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Abstract

An accurate thermodynamic model is proposed to predict the thermodynamic stability of methane hydrate in marine
environments and methane concentration needed to form hydrate in the absence of gas phase. Taking into account the effect of
capillary force and salinity on chemical potential of CH, and H,O, this study extends the Van der Waals—Platteeuw model and our
approach to calculate the Langmuir constant from angle-dependent ab initio intermolecular potentials to marine environments. The
Gibbs—Thomson equation with correct parameters for hydrate—water interface is used to account for the capillary effect of porous
sediments. The Pitzer model is used to calculate the activity coefficients of H,O and CH, in methane—seawater system.
Comparison with the experimental data shows that this model can predict the equilibrium P-T condition of CH,4 hydrate in porous
media and predict CHy solubility at hydrate—water equilibrium with high accuracy. The prediction of this model shows that CH,
solubility in liquid phase at hydrate—liquid equilibrium will be reduced by increasing salinity, but it will be increased by reducing
pore sizes of porous sediments. Online calculations of the P—7 condition for the formation of methane hydrate and the methane
solubility at a given salinity and pore sizes of sediments is made available on: www.geochem-model.org/models.htm.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction methane, are considered as a future energy source

(Sloan, 1998). Release of large volumes of methane

Gas hydrates are non-stoichiometric crystalline
compounds that consist of a hydrogen-bonded network
of host water molecules and enclathrated guest mole-
cules. Massive gas hydrates existed in the permafrost
zone and in the seafloor sediments, containing mostly

* Corresponding author. Tel.: +86 10 62007447, fax: +86 10
62010846.
E-mail address: duanzhenhao@yahoo.com (Z. Duan).
! Present address. CREGU et UMR G2R(7566), Faculté des Sciences,
Universit¢ Henri Poincaré, Nancy 1, BP 23, 54500 Vandoeuvre-les-
Nancy, France.

0009-2541/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.chemge0.2007.06.021

from hydrate into the ocean and atmosphere could
contribute significantly to global warming (Dickens,
2003) and trigger submarine landslides (Xu and
Germanovich, 2006).

Methane hydrate is stable at low temperatures and
high pressures. Fig. 1 shows the phase assemblage of
CH4—H,0 binary system. Q, is the quadruple invariant
point where CH4 hydrate (H), ice (I), water-rich liquid
(L), CHy-rich vapor (V) phases coexist. Line AQB
represents the P—7 condition for H-I-V equilibrium or
H-L-V three-phase equilibrium, which marks the
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Fig. 1. P-T phase diagram of the CH;—H,O binary system at low
temperatures.

stable boundary of methane hydrate. According to phase
rule, two phases can coexist in the regions above and
below the line AQ;B. The region where CH, hydrate
can exist stably. In the region below the triple phase line,
CHg-rich vapor coexists with liquid water or ice.

In marine sediments, methane hydrate is restricted to
locations where the required pressure and temperature
conditions are met and where the abundance of methane
is sufficient to exceed the local solubility (Kvenvolden,
1988). It is well accepted that the P—T condition at the
base of hydrate stability zones match the P—7 condition
for three-phase equilibrium between water, hydrate and
free gas (Henry et al., 1999; Davie et al., 2004). Within
the hydrate stability zone, methane hydrate phase
coexists with liquid water phase. In this two-phase
region, any free gas will be completely incorporated into
the hydrate structure due to the abundance of water
(Handa, 1990; Zatsepina and Buffett, 1997) except in
fault zones where gas passes through the entire hydrate
stability zone and bubbles into the overlying ocean
(Kleinberg et al., 2003; Cathles and Chen, 2004). The
solubility of methane in water defines the minimum
methane concentration needed to form hydrate. Under-
standing the P—T condition for H-L—V equilibrium and
methane solubility at hydrate—liquid equilibrium (H-L
equilibrium) in marine sediments is important for
exploring and exploiting methane hydrate resource,
investigating the formation kinetics of hydrates (Servio
and Englezos, 2002), and modeling the geochemical
processes of hydrates in various geological settings
(Zhang and Xu, 2003).

Many thermodynamic models for calculating phase
equilibria of gas hydrates have been proposed since the
prominent work of Van der Waals and Platteeuw (1959).
However, most of the previous works dealt with the

three-phase equilibrium of gas hydrates in bulk system,
such as the work of Parrish and Prausnitz (1972), Ng
and Robinson (1976), Englezos and Bishnoi (1988),
Tohidi et al. (1995), Chen and Guo (1998), Ballard and
Sloan (2002), and Lee and Holder (2002). We also
published thermodynamic models to predict the three-
phase equilibrium of CH,4 hydrate and CO, hydrate in
bulk water—gas—salt system (Sun and Duan, 2005; Duan
and Sun, 2006). Until now, only a few theoretical studies
dealt with hydrate—liquid two-phase equilibrium in bulk
or in porous media and three-phase equilibrium in
porous media. Applying Gibbs—Thomson equation to
account for the capillary effect arising from the small
pore size, Clennell et al. (1999) and Henry et al. (1999)
developed a thermodynamic model to predict the three-
phase equilibrium of CH,4 hydrate in marine sediments.
Later, Klauda and Sandler (2001, 2003) proposed an
improved model and predicted the distribution of
methane hydrate in ocean sediment. However, these
models used incorrect interface parameters (Llamedo
et al., 2004). The shape factor (curvature) of hydrate—
liquid interface assumed by them corresponds not to
hydrate equilibrium, but to hydrate growth. Therefore,
these models overestimate the inhibition effect of the
capillary force on H-L—V equilibrium. In general, there
is still no model that can predict the P—T condition for
H-L-V equilibrium of methane hydrate in marine
sediments accurately to date.

Handa (1990), Zatsepina and Buffett (1997, 1998),
Tishchenko et al. (2005) investigated the effect of
temperature, pressure, and salinity on CH, solubility at
hydrate—liquid. Clennell et al. (1999) and Henry et al.
(1999) examined the capillary effect on CH, solubility
at H-L equilibrium. Although these models can predict
the variation of methane solubility with temperature,
pressure and salinity at H-L equilibrium, there is
substantial room for improvements. The model of
Zatsepina and Buffett (1997, 1998) underestimated
CHy, solubility in water and underestimated the salting-
out effect of electrolyte on CH, solubility both at V—-L
equilibrium and at H-L equilibrium. Hashemi et al.
(2006) improved the model of Zatsepina and Buffett
(1997) so that their model can predict CHy solubility in
pure water at H-L equilibrium with high accuracy. The
model of Handa (1990) and Tishchenko et al. (2005) can
predict CH,4 solubility in pure water and in seawater at
H-L equilibrium accurately. However, Handa (1990)
made an unreasonable assumption that the ratio of cage
occupancies along three-phase equilibrium is constant at
various temperatures so that their model cannot predict
the cage occupancy of methane hydrate well. Both
experimental and theoretical studies (Sum et al., 1997;
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Sloan, 1998; Jager, 2001) show that the ratio of cage
occupancies varies with temperature and pressure.
Tishchenko et al. (2005) used an empirical formula to
calculate three-phase equilibrium of methane hydrate in
pure water so that their model has no function to predict
the cage occupancy.

