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A B S T R A C T

Thermodynamic models of the stability of clathrate hydrates are important for different applications
such as the storage, separation and transport of gases. The development of improved models relies on a
better understanding of the relationships between the macroscopic stability of clathrate hydrates and
their structure. In particular, lattice distortion is an important parameter that is difficult to incorporate in
thermodynamic models of clathrate hydrates. In this work, a 2D lattice-gas model has been applied for
the first time for the study of the stability and lattice distortion of sI clathrate hydrates of methane and
carbon dioxide. Results show a direct relationship between cell distortion and cell occupancy: the
minimum distortion is found at cell occupancies near 1. In addition, in the case of carbon dioxide
hydrates, a complex behavior is observed due to the partial occupancy of small cavities by guest CO2

molecules. By relating lattice distortion with hydrate stability, phase diagrams can be calculated which
are in qualitative agreement with experimental diagrams and with results of more complex simulation
methods.
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1. Introduction

Clathratehydratesare solid cage structures formed by mixturesof
waterand low molecular weightcomponents that belongto a class of
compounds called inclusion clathrates [1,2]. In these compounds,
water molecules form a regular crystal lattice, which gives rise to the
formation of cavities where guest (host) molecules can be adsorbed.
Hydrogen bonds between water molecules can lead to various types
of cavities, with specific sizes and geometries: pentagonal dodeca-
hedron (512), tetrakaidecahedron (51262), hexakaidecahedron
(51264), irregular dodeca-hedron (435663), and icosahedrons
(51268). Symbols between parentheses correspond to Jeffrey’s
notation of these cavities [3,4]. The combination of different number
and type of cavities build up unit cells. Then, a set of unit cells form
the gas hydrate structures: sI, sII and sH [1,2]. Of these, the most
commonly observed hydrate structures are sI and sII. They consist of
tetrakaidecahedral (51262) and hexakaidecahedral (51264) clusters,
12 pentagonal with 2 hexagonal rings of water molecules (24 water
molecules) and 12 pentagonal with 4 hexagonal rings of water
molecules (28 water molecules), respectively. The structure and
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stability of the regular crystal lattice depend on the nature, size and
shape of the guest molecules that occupy the cavities. Gas molecules
such as methane, ethane and carbon dioxide form type sI hydrates,
while larger molecules preferably form sII (propane, iso-butane) and
sH (cyclohexane, cycloheptane) structures.

Inthelastyears,highamountsofmethaneinhydratedepositshave
been found. Natural geologic environments such as depths in the
oceans and arctic permafrost regions are huge deposits of methane
hydrates.Theselargequantitiesofmethanerepresentapowerfulnew
source of energy for the future [5–7]. It has also been estimated that
there are more energy resources in these hydrates than in fossil fuels
[8,9]. Because of the large amounts of methane available in these
reserves, the study of methane hydrates have attracted the
researchers’ attention. In addition, CO2 hydrates have also been
known for years [10]. These hydrates are often thought as agents for
global climate change and they have received attention from a large
group ofscientists[1,11,12].Besides, ithasbeenhypothesizedthatthe
release of greenhouse gases from the natural clathrates played a role
in past climate changes [13]. The amount of carbon stored in natural
carbondioxideclathratesisabouttwicetheorganiccarbonpresentin
fossil fuels [14]. Therefore, the development of technologies for the
exploitation of this resource is of great interest.

Clathrate hydrates have different technological applications
such as separation, storage and transport of gases [15]. Nowadays,
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there is a limited amount of experimental data about the
properties, composition and formation conditions of clathrate
hydrates, and quantity of gas stored. Due to these reasons, detailed
and precise thermodynamic models have been developed to
predict the phase behavior of clathrate hydrates. van der Waals and
Platteeuw (vdWP) [16] theory was developed in 1958, by
combining mechanical statistics with classical theory of adsorp-
tion (Langmuir model). In this theory, it is assumed that the
interactions between guest molecules and the aqueous lattice are
relatively weak and they are limited to the nearest neighbors (NN)
of the gas molecule. Besides, the interactions between host
molecules corresponding to different cavities are neglected, and
multiple occupancy of the cavities by several gas guest molecules is
not considered. Therefore, the behavior of each guest molecule
does not depend on the presence of other guest molecules. Later
this classic model was widely studied for Parrish and Prausnitz [17]
for multicomponent gas hydrates. The authors introduced some
modifications on the theory vdWP [18–20]. The modifications are
related to the phenomenon of flexibility of the hydrogen-bonded
and multiple occupation of cavities. However, original vdWP
theory still continues to be the more important and widely-used
theoretical tool for gas hydrate research.

