predicting
experimental phase equilibria. Generally, the phase equilibria obtained using direct coexistence MD
and GCMC simulations are comparable when using various combinations of force fields. Therefore,
GCMC simulations provide a valid method to determine Langmuir-type adsorption isotherms which
can then be used to calculate clathrate hydrate phase equilibria.

Figure 7 also shows that the force field can be fine-tuned to yield results that are in better agreement
with experiment. These changes can possibly be applied to cross-interactions between methane and
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water LJ sites via Eq. (11). This can be done using experimental dissociation pressures, by means of
Langmuir-type adsorption isotherm fitting to the results of GCMC simulations. As stated previously,
the determination of binary correction factors has been undertaken more indirectly in the past, such as
via the excess chemical potential of dilute methane in liquid water [79]. For the purposes of flow
assurance in offshore gas exploitation, where phase equilibria are of direct interest, it could be more
useful to make a direct comparison with available experimental measurements.

It was also found that phase equilibria calculated in this study using parameters derived from GCMC
simulations employing the SPC force field yielded better predictions of the experimental data than
with TIP4P/ice water. The TIP4P/ice system from this study did not fit as well as a previous study
using direct coexistence MD simulation. [74], which could be due to the other parameters in the phase
equilibrium calculation (see Eqs. (1)–(5)).

Force fields

Method

Source

AAD / K AAD / %

SPC water + united atom LJ methane

GCMC adsorption

This study

5.3

1.8

SPC water + TraPPE methane

GCMC adsorption

This study

2.4

0.8

TIP4P/Ice water + united atom LJ methane

GCMC adsorption

This study

10.8

3.7

SPC/E water + OPLS-UA methane

GCMC adsorption

[15]

10.6

3.6

TIP4P water + united atom LJ methane

Direct coexistence MD [74]

38.0

13.2

TIP4P/2005 water + united atom LJ methane

Direct coexistence MD [74]

19.0

6.6

methane

Direct coexistence MD [74]

13.0

4.5

TIP4P/Ice water + united atom LJ methane

Direct coexistence MD [74]

3.3

1.2

TIP4P/2005 water (kij = 1.07) + united atom LJ

Table 4. Comparison of different data sets in terms of the deviation from experimental dissociation temperature of
methane clathrate hydrate. AAD is the absolute average deviation of calculated (this study and [15]) and simulated
[74] phase equilibria to experimental data [72,73].
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3.4. HEAT OF DISSOCIATION

Once the phase equilibria are known, the heat of dissociation (ΔHDiss.) can be calculated from the
Clausius–Clapeyron equation [80]:

d lnP / d ( 1 / T ) = - ΔHDiss. / ( Z ∙ R )

(12)

where Z is the compressibility factor of methane. This can be readily determined by forming a linear
relationship between lnP and 1/T. The results of this are shown in Table 5. For the purposes of this
comparison, the compressibility factor of methane was fixed at unity. This would result in the lack of
a temperature dependence for the heat of dissociation, although this is not expected to make a
significant difference in the calculated value. It is apparent that the GCMC simulations overestimate
the heats of dissociation, and it is therefore not always possible to obtain a close fit to the
experimental phase equilibrium data (see Table 4) while simultaneously predicting a favourable heat
of dissociation. However, it can be noted that molecular simulations generally appear to have poor
predictive power when estimating the heat of dissociation of methane clathrate hydrate.

As with the calculated phase equilibria, the results from this study compare well with published
values obtained via molecular simulation. The value obtained in this study for heat of dissociation for
the system containing TIP4P/ice water compares favourably with a previous study [74] which also
employed TIP4P/ice water, although in direct coexistence molecular dynamics simulations.
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ΔHDiss. / kJ.mol-1

Force fields

Method

Source

AD / %

SPC water + united atom LJ methane

GCMC adsorption

This study 113.6

45.7

SPC water + TraPPE methane

GCMC adsorption

This study 115.5

48.1

methane

GCMC adsorption

This study 102.5

31.1

SPC/E water + OPLS-UA methane

GCMC adsorption

[15]

62.5

19.9

[74]

95.5

22.5

Direct coexistence MD

[74]

96.9

24.3

Direct coexistence MD

[74]

102.4

31.3

Direct coexistence MD

[74]

73.9

5.3

[72,73]

78.0

[48]

73.6

TIP4P/Ice water + united atom LJ

TIP4P water + united atom LJ methane Direct coexistence MD
TIP4P/2005 water + united atom LJ
methane
TIP4P/2005 water (kij = 1.07) + united
atom LJ methane
TIP4P/Ice water + united atom LJ
methane
Experimental
Calculated

vdWP calculation

5.6

Table 5. Heat of dissociation (ΔHDiss.) of methane clathrate hydrate calculated from phase equilibrium data. AD is the
absolute deviation from the value calculated from experimental data. The methane gas was assumed to be ideal (i.e.,
Z = 1 in Eq. (12)) for this comparison.

4. CONCLUSIONS

GCMC simulations were used in conjunction with a linearized Langmuir gas adsorption model to
show that considering only a single gas adsorption site is valid for sI methane clathrate hydrate. A
temperature dependent Langmuir-type adsorption isotherm was then fitted to the present GCMC
simulation results.

Phase equilibrium calculations were performed for methane clathrate hydrate using fitted Langmuirtype adsorption isotherms. The calculated phase equilibria compared favourably with previous
simulations [15,74] and experiments [72,73]. The calculated phase equilibria were then used to
estimate the heat of dissociation of methane clathrate hydrate. The value obtained for the system

23

containing TIP4P/ice water in this study compares favourably with a previous study [74] employing
TIP4P/ice water in direct coexistence molecular dynamics simulations.

The results presented in this study demonstrate that GCMC simulations can be used to determine
clathrate hydrate phase equilibria, and also show that using a single Langmuir-type adsorption site
provides a valid description for methane clathrate hydrate.
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