The purpose of this study is to develop an accurate
model to predict the P—T condition for three-phase equi-
librium (H-L—V equilibrium) and CH,4 solubility in liquid
at two-phase equilibrium (H-L equilibrium) in marine
environments by taking into account the effect of tem-
perature, pressure, salinity and capillary force together.
Van der Waals—Platteeuw basic hydrate model is used to
describe the chemical potential of hydrate phase. The
Langmuir constants are calculated from angle-dependent
ab initio intermolecular potentials as our previous work
(Sun and Duan, 2005). The fugacity of gas methane is
calculated from equation of state developed by Duan et al.
(1992a) while the fugacity of methane dissolved in
aqueous solution at H-L equilibrium where CH, gas
phase does not exist is calculated with Poynting cor-
rection. The effect of salts and porous sediments on H-L—
V equilibrium and H-L equilibrium are addressed based
on accurate thermodynamic methods. The next section
will introduce the thermodynamic model proposed by this
study. Section 3 compares the experimental data with
predictions of this model for the thermodynamic stability
of methane hydrate and CH, solubility in aqueous
solution. Finally, some conclusions are drawn.

2. Thermodynamic model of gas hydrates
2.1. General thermodynamic equations

At phase equilibrium, the fugacities or chemical
potentials of species in the various phases must be equal.
For water, the following equation must be satisfied
Ay = =y = pl, =y, = A (1)
where u!! is the chemical potential of water in hydrate, Jiied
is the chemical potential of water in liquid phase, and ' is
the chemical potential of water in the hypothetical empty
hydrate lattice at the same temperature and pressure.

Auly is calculated from the statistical mechanics
model proposed by Van der Waals and Platteeuw (1959)

2 Nc
AWY(T,P) = —RT Y v, ln<1 - Zey) (2)
i=1 =1

where v; is the number of i-type cages (also called
“cavities”) per water molecule, 0, is the fractional

occupancy of i-type cavities with j-type guest mole-
cules. For sl hydrate, the number of small cavities, v,
equals to 1/23, the number of large cages, v,, equals to
3/23. The expression for 6 is

Nc
05 = Cyj fi/ (1 + Z%ﬁ) 3)
=

where Cj; is the temperature-dependent Langmuir
constant of gas component j in i-type cavity, and f; is
the fugacity of gas component ; in hydrate phase.

The Langmuir constant is the key parameter of van
der Waals—Platteeuw model, which depends on the
interaction potential between guest molecule and water
molecules. Most of the previous hydrate models
calculated the Langmuir constant from the Kihara po-
tential model with parameters determined from phase
equilibrium data of gas hydrates. We presented a new
method to calculate C;; from angle-dependent ab initio
intermolecular potentials recently (Sun and Duan 2005).
This method is used in this work. Appendix A gives a
detailed description of the calculation of the Langmuir
constants.

Another important aspect is to calculate the fugacity
of gas component from accurate thermodynamic model.
At hydrate—liquid water-vapor three-phase equilibrium,
the fugacity of CH,4 in hydrate phase is equal to that in
aqueous solution and that in vapor phase

e, =Jcu, =Ien, 4)

where the superscript H means hydrate phase, L means
liquid phase, V means vapor phase. Numerous equations
of state (EOS) were designed to predict the thermody-
namic properties of pure gas or gas mixtures. This study
adopted the equation of state developed by Duan et al.
(1992a) to calculate the fugacity of CH4 in vapor phase.

At two-phase hydrate—liquid water equilibrium,
vapor CH4 phase is absent. So we cannot calculate
Jen, by using EOS designed for CHy4 gas. There are few
equations of state which can calculate the fugacity of
CH, in aqueous phase which does not coexist with
vapor phase. This study use a rigorous thermodynamic
equation—Poynting correction (Prausnitz et al., 1986;
Holder et al., 2001) to calculate the fugacity of CH, in
single liquid phase

PV cn,dP

fCL‘H4(TaP7xCH4) = Cslfiexp l/})sa[ RT (5>

where P* is defined as the pressure required to obtain a
given solubility, xcy,, f&"}: represents the fugacity of



R. Sun, Z. Duan / Chemical Geology 244 (2007) 248-262 251

CH, at P, ch means the partial molar volume of
CHy,4 in aqueous solution.

Eq. (5) gives the relationship between fcy, in single
liquid phase and fcy, at V-L phase boundary. At P,
CHy-rich vapor coexists with H,O-rich liquid. Thus,
Jen, can be calculated from EOS designed for gas phase
(i.e. the EOS of Duan et al. (1992a)). Methane solubility
at V-L equilibrium and H-L-V equilibrium and I7CH4
are calculated from the solubility model of Duan and
Mao (2000).

Apk is calculated from the expression proposed by
Holder et al. (1980)

Auk(T,P)_Aui’v(TmO)_/T Any JT
RT RT, 7 \ RT?

P AV\S*L
+/0 < RT >dP— In ay, (6)

T
AR = ARY (Ty) + AR + / AC,dT (7)

Ty

where Aud(7,,0) is the reference chemical potential
difference of water between empty hydrate phase and
ice at the reference temperature, 7, usually taken to
be 273.15K, and zero pressure. Ah% " and AVE ™ and
represents the difference of enthalpy and the molar
volume between hydrate and liquid water, respective-
ly. AhS, is the difference of enthalpy between hydrate
phase and ice at T,, and AC, is the difference of
isobaric thermal capacity. a,, means the activity of
water. The values of Aud, and AAY were determined
from three-phase equilibrium data of methane hydrate
in CH4—H,O system by our previous study (Sun and
Duan, 2005). The value of AC,, determined by Parrish
and Prausnitz (1972) is adopted. Table 1 gives the
values of Aub, AAY and AC, for sl hydrate. The
molar volume of liquid water can be calculated from
the EOS of Sun et al. (2003). Eq. (8) is the formula to
calculate the molar volume of water in empty sl
hydrate phase, Vi, which was also determined by our
previous study.

s 5 62y 3107°N,
VE(T,P) = (11.820 +2.217 x 1077 +2.242 x 10~°7?) -
Nw
x exp(—3.5x 1074(P —0.1) +7.07
x107°(P — 0.1)"7) (8)

where N, is Avogadro’s number, N/, means the num-
ber of water molecules per hydrate cell. For sl hydrate,
N& equals to 46. The unit of pressure in Eq. (8) is MPa,
and the unit of temperature is Kelvin.