In the last years, computational simulations have proved to be a
useful tool for studying the degree of occupation and predicting
the stability of the cavities that form the clathrate hydrates [21–
30]. The importance of computer simulations has been tested by
different authors through the comparison with experiments and
theoretical predictions [31,32]. Pimpalgaonkar et. al calculated the
triple-point lines of methane and ethane by using Monte Carlo
(MC) simulations [31]. Papadimitriou et al. reported the number of
occupied cavities for He and THF [32]. The results show that large
cavities are completely occupied by THF molecules, whereas the
small ones are partially occupied by He atoms.

On the other hand, it is well known that there are effects of
lattice distortion in hydrates when the cavities are occupied with
guest species of different sizes. An important contribution to this
subject was made by Zele et al. [24]. The authors showed that large
guest molecules lead to a deformation of the hydrate lattice,
known as lattice expansion. This expansion causes an increase in
the difference between the chemical potential of water in the
empty and filled lattice. Simulations of cell volume as a function of
guest size showed an increase in the cell volume with increasing
guest parameters [33]. In the same way, Martín and Peters [34]
developed a new thermodynamic theoretical model considering
lattice distortion by introducing a distortion model of the chemical
potential for vdWP [16]. The authors found an increase in the
distortion of the chemical potential with increase in the size of the
Fig. 1. (a) Scheme of the 3D structure of a portion of sI clathrate hydrate composed by eig
direction along either the x,y or z axis. (c) Identification of water molecules that form 
host species. In 2007, Sizov and Piotrovskaya [26] studied the
behavior of occupancy isotherms for flexible and rigid methane
hydrate through grand canonical MC simulations (using a three-
dimensional (3D) algorithm). Simulations were carried out using
the SPC/E model for water [35] and UA model for methane
molecules [36]. The system used contained eight (2 � 2 � 2) sI
methane hydrate unit cells with 3D periodic boundary conditions.

Even though many aspects of the problem have been studied,
other points still remain open. Namely, (i) all works mentioned
above [21–30] require a big number of parameters, and (ii) there is
a lack of models able to predict the degree of deformation and its
relation to the stability of clathrate hydrates. Here, we attempt to
remedy this situation. Accordingly, the main objectives of the
present paper are (1) to develop a simple lattice-gas model capable
to describe the behavior of clathrate hydrates, reducing the
number of parameters; (2) to study the degree of deformation of
gas hydrates in the presence of CO2 and CH4 species; and (3) to
predict the conditions in which the hydrate is more stable. This
work is limited to the structure sI and methane and carbon dioxide
host species. These host species have important implications as
new energy sources.

Lattice-gas model has proved to be useful for the description of
a wide variety of phenomena in physics and beyond [37]. During
the early part of the past century, two important methods of
investigation of lattice-gas model were developed: the Bragg–
Williams approximation [38] and the quasichemical approxima-
tion [38]. More recently, substantial progress has been made in the
development of accurate and powerful approximations as real-
space renormalization-group technique [39], transfer-matrix
method [40] and finite-size scaling theory [41]. As result of these
investigations, the lattice-gas theory, initially proposed to model a
ferromagnet [42–44], is today one of the most active research areas
in the treatment of phase transitions and critical phenomena [37].

In the case studied here, the application of the lattice-gas
model, as well as the reduction of the system to 2D, is not only of
academic interest but important for understanding the phenome-
non of cavity distortion as a result of the presence of guest species.
This study is a first step towards a more accurate determination of
the phase behavior of the system, which will be the object of future
research.

