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Phase behavior of clathrate hydrates: a model for single
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Abstract

Presented here is a model that accurately predicts equilibrium pressures as a function of temperature of hydrates with CH4, C2H6,
C3H8, N2, H2, and CO2 and their mixtures as guests. The model parameters 9t to a subset of the equilibrium pressure data for single
guest hydrates allow the prediction of phase behavior in mixed guest hydrates. For single guest hydrates, our model improves upon the
van der Waals and Platteeuw (vdWP) model with a percent absolute average deviation (%AAD) from all equilibrium pressure data of
5.7% compared to 15.1% for the vdWP model. Predictions of equilibrium pressures for all available mixed guest hydrates result in a
11.6%AAD with our fugacity-based model compared to 18.6% for the vdWP model. Also, our model leads to a prediction of the structure
change of the methane–ethane hydrate within 5% of its known equilibrium composition in the vapor phase without any adjustment of
its parameters. We have also found that at temperatures above 300 K, double occupancy of nitrogen in the large cavity of structure II
hydrate is important for the prediction of accurate equilibrium pressures.
? 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In 1811 Sir Humphrey Davy (Davy, 1811) was the 9rst to
document the existence of a gas hydrate or clathrate, a class
of compounds in which water forms a continuous and known
crystal structure with small cavities or cages. These cavities
encapsulate guests, such as methane, needed to stabilize the
water lattice. Since Davy’s initial discovery, more than 130
hydrophobic compounds have been found as guests in water
clathrates (Sloan, 1998). At suFciently high pressure, gas
hydrates can form at conditions above the normal freezing
point of water, e.g., methane hydrate is known to be stable
up to 330:5 K and 1:5 GPa, above which ice VI is more
stable (Dyadin, Aladko, & Larionov, 1997).
Gas hydrates with hydrophobic guests, commonly found

in nature and industry, are known to form three distinct
crystal structures. Structure I (sI) is a body-centered cubic
structure with a lattice parameter of 12:03 IA (McMullen
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& Je)rey, 1965) when ethylene oxide is the guest. The cubic
cell contains 46 H2O molecules, two 12-hedra (512), and six
14-hedra (51262); where 512 is used to indicate that the poly-
hedron contains 12 9ve member ring faces (Sloan, 1998).
Structure II (sII) is a body-centered cubic structure with a
lattice parameter of 17:31 IA (Mak & McMullen, 1965) for
a double hydrate when tetrahydrofuran and hydrogen sul9de
are guests. Each cubic cell contains 136 water molecules,
eight large voids (51264), and 16 12-hedra. Structure H
(sH) is a hexagonal structure (Ripmeester, Tse, Ratcli)e, &
Powell, 1987) with unit cell edges of a = 12:3 IA and
c = 10:2 IA. There are 34 water molecules per hexagonal
cell with two small cages, 512 and 435663, and one large
cage 51268 that can encapsulate hydrocarbons with 10 car-
bon atoms. Structure H hydrates will not be considered here
because of the limited data available. It has been shown
from both experiment (Berecz & Balla-Achs, 1983; Von
MMuller, 1954) and computation (Hwang, Holder, & Zele,
1993; Zele, Lee, & Holder, 1999) that the hydrate lattice
parameters depend on the guest(s) occupying the cavities.
There is a range of applications involving hydrophobic

gas hydrates. The petroleum industry is concerned with
large hydrated masses occurring in natural gas pipelines,
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for example in the Arctic regions and in the sea, that can
slow or completely obstruct Pow. Recently, there has been
interest in forming gas hydrates to sequester greenhouse
gases, and in methods of harvesting the potential reserves
of methane in naturally occurring hydrates. While such hy-
drates can be found in permafrost regions, the majority of
the potential reserves are found in the seaPoor (Kvenvolden,
1999). Naturally forming clathrates are a global warming
concern because a slight increase in ocean temperature could
release additional greenhouse gases that are trapped in
hydrates (Hatzikiriakos & Englezos, 1993, 1994). Alterna-
tively, Brewer, Friederich, Peltzer, and Orr (1999), Brewer,
Orr, Friederich, Kvenvolden, and Orange (1998) have sug-
gested that hydrates be used to sequester industrial carbon
dioxide in the ocean to reduce its impact on global warming.
Previously, we developed a method to 9t intermolecu-

lar potential parameters to ab initio quantum mechanical
(QM) interaction energies between the guest and host wa-
ter molecules inside clathrate cavities (Klauda & Sandler,
2002). From this method we can accurately predict the
cage occupancies of various guests. We have also devel-
oped a fugacity-based model to predict three-phase equilib-
rium pressures of single component gas hydrates (Klauda &
Sandler, 2000) without the need to empirically 9t inter-
molecular potential parameters as in the hydrate model de-
veloped by van der Waals and Platteeuw (vdWP) (1959).
Here we will present a model that uses intermolecular poten-
tial parameters obtained from ab initio QM interaction en-
ergies and extends our fugacity-based model to mixed guest
clathrates.