Table 1

Thermodynamic reference properties for sl hydrate: 7,=273.15K
Apd, (J/mol) 1202.

AR, (J/mol) 1300.

AR (J/mol)
ACE™ (J/mol/K)
ACE™ (J/mol/K)

~6009.5
—38.1240.141 x (T—Ty)
0.565+0.002 x (T~ Ty)

The P-T condition for three-phase equilibrium or
methane solubility at H-L two-phase equilibrium can be
calculated by iteration of Eq. (1). Here we give some
description of the solving procedure. In order to calculate
the equilibrium pressure for H-L—V equilibrium at a
given temperature 7, we can guess an initial value P, for
pressure firstly and calculate Cy, fc\rqu, AR AVETE
and a,, at P,. Then we substitute them into Egs. (2), (3)
and (6) to obtain Aul and Auk. Now, we compare the
value of Aul! with the value of Auk. If the absolute
difference between Aulr and Ay, is small enough (e.g.
1x1072), the pressure can be considered as the equi-
librium pressure at 7. Otherwise, we change the value of
pressure and calculate Al and Auk at new pressure.
This process is repeated until we find the equilibrium
pressure. The Newton Iteration Method or dichotomy
can be used. The absolute difference between Apuly and
Auk; is less than 1x 102 is chosen as the condition for
stopping iterating so that we can obtain the equilibrium
pressure with deviation less than 0.1%.

For the calculation of methane solubility in aqueous
solution at H-L equilibrium at a given temperature and
pressure, we guess an initial value for xcy 4 at first and
solve the saturation pressure P**' corresponding to XcH,
based on CH, solubility model by iterating. Then we
calculate £ , in terms of Eq. (5) and substitute it into
Egs. (2) and (3) to calculate Aull. Finally we calculate
Apl, based on Eq. (6) and compare it with Aul. If the
absolute difference between Aut and Auy is less than
1x1072, xcp, can be considered as CHy solubility at H—
L equilibrium. Otherwise, we change the value of xcpy4
and repeating. It should be noticed that the method to
calculate the fugacity and solubility of CH4 at H-L-V
equilibrium and V-L equilibrium is different from the
method to calculate the fugacity and solubility of CH,4 at
H-L equilibrium.

2.2. Influence of electrolytes

Electrolytes cannot enter the lattice of hydrates, so
they do not change the chemical potential of water in
hydrate phase. However, electrolytes presented in liquid
phase will change the activity of water and methane in
aqueous solution, thus affecting H-L—V equilibrium
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and H-L equilibrium of methane hydrate. Zatsepina and
Buffett (1998) adopted Aasberg—Petersen’s model
(Aasberg-Petersen et al., 1991) to calculate the activity
coefficient of water and methane in aqueous solutions.
However, Aasberg—Petersen’s model underestimates
the salting-out effect of electrolyte on CHy solubility
(i.e. underestimate the activity coefficient of CH, in
aqueous electrolyte solution) at vapor—liquid equilibri-
um and overestimates the activity of water at lower
temperatures (7<303K) since its water—salt and gas—
salt interaction parameters were determined from the
data at higher temperatures (vapor pressure data of salt
solution at 373K and gas solubility data above 323K).
The experimental data indicates that the activity
coefficient of dissolved methane, ycp,, decrease with
the increase of temperature from 273 to 373K. For
example, the value of ¢y, at 273K and 323K in Im
NaCl solution is about 1.40 and 1.26, respectively.
Clennell et al. (1999) and Henry et al. (1999) adopted
methane solubility model developed by Duan et al.
(1992b), which was found to underestimates the activity
coefficient of CH,4 in aqueous electrolyte solution at
temperatures below 303K. The underestimation was
recently corrected by Duan and Mao (20006).

We adopted Pitzer model (1991) together with
temperature-dependent parameters to calculate the
activity of water and made progress in predicting P—T'
condition for H-L—V equilibrium in various electrolyte
solutions (Duan and Sun, 2006). This method was
followed by this study to calculate ay, in seawater. The
solubility of CH, in aqueous solution at H-L-V
equilibrium and the interaction parameters between
ion and CH,4 were calculated from solubility model of
Duan and Mao (2006).

The equations to calculate a,, based on Pitzer model
is omitted here to keep the paper concise. The readers
can find them in the paper of Duan and Sun (2006).

2.3. Effect of porous media

Naturally occurring methane hydrates are distributed
in pore space of sediments. Some evidences indicate that
the pore size (Ruppel, 1997; Clennell et al., 1999), the
surface textures and mineral components may affect the
three-phase equilibrium conditions of gas hydrates. In
recent years, a lot of experiments (Handa and Stupin,
1992; Uchida et al., 1999, 2002; Seshadri et al., 2001;
Smith et al., 2002a,b; Zhang et al., 2002; Seo et al.,
2002a; Seo and Lee, 2003; Anderson et al., 2003a;
Aladko et al., 2004) were performed to measure the H—
L-V equilibrium of gas hydrates in synthetic porous
media. These studies indicate that capillary force inhibits

the formation of gas hydrates in narrow pores. For the
effect of surface textures and mineral components on the
stability of gas hydrates, there exists controversy in
earlier researches. The latest experiments made by
Riestenberg et al. (2003) and Uchida et al. (2004)
shows that the surface textures and mineral components
have little influence on the phase equilibrium of CHy
hydrate. Thus, this model will take into account the effect
of pore size on phase equilibrium of methane hydrate and
ignore the effect of the surface textures and mineral
components based on the studies to date.

Based on Gibbs—Thomson equation, Clennell et al.
(1999) and Henry et al. (1999) proposed an equation to
calculate the chemical potential difference of water
arising from capillary force. Their equation was
followed by other models (Clarke et al., 1999; Klauda
and Sandler, 2001, 2003; Wilder et al., 2001; Seo et al.,
2002a). However, it was designed for hydrate growth.
Dicharry et al. (2005) proposed the equation for hydrate
dissociation in porous media as following

F
A (pore) = A (bulk) 4 IV EOS

(9)
where V" is the molar volume of water in the hydrate
lattice, F is the shape factor of solid—liquid interface, o
is the contact angle between the solid phase and the pore
wall, » means the radius of pore, opw means the
interfacial energy (interfacial tension) between hydrate
phase and liquid phase.