2. Lattice-gas model and Monte Carlo simulation scheme

2.1. Lattice-gas model: sI hydrate structure

In this section, the distortion of the structure of sI gas hydrates
in the presence of CO2 and CH4 is modeled by using a 2D lattice-gas
ht (2 � 2 � 2) unit cells. (b) Part (b) is a view observing the structure of part (a) in one
the hexagons which build up the structure sI in 2D.
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model and Monte Carlo simulations. A similar scheme has been
previously used to study adsorption and diffusion of polyatomic
species on homogeneous surfaces [45–50]. Making an analogy
with adsorption–desorption process, the gas hydrate is considered
as a lattice of sites with a specified geometry. In addition, the
stability of hydrate is assumed explicitly before simulation [21–
30].

Let us consider a portion of sI clathrate hydrate, which is
composed by eight (2 � 2 � 2) unit cells, see Fig. 1a [51]. Each unit
cell contains two dodecahedron cavities (512) (small cavity) and six
tetrakaidecahedron cavities (51262) (large cavity). The 3D points
correspond to water molecules. For simplicity, only the oxygen
atoms of water are shown in Fig. 1a.

Fig. 1b is a view observing the structure of Fig. 1a along the
direction of x, y or z axis. By cutting the structure of sI clathrate
hydrate with a plane parallel to the xz plane and passing through
the center of the structure [line 2 in Fig. 1b], one obtains two
equivalent faces. The same result can be obtained by cutting the
structure in part b, with planes passing through the lines 1 and 3.
Thus, the structure sI has symmetry in faces 1–3. This property
allows us (1) to reduce the 3D sI structure to a set of 2D planes as
shown in Fig. 1c and (2) to study the behavior of clathrate hydrates
in the presence of guest species, through an analogy with the
adsorption–diffusion process in a 2D lattice-gas model with
multiple occupation of sites [45–50].

From the scheme in Fig. 1c, hexagons formed by the oxygen
atoms of the water molecules can be identified. These hexagons
correspond to the top of the cavities. In addition, empty spaces can
be linked to large and small cavities (represented by dotted lines).
Fig. 2. (a) 2D lattice-gas model for the structure sI of clathrate hydrates. (b) 2D
lattice-gas model for the deformed structure sI of clathrate hydrates. Water
molecules are represented by previously adsorbed monomers on single sites. Empty
sites between the chains of hexagons form the cavities.
Thus, the structure in Fig. 1c can be mimicked by a discrete
triangular lattice as shown in Fig. 2. In the figure, occupied sites
(cyan circles) represent water molecules and empty sites (empty
circles) correspond to small and large cavities. Small cavities are
formed by three empty sites and large cavities for five empty sites.
As it will be seen in the next section, the guest molecules can be
adsorbed on the sites forming the cavities and water molecules can
diffuse. However, the water molecules are restricted to return to
their original places, in order to keep the original structure the
hydrate. Furthermore, the number of monomers is held constant.

Fig. 2 also identifies a specific set of sites, denominated O sites
in this work. These are empty sites that appear at the same plane as
the hexagons formed by the water molecules. However, they are
able to move towards nearest neighbors. These sites should be
taken into account as they are closer to water forming the sI plane.
Guest molecules near to the O site do not interact energetically.
Nevertheless, O site can move due to the strain that can be
produced by guest molecules.

2.2. Lattice-gas model: host species or adsorbates

The host species are modeled by a multisite-occupancy
adsorption model [45–50]. In this scheme, each guest molecule
(CH4, CO2) is considered an adsorbate molecule having identical
units, and each unit occupying one site on the lattice.

The methane molecule has tetrahedral symmetry with three
vertices in its base [52], and accordingly, is represented by the
occupancy of three sites (forming a triangle) on the lattice. In the
simulation process, the adsorption of a methane molecule is carried
out in the following steps: once the first monomer is in its place, the
second monomer occupies one of the three NN to the first monomer.
As soon as the second neighbor is occupied, the third monomer
occupies one of the two closest NN to the first monomer (see Fig. 3a).

In the case of carbon dioxide, the molecule has a linear
geometry [52] and is represented by a chain of three consecutive
sites: once the first monomer is in its place, the second monomer
occupies one of the three NN to the first monomer. Then, the third
monomer occupies its NN in the same direction as monomers one
and two (see Fig. 3b).

Methane and carbon dioxide molecules have more possible
adsorption configurations in large cavities than in small cavities. It
is well known that methane molecule is smaller than carbon
dioxide molecule [52]. In accordance to Kihara potential param-
eters [34,53], the core radius of CH4 molecule is about half the
radius of CO2. These data are consistent with the mapped
proportions to the lattice-gas model. As it can be observed from
Fig. 3, CO2 molecule extends (left and right) along a length of three
lattice constants, while CH4molecule occupies only two sites along
the same line.