2. Model development

2.1. vdWP model

In 1959 van der Waals and Platteeuw developed the 9rst
model capable of predicting gas hydrate equilibrium pres-
sures (van der Waals & Platteeuw, 1959), and later Parrish
and Prausnitz (1972) extended the model to mixed compo-
nent clathrates. The vdWP model is based on the equality
of the chemical potential between the hydrate phase, H , and
the coexisting water phase, � (which could be ice, liquid
water, or both),

R�Hw = ��w − �Hw = ��w − ��w =R��w; (1)

where ��w is the chemical potential of the metastable empty
hydrate lattice. This empty hydrate is thermodynamically
unstable because hydrate structures require a guest to stabi-
lize the crystal lattice. From statistical mechanics they ob-
tained the following expression for the di)erence of chem-
ical potentials between the metastable empty and real 9lled
hydrate lattices

R�Hw (T; P) =−RT
∑
m

�m ln

(
1−

∑
j

�mj

)
; (2)

where �m is the number of cages of type m per water
molecule in the hydrate lattice. The fraction of such cages
occupied by a guest is given by a Langmuir adsorption
relation, which assumes one guest per cage,

�ml(T; P) =
Cml(T )fl(T; P)

1 +
∑

j Cmj(T )fj(T; P)
; (3)

where fl(T; P) is the fugacity of guest l. The Langmuir
constant, Cml, can be given as

Cml(T ) =
4�
kT

∫ Rcav

0
exp(−w(r)=kT )r2 dr; (4)

where w(r) is the spherically symmetric cell potential, usu-
ally the Kihara cell potential (Sloan, 1998), that represents
the interaction between the guest and the water molecules of
the surrounding cage. This spherically symmetric potential
is obtained by smearing the water molecules over a sphere
with an average cavity radius, Rcav (Sloan, 1998). The dif-
ference in chemical potential between the empty hydrate
lattice and the liquid water or ice phase is given by

R��w(T; P) =
R�w(T0; P0)T

T0
− T

∫ T

T0

RH�
w(T )
T 2 dT

+
∫ P

P0
RV�

w dP − RT ln(�wxw); (5)

where R�w(T0; P0) is the chemical potential of water at the
reference temperature and pressure (T0; P0), usually taken
to be the freezing point of water and zero pressure. The
other terms in Eq. (5) account for temperature and pressure
e)ects on the chemical potential and for the activity of wa-
ter. In general, the reference chemical potential of water is
assumed to be the same for each guest within the same hy-
drate structure. Eqs. (1), (2), and (5) are solved to determine
the equilibrium pressure at a given temperature. Further de-
tails of the vdWP model can be found in the book by Sloan
(1998).
Although the vdWP model has been moderately suc-

cessful in predicting equilibrium pressures or temperatures,
certain assumptions may limit its accuracy. We (Klauda
& Sandler, 2000; Klauda & Sandler, 2002) and others
(John & Holder, 1982, 1985; Sparks, Tester, Cao, & Trout,
1999) have shown that the spherically symmetric single
water shell potential used in Eq. (4) is a poor approxima-
tion. Including the known locations of water molecules,
rather than spherically averaging them as is done in most
adaptations of the vdWP model, can have a signi9cant ef-
fect on the value of the Langmuir constant for large guests
and non-spherical cavities (Sparks et al., 1999). Also, in-
cluding water molecules beyond the 9rst shell can increase
the Langmuir constant by as much as 280% (Klauda &
Sandler, 2002). We have also demonstrated that the guest–
guest interaction energy can have a signi9cant e)ect to the
Langmuir constant (Klauda & Sandler, 2002) especially in
mixed gas hydrates. Finally, since it has been shown that
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various guests can slightly distort the crystal lattice
(Berecz & Balla-Achs, 1983; Hwang et al., 1993; Klauda
& Sandler, 2000; Von Stachelberg & MMuller, 1954; Zele
et al., 1999), assuming a constant reference chemical po-
tential for all guests in a speci9c hydrate structure may
not be valid. In the model for mixture hydrates presented
here, these assumptions are removed to improve hydrate
equilibrium predictions.