Some assumptions should be made for Eq. (9): (1)
The bulk structural properties of hydrate are retained in
pore space. Seo et al. (2002a) found through NMR
spectroscopy that the structure of CH,4 hydrate in silica
gel pores with diameter of 6.0nm is identical with that of
bulk CH4 hydrate. Thus we can expect that Eq. (9) can
work for pores with diameters greater than 6.0nm; (2)
liquid water is considered as continuous phase because
the silica surface is hydrophilic and the amount of water
is much more than the amount of gas and the hydrate in
pore space. In contrast, hydrate is non-wetting on pore
walls so that cosa equals to 1. There exists a bound
water layer (unfrozen water layer) between hydrate and
pore wall (Handa and Stupin, 1992). The thickness of
the bound water layer is assumed to be 0.4nm based on
the study of Schreiber et al. (2001). (3) There exists
hydrate—water interface rather than hydrate—gas inter-
face inside pores. Hydrate particles in pores contact with
continuous water phase and methane gas preferentially
fills the larger pores to form bulk phase since the inter-
facial tension between vapor CH4 and liquid water is
greater than that between hydrate and water. Therefore,
this study ignores the effect of capillary force on the
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chemical potential of methane at equilibrium. (4) The
shape of pores and hydrate particles in pore space is
cylindrical. Although the pores may have complex
shape, it has been found that the cylindrical model fits
well the H-L—V equilibrium data and the ice—liquid
water equilibrium data in synthetic porous media. We
expect the cylindrical model to represent the shape of
hydrate particles in pore space within sediment matrix.

Strictly speaking, 7 in Eq. (9) is the radius of cylindrical
hydrate particle in pores, which equals the radius of pore
minus the thickness of bound water layer. This definition
is used by this study. On the contrary, previous models
used the radius of pore to represent r although some of
them recognized the existence of bound water layer.

F and oyw are the key parameters of Eq. (9).
However, various choices for these parameters exist in
previous studies. The shape factor (F) of interface is
equal to 1 and 2 for cylindrical hydrate particle and
spherical hydrate particle, respectively. Anderson et al.
(2003a) and Llamedo et al. (2004) pointed out that
cylindrical shape (F'=1) corresponds to hydrate dissoci-
ation and spherical shape (F=2) corresponds to hydrate
growth. Due to the hysteresis for hydrate growing, the
P—T condition at hydrate dissociation is a more accurate
representation of the true equilibrium condition than the
P—T condition at hydrate growth. Therefore, we assume
Fequal to 1 in this study. On the contrary, the majority of
studies in modeling hydrate equilibrium in porous media
incorrectly assumed F equal to 2, which leads to the
overestimation of the inhibition effect of the capillary
force on H-L—V equilibrium.

There is no direct measurement on the hydrate—liquid
water interfacial energy available. Clennell et al. (1999)
and Henry etal. (1999) assumed that the interfacial energy
between hydrate and water phase, opw, equals to that
between ice and water phase, ow. This assumption was
confirmed by Zhang et al. (2002) through measurements
of hydrate—ice—gas equilibrium in porous media. The
majority measurements existed in literature indicate that
the value of oy at 273.15K varies from 25 to 33mJ/m?>
(Hillig, 1998; Anderson et al., 2003b). This model adopts
the ice—water interface energy determined by a recent
study (i.e. Hillig (1998), ojw=31.7mJ/m?) to represent
hydrate—water interface energy. Uchida et al. (2002)
evaluated the methane hydrate—liquid water interfacial
energy from experimental data of hydrate equilibrium
in porous media. However, the value obtained by them is
17iSmJ/m2, which is about half of ice—water interfacial
energy due to the assumption that the shape factor equals
to 2. Assuming the shape factor equals to 1, Anderson
et al. (2003b) obtained a value of 32+2mJ/m?, which is
consistent with the ice—water interfacial energy.

orw may vary with temperature, pore size (or curva-
ture), and the salinity of aqueous solution. Tolman (1949)
proposed the following equation to describe the curvature
effect on interfacial energy

(10)

where o is the interfacial energy between plane inter-
face, 0 is called Tolman length, which represents the
thickness of the interfacial region.

Bogdan (1997) estimated & for ice—liquid water
interface as 0.4186nm at 273.15K. This value was
adopted by this study to calculate the curvature effect on
onw (ofiw=31.7mJ/m?). The curvature in Eq. (10), 2/r,
which represents spherical interface, was replaced with
1/r since the hydrate—water interface for hydrate
dissociation is cylindrical.

Several studies found that opw decreases with the
decrease in temperature in the range below 273.15K.
However, we are not sure that the temperature-
dependent coefficient can be extrapolated to tempera-
tures above 273.15K and elevated pressures. Jones
(1973), Hardy and Coriell (1973) measured the ice—
aqueous NaCl solution interfacial energy, but the
uncertainty of their measurements is large. Thus, this
study neglected the temperature- and salinity-depen-
dence of opw.

3. Results and discussion

3.1. H-L-V equilibrium in seawater and in porous
media

Sun and Duan (Sun and Duan, 2005; Duan and Sun,
2006) have demonstrated that the P—7 conditions for
three-phase equilibrium of methane hydrate in water and
in various aqueous electrolyte solutions can be accurately
predicted. Fig. 2 shows the agreement between the
predictions of our model and experimental data (Dho-
labhai et al., 1991; Dickens and Quinby-Hunt, 1994) for
three-phase equilibrium of methane hydrate in seawater.
In this text, the term ‘seawater’ means seawater with
standard sea salt composition except where there is special
statement. The molality of major ions in 35wt.%o seawater
is taken from Riley and Skirrow (1975) and is listed in
Table 2. We assume the molality of ions in seawater with
weight percent other than 35%o is proportional to that in
35%o seawater. Although the experimental data on H-L—
V equilibrium of CH, hydrate in seawater is limited to
pressures below 100bar, we believe that it can be extended
to higher pressures since the model can predict H-L—V
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180
This model
1601 = Dnholabhai et al. (1991)
140 o Dickens and
Quinby-Hunt (1994)
. 1204
T
£ 1004
o
801
7.0% seawater Pure water
60
401
3.5% seawater
20 T T T T T T
270 273 276 279 282 285 288 291
T (K)

Fig. 2. The prediction of this model for three-phase (H-L-V)
equilibrium of methane hydrate in seawater.

equilibrium of CHy4 hydrate in water and in aqueous NaCl
solutions to pressures up to 2000bar.