The model proposed here retains the symmetry of the sI
hydrate structure and the relative sizes of the guest molecules.
These properties, along with an adequate choice of the lateral
interactions, capture the essence of the real systems. The cost of
introducing this precursor model is the lack of some experimental
features presented by real clathrates. Thus, the relationship
between the molecular sizes and the lattice constant is fictitious
and has been forced by the discretization of the gas hydrate
structure. The development of more sophisticated off-lattice
models could contribute to solve this problem.

Finally, the standard Lorentz–Berthelot mixing rules have been
used to calculate the potential parameters for the water–guest and
guest–guest lateral interactions [34];

wmn ¼ lmn
ffiffiffiffiffiffiffiffiffiffiemen

p
3

(1)



Fig. 3. (a) Guest methane species adsorbed on large and small cavities. (b) Guest
carbon dioxide species adsorbed on large and small cavities. Guest molecules of
carbon dioxide deform the cavity when they are absorbed.
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where lmn is an interaction parameter that can be correlated to
experimental data of cavity occupancy. As in Ref. [34], in this work
it has been assumed that this interaction parameter is equal to one.
em (en) represents the characteristic energy corresponding to the m
(n) species. The values of em (en) were taken from Table 2 in Ref.
[34]. Interested readers are referred to Ref. [53] for a more
complete description of the calculations used to determine em (en).
If m 6¼ n, Eq. (1) corresponds to the interaction between different
species such as water and methane (H2O–CH4) or water and carbon
dioxide (H2O–CO2). If m = n, Eq. (1) represents the interaction
between species of the same nature (CH4–CH4, CO2–CO2 and H2O–
H2O lateral interactions). Given that wmn represents the site–site
lateral interaction, a factor 3 is used in the denominator due to the
number of units in the molecule.

2.3. Simulation scheme and thermodynamic quantities

The surface of the hydrate is represented by a matrix of
M = L1� L2 sites, where L1 and L2 indicate the linear size in the x and
y direction, respectively. Water molecules are represented by
monomers, which are previously adsorbed. As mentioned in the
previous section, the number of monomers is kept constant
throughout the adsorption process. Therefore, the total number of
available sites for adsorption of guest molecules is M* = L1� L2� (
NH2O + NO), where NH2Oand NO, represent the number of water
molecules and O sites, respectively.

To describe the system of N guest molecules (CH4 or CO2) and
NH2O water molecules adsorbed on the lattice at a certain
temperature, we introduce the occupation variable ci. This variable
can take the value ci = 0 if the site is empty, ci= 1 if the site is
occupied by a guest molecule and ci = 2 if the site is occupied by a
water molecule. Guest molecules are absorbed or desorbed as a
single unit, avoiding any possible dissociation. Under such
considerations, the energy of the system is given by

E ¼
X
i;jh i

w11dci;1dcj ;1 þ w22dci ;2dcj ;2 þ w1;2 dci ;1dcj ;2 þ dci ;2dcj ;1
� �h i

� kNw11 (2)

where d is the Kronecker delta function; w11 is obtained from
Eq. (1) and represents the NN interaction between guest molecules
(CH4–CH4 or CO2–CO2); w22 [Eq. (1)] is the NN interaction between
water molecules (H2O–H2O) and w12 [Eq. (1)] corresponds to the
NN interaction between a guest molecule and a water molecule
(CH4–H2O or CO2–H2O). w11, w12 and w22 are considered attractive
interactions (w11, w12, w22< 0). The pair (i,j) represents all pairs of
NN sites. The term kNw11 is subtracted in Eq. (2) since the
summation over all the pairs of NN sites overestimate the total
energy by including kNw11 internal bonds belonging to the N
adsorbed guest molecules. As it can be seen from Fig. 3, k = 3 for
CH4 molecules and k = 2 for CO2 molecules.