Fig. 3 shows the prediction of this model for the three-
phase equilibrium of methane hydrate in cylindrical pores
of different sizes. Each line in Fig. 3 represents the P—T'
condition for three-phase equilibrium of CH,4 hydrate in
pores with uniform size. The experimental data measured
by Anderson et al. (2003b), Uchida et al. (2002), and Seo
etal. (2002a) are shown in Fig. 3 to verify this model. It is
clear that the prediction of this model agrees well with all
the data of Anderson et al. (2003b), and most of the data of
Uchida et al. (2002) and Seo et al. (2002a). There is an
obvious discrepancy between the measurements of
Uchida et al. (2002) and the measurements of Seo et al.
(2002a) for pores with diameter of 6.0nm. The prediction
of this model for the dissociation pressure of CH4 hydrate
is consistent with the former, but is larger than the latter.
The data of Uchida et al. (2002) in pores with 30.9nm
diameter shows that the P—T condition for hydrate—ice—
vapor equilibrium of methane hydrate in narrow pores is

Table 2
The molality (mol/’kg H,O) of major ions in 35wt.%0 seawater, in
30wt.%o oxic seawater and 30wt.%o euxinic seawater

Ton 35%0 Seawater®  30%o Oxic seawater®  30%o Euxinic
seawater®

Na® 0.48559 0.41596 0.44847
K" 0.01058 0.00880 0.00768
Ca** 0.01065 0.00918 0.00606
Mg2+ 0.05517 0.04732 0.02808
Cl 0.56541 0.48492 0.51210
SO} 0.02926 0.02507 0.

HCO;  0.00241 0.00207 0.01515
Br 0.00087 0.00073 0.00323
NH; 0. 0. 0.00606

# From Riley and Skirrow (1975).
° From Dickens and Quinby-Hunt (1997).

the same as that in bulk system, which implies that the
interfacial energy between ice phase and hydrate phase
equals to zero and the assumption that oy equals to gy
is reasonable.

In many cases, porous media do not have a uniform
pore size, but have a pore-size distribution. Putting the
pore-size distribution into the model, the P—T condition
for H-L—V equilibrium can be calculated by our model.
There is no need to modify the model itself. The ex-
perimental data reported by Handa and Stupin (1992) and
Smith et al. (2002a) represent the isochoric P—7 condition
for hydrate dissociation in porous media with pore-size
distribution. Because the detailed information on pore-
size distribution was not given, this study does not try to
compare our model with these data. The study of Dicharry
et al. (2005) indicates that the isochoric P—T condition for
hydrate dissociation can be modeled with Gibbs—Thom-
son equation and known cumulative volume distribution
of the porous media.

a
( )21 0
This model
1801 - 9.2 nm (ref. 1)
= 158 nm (ref. 1)
1504 e 30.6 nm (ref. 1)
= o 15.0 nm (ref. 2)
8 1201 o 30.0 nm (ref. 2)
& Bulk
90+ d=9.2nm
15.8 nm
60
30.6 nm
30 — T T T T
270 273 276 279 282 285 288 291
(b) T(K)
180
160 This model
L] 6.0 nm (ref. 2)
140+ o 6.0 nm (ref. 3)
4 11.9 nm (ref. 3)
1204
4 30.9 nm (ref. 3)
5 100 e 49.5 nm (ref. 3)
E=3 o 102.6 nm (ref. 3)
o 804

264 267 270 273 276 279 282 285 288
T(K)

Fig. 3. The prediction of capillary force on H-L—V equilibrium of
methane hydrate in the CH4—H,O system. The experimental data are
from — Ref. 1: Anderson et al. (2003b), Ref. 2: Seo et al. (2002a),
Ref. 3: Uchida et al. (2002).



R. Sun, Z. Duan / Chemical Geology 244 (2007) 248-262 255

As shown by Fig. 3, capillary force inhibits the
formation of methane hydrate. With the decrease of pore
sizes, the dissociation (or melting) temperature of meth-
ane hydrate will decrease. The inhibition effect of the
cylindrical pore with diameter of 32nm equals to the
inhibition effect of 35%o seawater at 283K.

There are few measurements on CH, solubility at H—
L—V equilibrium, though the data of CH, solubility at V—
L equilibrium is abundant. Fig. 4 compares the prediction
of this model for CH4 solubility in water at H-L-V
equilibrium with the measurements of Servio and
Englezos (2002). The agreement between the prediction
and experimental data confirms that this model can
predict CH, solubility at H-L—V equilibrium.

3.2. H-L equilibrium in pure water

There are only a few measurements on CH, solubility
in liquid phase at H-L equilibrium. These experiments
reveal that the CHy solubility in liquid in the H-L two-
phase region increases with increasing temperature but
decreases with increasing pressure, which is opposite to
V-L equilibrium. However, there is large discrepancy
among the experimental data from the quantitative point
of view. For example, the deviation between the two
data sets measured by one group (Yang et al., 2001; Kim
et al., 2003) is more than 35%.

The prediction of this model for CH,4 solubility in
liquid water at H-L equilibrium generally agrees with
the experimental measurements. Table 3 gives the aver-
age absolute deviations of this model from three experi-
mental data sets. Fig. 5 compares the prediction of this
model with some experimental data. In Fig. 5, the lines
with positive slope represent CH4 solubility at H-L
equilibrium and the lines with negative slope represent

0.21

0.184 This model
= Servio & Englezos (2002)

0.151

0.12+

0.09 4

Mcpg (Mol/kg)

0.06 4
0.03+
0.00

T T T T T
273 276 279 282 285 288 201
T (K)

Fig. 4. CH,4 solubility in pure water at H-L—V equilibrium (CH4
hydrate—liquid water-vapor CH,4 equilibrium): comparison of the
prediction of this model with the experimental data.

Table 3
Comparisons of the prediction of this model with experimental CHy
solubility at H-L equilibrium*

Reference T range P range No. of AAD
(K) bar) data (%)
Seo et al. (2002b) 274-286 60-200 13 8.03
Servio and Englezos 274-282 35-65 9 2.75
(2002)
Kim et al. (2003) 276-282 50-144 16 10.42

“The data of Yang et al. (2001) are not listed in the Table since it was
found erroneous by Kim et al. (2003).

CHy, solubility at V-L equilibrium. Our predictions for
CHy, solubility in liquid phase at H-L equilibrium agree
well with the data published by Servio and Englezos
(2002) but are slightly lower than the measurements of
Kim et al. (2003). The increasing rate of CH, solubility
with the increasing temperature of this model agrees with
the measurements of Servio and Englezos (2002), and
Kim et al. (2003), but is larger than that determined by
Seo et al. (2002b). We believe that the prediction of this
model and the measurements of Servio and Englezos
(2002), and Kim et al. (2003) for CH,4 solubility in water
at H-L equilibrium are accurate.

As shown by Fig. 5, CH, solubility in liquid increases
with the increasing temperature, but will decrease with
the increasing pressure. The prediction of the model
developed by Zatsepina and Buffett (1997, 1998) is also
shown on Fig. 5. It can be found out that the Zatsepina
and Buffett’s model underestimates CH, solubility in
liquid at H-L equilibrium. This underestimation resulted
from the Trebble—Bishnoi equation of state (Trebble and
Bishnoi, 1987, 1988). Hashemi et al. (2006) improved

0,22
0.20 —— This model
! —— Zatsepina-Buffett model (1997)
0,18 = 50 bar (Servio & Englezos, 2002)
. 016 o 51 bar (Kim et al., 2003)
2 e 200 bar (Seo et al., 2002b)
3 0,14
£ o121 P=200bar HLE ~_ =
- .
5 0,10 1
£ P =50bar o
0,08 o
0,06 == -7
0,04 FFFT---7"P = 500 bar
0)02 T T T T T
273 276 279 282 285 288 291

T(K)

Fig. 5. CH, solubility in pure water at H-L equilibrium and at V-L
equilibrium: comparison of the prediction of this model with the
experimental data. The curves with positive slope represent CHy
solubility at H-L equilibrium and the curves with negative slope
represent CHy solubility at V-L equilibrium.
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the Trebble—Bishnoi EOS so that the prediction of their
model for CHy solubility in liquid at H-L equilibrium is
as good as our model. However, they did not predict CH,
solubility in seawater or in aqueous electrolyte solutions.

Seo et al. (2002b) and Huo et al. (2003) measured the
cage occupancy ratio 0y /0s (the fraction of the large cages
occupied by the guest, 0, divided by the fraction of the
small cages occupied, fs) of methane hydrate at H-L
equilibrium via Raman spectroscopy. The discrepancy
between the two data sets is relatively big (the large
difference of pressure between the two data sets can
account for part of the difference of 6 /6s) and the pre-
diction of this model is within the experimental discre-
pancy (Table 4). The prediction of this model indicates
that the occupancy fraction of methane both in small cage
and large cage increase with increasing temperature and
pressure at H-L equilibrium but the cage occupancy ratio
01 /05 decreases with increasing temperature and pressure.

3.3. H-L equilibrium in seawater and in pore water

Fig. 6 shows that the solubility of methane in liquid at
H-L equilibrium decreases with the increase in salinity.
Compared to the CH4—H,O binary system, CH, solubility
in 35%o seawater at H-L equilibrium is reduced by about
10% (e.g. by 8—11% at 200bar from 290 to 273K). Al-
though there is no data available to confirm the prediction
of our model for CH, solubility in aqueous NaCl solution
and in seawater, we believe that our model is accurate
since it can predict the salting-out effect of electrolyte on
CHy, solubility with high accuracy at L—V equilibrium.

Based on the fact that salt decreases CHy4 solubility at
H-L equilibrium, Zatsepina and Buffett (1998) suggested
that the change of salinity provide a positive feedback for
hydrate formation. However, they found that this positive
feedback occurs only at low salinity. The prediction of
their model shows that CH, solubility in liquid at H-L
equilibrium drops with increasing salinity when the sa-
linity is less than 0.2m of NaCl. At higher salinity, the
solubility of methane slowly increases. In contrast, this
study found that the solubility of methane at a given P—T
condition where methane hydrate is stable decreases with
the increase of the molality of NaCl up to 4.7m,
suggesting that the positive feedback of salinity changes

Table 4
Comparison the cage occupancy ratio 0;/0s of CH4 hydrate at H-L
equilibrium predicted by this model with the experimental data

Reference T (K) P (bar) 0y/0s(Experiments) 6r/0s (this model)

Seoetal. (2002b) 274.15 100  1.0534 1.0662
Huoetal. (2003) 275.15 300  1.167+0.04 1.0500

0,22
0,20

0,18+
0,16 P =200 bar

0,144
0,124
0,10 Pure water

0,084 \

0,061

Mepa (Mol/kg)

7.0 wt% seawater

3.5 wit% seawater

273 276 279 282 285 288 291 294
T(K)

Fig. 6. CH, solubility in seawater at H-L equilibrium and at V-L
equilibrium. The curves with positive slope represent CH,4 solubility at
H-L equilibrium and the curves with negative slope represent CHy
solubility at V-L equilibrium.

for hydrate formation exists in most of marine environ-
ments. The inaccuracy of Zatsepina and Buffett’s model
arises from the inaccuracy of the activity coefficient
model of Aasberg—Petersen (Aasberg-Petersen et al.,
1991) as mentioned in Section 2.2.

Methane hydrate generally forms in anoxic sediments.
However, the composition of anoxic pore water is signi-
ficantly different from seawater. Due to ongoing diage-
netic progresses, the anoxic pore water is depleted in O,
and SO3 ", deficient in Ca*" and Mg2+, enriched in HCOs,
NH; and various trace metals, and elevated in Br~
(Dickens and Quinby-Hunt, 1997; Tishchenko et al.,
2005). Tishchenko et al. (2005) tried to predict the dif-
ference of CH,4 solubility in seawater and in pore water.
Unfortunately, their effort suffered from the absence of the
interaction parameters Acp,-so, and Acu,nco,. Duan
and Mao (2006) evaluated the interaction parameters
between CH, and Na*, K*, Mg?", Ca**, CI", SO . Here
we evaluated the parameters between CH, and NH3,
HCOg3, Br (see Appendix B) so that this model can
predict CH, solubility in pore water. As an example,
Table 5 lists some CH, solubility data predicted by this
model in 30%o oxic and reductive seawater at H-L equi-
librium. The composition of oxic and reductive seawater
is taken from Dickens and Quinby-Hunt (1997) and is
listed in Table 2. Table 5 indicates that CH, solubility in
reductive seawater is larger than that in oxic seawater at
the same temperature and pressure by about 1.1%.