In this work, the problem is studied by grand canonical MC
(GCMC) simulations using a typical adsorption–desorption algo-
rithm mVT [45–47]. The simulation method consists on performing
a number of Monte Carlo steps (MCS), in order to equilibrate the
system. After that, mean values of thermodynamic quantities of
interest (such as the degree of deformation or the degree of
coverage) are obtained as simple averages over successive
configurations. Typically, the equilibrium state can be well
reproduced after discarding the first r* = 107MCS. Then, the next
r = 2 � 107MCS are used to compute averages. This is done for fixed
values of temperature T and chemical potential m (or fugacity in an
alternative formulation), while the number N of adsorbed guest
molecules can vary.

The algorithm to carry out one MCS is as follows:

1. Set values of chemical potential m and temperature T.
a. If the site is empty, an attempt is made to adsorb a guest

molecule as described in Section 2.2. The molecule is
adsorbed if j < P, being P the Metropolis probability,
P = min{1, exp[�b(DE � mDN)]}, DN ! +1 [54]. b = 1/kBT (kB
is the Boltzmann constant) and DE = Ef� Ei is the difference
between the energies of the final and initial states.

b. If the site is occupied with a guest molecule, an attempt is
made to desorb the molecule as described in Section 2.2. The
molecule is desorbed if j < P, being P the Metropolis
probability with DN = �1.

c. If the site is occupied with a H2O molecule that has not been
previously displaced, one of its six NN sites is randomly
chosen. If the site is empty, an attempt is made to move the
molecule toward the selected site. The molecule is moved if
j < P, being P the Metropolis probability with DN = 0.

d. If the site is occupied with a H2O molecule that has previously
been displaced from its initial position, an attempt is made to
return the molecule to the initial configuration. The molecule
is moved if j < P, being P the Metropolis probability with
DN = 0.

2. Choose randomly one of the M sites, and generate a random
number j 2 [0,1].

3. Repeat from step (2) M times.

In our MC simulations, we varied the chemical potential m and
monitored the density u and the density of cavities ucavity, which
can be calculated as simple averages:



Fig. 4. (a) Degree of deformation D and (b) free energy per site f (in units of b) as a
function of the coverage of the cavities ucavity for CH4 hydrates. The curves
correspond MC simulations for L1 = 80, L2 = 128 and different temperatures as
indicated.
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u ¼ 3 Nh i
M� anducavity ¼ Nh i

number of cavities
; (3)

where :::h imeans the average over the r MC simulation runs. Once
m(u) is obtained, the free energy F can be calculated by using the
thermodynamic integration method [55]. In the grand canonical
ensemble, this method relies on the integration of the chemical
potential m coverage along a reversible path between an arbitrary
reference state and the desired state of the system. Thus, for N
particles on M* lattice sites,

F N; M�; Tð Þ ¼ F N0; M�; Tð Þ þ
ZN

N0

mdN0: (4)

In our case, the determination of the free energy in the
reference state, F(N0,M*,T), is trivial [F(N0,M*,T) = 0 for N0 = 0]. Note
that the reference state, N ! 0, is obtained for m/kBT ! �1. Then,
Eq. (4) can be written in terms of the free energy per site f. Thus,

f ¼
Zu

0

m u0
� �
3

du0: (5)

Finally, the degree of deformation of the lattice D is defined as,

D ¼ Nmovh i
NH2O

þNO
;(6)

where Nmov is the number of H2O molecules and O sites that
were displaced from their original locations.

3. Results and discussion

Computer simulations were developed for a 2D lattice-gas
model of guest molecules, represented by trimers, and water
molecules, represented by monomers, adsorbed on triangular
lattices with conventional periodic boundary conditions. As
mentioned in previous section, monomers are previously adsorbed
and can only diffuse a distance of one lattice constant. The effect of
finite size was investigated by examining lattices with M = L1�
L2 = 40 � 64 (768 H2O molecules and 128 O sites) and M = L1� L2 =
80 � 128 (3072 H2O molecules and 512 O sites).

3.1. Degree of deformation

In Section 2.3, the degree of deformation D was defined by
Eq. (6). D allows us to obtain information about the distortion of
the 2D clathrate hydrate structure, as a consequence of the
adsorption of guest molecules in small and large cavities. Using
chemical potential m as a control parameter, ucavity and D were
calculated as simple averages.