3.4. Stability of methane hydrate and CH, solubility in

marine environments

Fig. 7 shows the variation of CH, solubility in seawater
with pore sizes at H-L equilibrium. The solubility of
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Table 5
Comparison of CH, solubility in 30 wt.%o oxic and reductive seawater
at H-L equilibrium (the prediction of this model)

T (K) P (bar) mcy, (mol/kg)® mcn, (mol/kg)®
273.15 100 0.05127 0.05184
273.15 300 0.04517 0.04567
283.15 100 0.09587 0.09689
283.15 300 0.08554 0.08648

# CHy,4 solubility in 30 wt.%o oxic seawater.
® CHy solubility in 30 wt.%o reductive scawater.

methane in water in porous media is greater than that in
bulk system for a given temperature and pressure since the
capillary force increases the pressure for H-L-V
equilibrium in narrow pores and CH4 solubility at H—
L-V equilibrium. CH4 solubility in liquid at H-L
equilibrium increases with the decreasing of pore sizes.
The effect of capillary force on CHy solubility at H-L
equilibrium is opposite to the effect of salts dissolved in
water. The smaller the pore sizes, the larger the capillary
force and the larger of the CH, solubility in liquid water.
The increase of CH,4 solubility in small pores with radius
less than 18nm can counteract the decrease of CHy
solubility in 35%o seawater at 283K and 300bar.

The stability of methane hydrate and methane
solubility in liquid within marine sediments is affected
by changes in temperature and pressure with depth. As
an example, Fig. 8 shows the variation of CHy solubility
with depth for a typical marine setting (assuming the
depth of seawater is 2km, the seafloor temperature is
276.15K, and the geothermal gradient is 40K/km). The
pressure in liquid phase equals to the hydrostatic
pressure (100bar/km). The base of the hydrate stability
zone is marked by a sharp change in the slope of the
solubility curves. For example, point A in Fig. 8

bulk seawater

Mghg (Mol/kg)

T T T T T
273 276 279 282 285 288 291 294
T(K)

Fig. 7. The variation of CH,4 solubility in seawater at H-L equilibrium
with pore sizes.
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Fig. 8. CH, solubility in 35%o seawater as a function of depth and pore
sizes below the seafloor for a typical marine setting. The depth of
seawater above the seafloor is 2km. The seafloor temperature is
276.15K, and the geothermal gradient is 40K/km. Pressure is assumed
to be hydrostatic (100bar/km).

represents the base of methane hydrate zone in porous
sediments with a pore radius of 5Snm. The solid lines
represent CHy solubility in seawater at H-L equilibrium.
If methane concentration in seawater exceeds its
solubility at the same depth, methane hydrate will
form and be stable. In contrast, the dashed line rep-
resents CHy solubility at V—L equilibrium. If methane
concentration exceeds its solubility, free gas phase will
form. It can be found out from Fig. 8 that CH, con-
centration needed to form CH4 hydrate increases with
the increase of depth and increases with the decrease of
pore size at hydrate stability zone.

A few measurements on host sediments of methane
hydrate from ocean drilling or synthetic samples shows
that marine sediments bearing CH, hydrate have a broad
pore-size distribution, ranging from a few nanometers to
tens of microns (Clennell et al., 1999; Uchida et al.,
2004). The pore-size distribution varies with the compo-
sition of the sediments and the degree of consolidation.
Fine-grained sediments (e.g. clay, clay-rich silt) have
smaller pore size while coarse-grained sediments (e.g.
sand, gravel) have larger pore size. The prediction of this
model shows that the capillary effect on the P-T
condition for H-L—V equilibrium or CH,4 solubility at
H-L equilibrium is relatively large for the small pores
with radius less than 50nm while the capillary effect is
negligible for large pores with radius greater than
500nm. Thus it is necessary to address the capillary
effect on the thermodynamic stability of methane
hydrates which occur in fine-grained sediments. Our
model can calculate the stability of CHy4 hydrate in pore
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space with variable size as long as we input the
information on the pore size. This study does not try to
predict the distribution of methane hydrate in marine
sediments since the information on the pore size (the
pore-size distribution, the size of pores filled by CH,4
hydrate, and the vertical and horizontal variation of pore
size on a regional scale so on) of marine sediments is
very limited.

The occurrence of other gas components will shift the
P—-T condition for three-phase equilibrium of methane
hydrate. It is known that methane dominates (>99%) the
gas in most oceanic gas hydrate but significant C,Hg,
C3Hg, CO, and H,S occur in samples from some regions
(Kvenvolden, 1988, 1995). In general, gas C,Hg, C3Hsg,
CO, and H,S increase the thermodynamic stability of
methane hydrate. Based on the experimental data (com-
piled by Sloan (1998)), adding 1% (mol%) C,H¢ in
coexisting gas phase will decrease the dissociation pres-
sure of CH, hydrate by more than 5%. The effect of C3Hg
is much larger than C,Hgs. Anyway, we should notice that
gas analyses were made on the hydrate samples or gas
recovered from the core liner for the measurements of gas
composition of naturally occurring gas hydrates so that
the gas composition reported represents gas composition
(excluding H,O) of hydrate phase, not the composition of
coexisting gas phase. Van der Waals—Platteeuw hydrate
model implies that C3Hg, H,S, C,Hg, and CO, are more
enriched than CH, in hydrate phase although there is little
experimental information on the variation of the compo-
sition of mixed hydrate phase with the change of the
composition of coexisting gas phase. We estimated that
the effect of another gas should be addressed if zc g, >
0.01, zc,u,>0.02, z,5>0.02, or z¢p,>0.03 (z; means
H,0O-free mole fraction of gas i in hydrate phase). It is
the further work for us to extend this model to multi-
component gas hydrates in order to give better pre-
diction of the stability of gas hydrates in marine
environments.

4. Conclusion

An accurate thermodynamic model was proposed to
predict the stability of methane hydrate in marine envi-
ronments by taking into account the effect of tempera-
ture, pressure, salinity and capillary force together. The
chemical potential of hydrate phase is calculated from
Van der Waals—Platteeuw hydrate model and angle-
dependent ab initio intermolecular potentials as our
previous work (Sun and Duan, 2005). Gibbs—Thomson
equation with correct parameters for hydrate—water in-
terface is used to account for the capillary effect of
porous sediments on H-L—V equilibrium and H-L

equilibrium. The effects of the surface textures and
mineral components are ignored based on the studies to
date. Pitzer model is used to calculate the activity
coefficients of H,O and CH,4 in methane—seawater sys-
tem. Applying the Poynting correction to calculate the
fugacity of methane dissolved in aqueous solution at H—
L equilibrium where CH4 gas does not exist, we extend
the model for three-phase equilibrium to two-phase
region so that the model can predict CH, solubility in
aqueous solution at H-L equilibrium.