In Fig. 4a, the degree of deformation for CH4 hydrate is shown as
a function of ucavity for different temperatures ranging from 256 K
to 298 K. As it has been reported in previous works [24,34], the
deformation is associated to the size ratio between cavity and
guest molecule. The figure shows the effects of the temperature on
the distortion of the structure. Thus, for a fixed value of the lateral
interaction, the degree of deformation increases with decreasing
temperature. To better understand this behavior, it is more
convenient to analyze the curves in terms of the ratio of lateral
interactions to temperature (wmn/kBT). As wmn/kBT is increased
(decreasing values of T), lateral couplings between host–host and
host–water are important and strongly affect (distort) the hydrate
structure.

For all temperatures, the curves of D vs ucavity decrease with the
filling of the cavities and reach a minimum value when the
structure sI has one molecule per cavity, i.e, ucavity� 1.
Curves in Fig. 4b show the behavior of the free energy per site f
for the cases reported in Fig. 4a, calculated according to the
procedure described in Section 2.3. f shows a minimum around
ucavity� 1 (between 0.95 and 1.05). This means that the range of the
minimum deformation coincides with the range of the minimum
free energy. This important result demonstrates that the most
stable state of the system occurs when one methane molecule is
adsorbed per cavity. From this minimum, an increase in the
chemical potential leads to more than one adsorbed molecule per
cavity and, consequently, causes an increase in D. Above ucavity� 1,
the free energy per site increases and the hydrate loses stability.
For ucavity = 0, the 2D hydrate structure is empty (initially is
considered stable structure) and the interaction is only between
the H2O–H2O molecules. In this case, it is clearly seen how D is
affected by the relationship between temperature and lateral
interactions. Curves at higher temperatures have lower values of
the degree of deformation D.

The study in Fig. 4 was repeated for carbon dioxide molecules.
The results are shown in Fig. 5. CO2 is a larger molecule than
methane, and this difference is reflected in the behavior of the
deformation. In this case, the curves of D vs ucavity increase with the
filling of the cavities, pass by a maximum and go to a minimum for
ucavity� 1. For ucavity > 1, the deformation increases sharply. In
contrast to CH4 hydrate, the minimum value of the degree of
deformation for CO2 hydrate does not match with the minimum
value of the free energy per site. As it can be observed in Fig. 5b, f
decreases with coverage and passes through a minimum at
ucavity� 1.35. From this value of coverage, the free energy per site
increases.

Despite the behavior of the free energy per site, it is assumed
here that the minimum of deformation is the most stable condition
for CO2 hydrate. The condition of one molecule per cavity has been
considered for different author in calculating stability points and
developing phase diagrams [16,17,31,34]. The observed shift in the f
curves can be attributed to simplifications made in the model.
In fact, CO2 guest molecules have preference for large cavities
[1,56–59] and this preference has not been considered in our
model.



Fig. 5. Same as Fig. 4 for CO2 hydrates.

Fig. 6. Degree of deformation versus ucavity for CO2 and CH4 hydrates.

Fig. 7. (m* � T) phase diagrams for CH4 [part (a)] and CO2 [part (b)] hydrates. Above
the blue dashed line CH4 (CO2) hydrate is in its most stable state and below the blue
dashed line CH4 (CO2) hydrate is unstable. The blue dashed lines are not coexistence
lines. However, the curves are in qualitative agreement with phase diagrams
reported in Refs. 60–62]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6 presents the degree of deformation D as a function of
ucavity for CH4 and CO2 hydrates at the same temperature. It can be
seen that CO2 molecules produce a greater deformation than CH4

molecules because CO2 molecules are larger than CH4 molecules.
Furthermore, both host species show a minimum deformation at
ucavity� 1.

3.2. Stability phase diagram

According to the results presented in the previous section, the
stability phase diagram for each host species is constructed
considering the minimum value of D and its corresponding
chemical potential bm (in units of b). As the present study was
performed in the grand canonical assembly mVT, the results are
given in terms of chemical potential instead of pressure. In
addition, and due to the simplifications introduced in the system,
the control parameter used here is a pseudo-chemical potential
and is not directly associated with the standard chemical potential
bm = ln (L3r), where L is the de Broglie wavelength and r is the
molar density [38]. In the rest of the paper, we will denote this
pseudo-chemical potential by m*.

Fig. 7a shows the (bm* � T) phase diagram for CH4 species in the
temperature range 255–320 K. The blue dots are obtained from the
values of the minima in Fig. 4a. Blue dashed line, obtained by
linking the blue dots, represents the phase diagram for the 2D sI
structure of the CH4 hydrate. For low temperatures (in the range
255–273 K), bm* increases linearly with T. A change in the shape of
the curve is observed at 273 K. This point is qualitatively similar to
the quadruple point reported in Ref. [60]. For temperatures in the
range 273–320 K, bm* has an exponential increase with T.

Even though the values of the chemical potentials obtained here
do not quantitatively correspond to those reported in the
literature, the phase diagram of Fig. 7a is in qualitative agreement
with theoretical [2,60] and experimental [61] phase diagrams
reported in literature. However, the blue line is not a coexistence
line of a binary system (water + methane) as other authors showed
[2,60]. Instead, blue line defines a region of stability for methane
hydrate. Above the blue line, methane hydrate is in its most stable
state, i.e. each cavity is occupied by a molecule of methane. This
phenomenon allows the formation and stabilization of the
structure sI 2D because of the lattice distortion is at its minimum.
Below the blue line, methane hydrate is unstable (the excess of
guest molecules leads to an increase in the deformation of the sI
structure). A similar behavior has been observed by Sizov and
Petrovskaya [26], by using Monte Carlo simulation for a 3D flexible
lattice model. The authors modeled water through SPC/E model
[35] and methane by united-atom (UA) Lennard-Jones model [36].
They proved that the presence of more than one methane molecule
in each cavity produces a deformation of the sI structure. One
molecule per cavity preserves the shape and, therefore, the
stability of the hydrate.

On the other hand, for the case of CO2 hydrates, the
corresponding phase diagram is shown in Fig. 7b. In the
temperature range between 255 K and 265 K, bm* is constant
with increasing T. At 265 K, bm* begins to increase exponentially
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with T until a temperature of 283 K. For high temperatures (in the
range 283–300 K), a moderate increase is observed in the curve of
bm* vs T. Abrupt changes in the slope of the curve are observed at
263 and 283 K. A qualitatively similar behavior has been reported
in the literature [60,62]. This qualitative agreement is remarkable.
However, as mentioned above, the CO2 and CH4 hydrate equilibri-
um predictions derived in this paper are not directly comparable
with experimental data, due to the fictitious molecular size/
geometry of the gases and the use of an equivalent pseudo
chemical potential instead of the exact chemical potential at the
specified conditions.

4. Conclusions

In this work, a 2D lattice-gas model and MC simulations have
been used to study the stability and degree of deformation of sI gas
hydrates the presence of CH4 and CO2 species. The results reported
represent stability points (or minimal deformation) of the 2D sI
structure in the presence of adsorbed host species (CH4and CO2), and
they are not a correlation of theoretical and experimental phase
equilibrium data. According to the present analysis, the behavior of
the system is characterized by the following properties:

1. Taking into account the interaction energies, the degree of
deformation for the sI structure decreases with increasing
temperature. Species–species and species–water lateral inter-
actions prevail at low temperatures. This behavior is observed
for both methane and carbon dioxide hydrates.

2. For methane hydrates, the degree of deformation first decreases,
then reaches a minimum value and finally rises with the
adsorption of host species in large and small cavities. The
minimum deformation is found at coverage close to one, when a
molecule is adsorbed per cavity. This condition matches the
minimum value of the free energy (most stable state) of the
system.

3. In the case of carbon dioxide hydrates, the degree of
deformation first increases, passes by a maximum and then
reaches a minimum value and finally rises with the adsorption
of host species in large and small cavities. The minimum
deformation is also found at coverage close to one, but this
density does not correspond with the minimum of the free
energy. This is because carbon dioxide has a preference for
larger cavities, and only low CO2 occupancies are found in small
cavities. However, in this work the minimum deformation is
considered as the most stable state for the system.

4. (m* � T) phase diagrams were calculated with the correspond-
ing values of the chemical potential at the minimum deforma-
tion. These phase diagrams are in qualitative agreement with
those reported in the literature for both methane and carbon
dioxide. Lines in phase diagrams are not phase coexistence lines,
but they delimit the stability and non-stability regions of the gas
hydrates.
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