Comparison of the prediction of this model with
experimental data indicates that this model can predict
the three-phase equilibrium condition of methane hy-
drate in seawater and in porous media with high accu-
racy. Salts dissolved in seawater and the capillary force
arising from small pores increase the pressure needed for
H-L-V equilibrium for a given temperature. Although
there exist only a few experimental data demonstrating
the accuracy of the prediction of this model for H-L
equilibrium, we believe that this model can reliably
predict methane solubility and cage occupancy at H-L
equilibrium, since accurate thermodynamic methods are
used in this model. The prediction of this model shows
that: (1) dissolved salts and the capillary force decrease
the P—T range for methane hydrate stability; (2) in H-L
two-phase region, increasing the salt concentration
will decrease the solubility of methane needed to form
methane hydrate. The methane solubility will decrease
about 10% in 35%o of seawater; (3) the capillary force
increases methane solubility in liquid at H-L equilibri-
um; (4) within methane hydrate stable zone, CH,4
solubility in liquid increases with depth.
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Appendix A. The calculation of the Langmuir constants

The Langmuir constant for a guest molecule j in i-type
cavity (cage), Cy;, is defined as

”kT kT// [

}d dQ (A1)
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where r is the radial vector of the guest molecule from
the center of the cavity, Q is the orientation vector of the
guest molecule in the cavity, Z;; is the full configura-
tional integral, @(7,€Q) is the total interaction potential
between the guest molecule and water molecules
surrounding it.

As our previous work (Sun and Duan, 2005), &(r,L2)
is calculated by using ab initio potential. Since ab initio
data are discrete points, we adopted an atomic site—site
potential model to fit ab initio potential data. It was
proven that this atomic site—site potential model can
reproduce the ab initio potential data for CH4—H,O and
CO,—H,0O with high quality. The form of the atomic
site—site potential model and the list of its parameters are
omitted here. The readers can refer to the work of Sun
and Duan (2005).

We adopted spherical-cell approximation to es-
timate the configurational integral Z; as the work
of Anderson et al. (2005). Replacing @(r,Q) in
Eq. (A1) by spherically averaged potential W(r), we
have

4 [ Reage —W(r)
Cyj =17 i exp( 7 )rzdr (A2)

where R, means the average radius of the cage. Eq. (A2)
can be solved by Simpson integral method with a step of
0.1lnm. In order to W(r), we select 576 evenly divided
positions on the surface of the sphere with a radius r.
For each position, we use 576 orientations for the guest
molecules.

Anyway, it is time-consuming to calculate the
Langmuir constants according to Eq. (A2). In order to
facilitate the application of our model, we try to use a
simple formula to fit the Langmuir constants. Eq. (A2)
tells us that Cj; have the form of exponential function
and Cj; varies with temperature. After some tries, we
select the following empirical equation to fit Cj
calculated from Eq. (A2)

C;(T) =exp (4 + B/T) (A3)

where the unit of 7 is Kelvin. Table Al gives the
parameters of Eq. (A3) for the Langmuir constants of
CH,4 and CO, in small and large cages of sl hydrate. The
range of temperature of the parameters for CHy is from
243K to 318K, and the 7 range of the parameters for
CO, is from 253K to 293K. The average absolute
deviation between C;; calculated from Eq. (A3) and Cj;
calculated from Eq. (A2) is less than 0.1%. The
maximum deviation is less than 0.2%.

Table Al
The parameters of Eq. (A3) for the Langmuir constants of CH, and
CO, in sl hydrate

Parameter CH, hydrate CO, hydrate

Small cage  Large cage  Small cage  Large cage
A —24.027993 —22.683049 —25.354129 —23.632139
B 31347529  3080.3857  3277.0691  3697.1701

Appendix B. The interaction parameters between CH,
and ions in Pitzer model

In order to calculate the activity of water and
the activity coefficient of CH, dissolved from Pitzer
model (Pitzer, 1991), we need to know the interaction
parameters between CH, and ions. Duan and Mao
(2006) determined the interaction parameters between
CH, and Na*, K*, Mg?", Ca®", CI", SO . This study
evaluated the parameters between CH, and NHj,
HCOs5, Br  from the solubility data of methane in
NH,4Cl, NaHCOs3, NaBr solutions (Clever and Young,
1987). The results are: Acy,-Hco,=0.02, Ach, =0,
Ach, N1, =0.7AcH, N and all three-order interaction
parameters between CH,, cation, and anion are ap-
proximated to cp, Na-cl-
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Glossary

a,, the activity of water

Cy the Langmuir constant of gas component j in i-type cavity

C, isobaric thermal capacity

/i the fugacity of gas component j

St the fugacity of CH,4 at P5

F the shape factor of solid—liquid interface

h enthalpy

An°, the difference of enthalpy between hydrate phase and ice at
273.15K,=1300J/mol

AR the difference of enthalpy between ice and liquid water at

273.15K,=— 6009.5J/mol
Akt the difference of enthalpy between hydrate and liquid

water

k Boltzmann constant,=1.38 x 10~ 2J/K

mep, CHy solubility in liquid

Ny Avogadro’s number,=6.022 x 10%*/mol

NP the number of water molecules per hydrate cell

P pressure

P the pressure required to obtain a given solubility (xc,)

r radius or distance

R universal gas constant,=8.314J/mol/K

Reage the average radius of the cage

T temperature

Ty the reference temperature,=273.15K

vV molar volume

[7(,‘H4 the partial molar volume of CH, in aqueous solution

AvEr the difference of molar volume between hydrate and liquid
water

w spherically averaged total interaction potential between the
guest molecule and water molecules

Xcm, the mole fraction of methane in aqueous solution

Z;; the full configurational integral

o the contact angle between the solid phase and the pore
wall, radian

v activity coefficient

0 Tolman length

3 the total interaction potential between the guest molecule

and water molecules
Ccrna-ci  the interaction parameters between CHy, Na®, and CI”
0 the fractional occupancy of i-type cavities with j-type
guest molecules
0, the fractional occupancy of large cavity with methane
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the fractional occupancy of small cavity with methane
the interaction parameters between dissolved CH, and ion
chemical potential

the difference of chemical potential of water between
empty hydrate and filled hydrate phase

the difference of chemical potential of water between
empty hydrate and liquid phase

the reference chemical potential difference,=1202J/mol
the number of i-type cages per water molecule

the interfacial energy (interfacial tension) between phase i
and j

the interfacial energy between plane interface

Subscripts

w water

Superscripts

H hydrate phase

L liquid phase

Vv vapor phase

o ice phase

B hypothetical empty hydrate phase
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