2.2. Fugacity-based model

Instead of using the equality of chemical potentials as in
the vdWP model, we take a more classical thermodynamic
approach and use the following equilibrium condition:

fHw (T; P) = f�w(T; P); (6)

where the fugacity of water in the hydrate phase is

fHw (T; P) = f�w(T; P)exp
(−R�Hw (T; P)

RT

)
: (7)

Here f�w(T; P) is the fugacity of the hypothetical, empty
hydrate lattice and R�Hw (T; P) is given by Eq. (2). Assuming
the vapor pressure of the empty hydrate lattice is low, the
fugacity of the empty hydrate lattice is given by

f�w(T; P) = Psat;�w (T )exp

(
V�
w(T; P)(P − Psat;�w (T ))

RT

)
; (8)

where the temperature and pressure dependence of the
empty hydrate lattice molar volume, V�

w(T; P), can be found
in Klauda and Sandler (2000). As previously stated, the
crystal lattice size (or alternatively the molar volume) de-
pends on the guest. There are limited data on the temperature
dependence of the molar volume; therefore, we assume that
it is independent of guest. However, the distortion of lattice
by various guests is accounted for in the guest-dependent
vapor pressure of the hydrate, and in the Langmuir
constants.
The vapor pressure of the empty hydrate lattice in Eq. (8)

was modeled using a form by Ruzicka and Majer (1996)
that is superior to most other vapor pressure functions, in-
cluding the Antoine equation, because of its accuracy in ex-
trapolation:

ln(Psat;�w ) = A�mix ln(T ) +
B�mix
T

+ C� + D�mix T (9)

in which the mixture constants A�mix, B
�
mix, and D

�
mix in Eq.

(9) are obtained using the following mixing rule:

Xmix =
No: of guests∑

i=1

ziXi; (10)

where zi is the overall composition of guest i in the hy-
drate and X is each of the vapor pressure constants. Here
C� is assumed to be constant and independent of structure

or guest, but A�i , B
�
i , and D

�
i are in general 9t to single com-

ponent gas hydrate equilibrium pressures and depend on the
guest. Allowing the vapor pressure constants to depend on
the guest indirectly accounts for the e)ect of lattice distor-
tion, because each guest slightly alters the hydrogen bonds
in the crystal lattice. For example, if a large guest in sII
causes an increase in the lattice constant, i.e., the hydrogen
bonds elongate, then the vapor pressure of the hypothetical
empty hydrate lattice corresponding to a large guest should
be less than that of an empty hydrate lattice resulting from
a smaller guest occupying a sII cavity.
Since the vapor pressure of the water phase is low the

fugacity coeFcient at saturation,  sat; i
w (T ), is unity, the fu-

gacity of ice (!) and liquid water (L) can be computed using
the following equations

f!w(T; P) = Psat; !w (T )exp
(
V!
w(T; P)(P − Psat; !w (T ))

RT

)
;

(11)

fLw(T; P) = xw(T; P)�w(xw; T )Psat;Lw (T )

×exp
(
VL
w(T; P)(P − Psat;Lw (T ))

RT

)
; (12)

where the molar volume of ice and liquid water were
9t to experimental data from Perry’s Handbook (Green
& Maloney, 1997) and NIST (Chase Jr., 1998), respec-
tively. The vapor pressures of the liquid water and ice
are modeled using Eq. (9) and 9t to data from the CRC
Handbook (Lide & Frederiskse, 1995). The parameters
obtained from these 9ts can be found in Klauda and
Sandler (2000).
Because of the relatively low solubility of hydrocarbons

in liquid water, the solubility is described using Henry’s
Law (Klauda & Sandler, 2000). The following temperature
dependence of the Henry’s Law constant was used:

− ln
(
Hi(T )
101325

)
= H [1]

i +
H [2]
i

T
+ H [3]

i ln(T ) + H [4]
i T;

(13)

where the constants in this equation are given in Table 1 for
each guest considered here.
Most adaptations of vdWP model assume that the activity

coeFcient of water is unity (Sloan, 1998); however, the
carbon dioxide solubility is relatively high so that the water
activity coeFcient cannot be assumed to be equal to one.
Themodi9ed UNIFAC (Larsen, Rasmussen, & Fredenslund,
1987) model with the parameter set of Dahl, Fredenslund,
and Rasmussen (1991) was used to calculate the activity
coeFcient for each guest considered here. The parameter
set by Dahl et al. (1991) is for light gases and hydrocarbons
of interest here. Appreciable solubility of guest species in
water will depress the freezing point of water; the extent of
the freezing point depression is also accounted for in our
fugacity-based model (Klauda & Sandler, 2000).
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Table 1
Henry’s law constants for Eq. (13) in units of Pa−1

Compound i H [1]
i H [2]

i H [3]
i H [4]

i

CH4 −183:7860 9112.582 25.0405 −0:00015
C2H6 −268:4410 13369.400 37.5561 −0:00230
C3H8 −316:4900 15922.700 44.3285 0.00000
N2 −164:9970 8433.619 21.5601 0.00844
H2 −86:8550 4178.717 10.4935 0.00632
CO2 −159:8680 8742.426 21.6712 −0:00110

2.3. Langmuir constants

Langmuir constants in Eqs. (3) and (4) are used in both
the vdWP and our fugacity-based models. As stated before
the vdWP model approximates the Langmuir constant by
spherically averaging the water molecules and only con-
sidering the 9rst cavity. However, previously (Klauda &
Sandler, 2002) we have used a more rigorous form for the
Langmuir constant,

Cml(T ) =
1
RT

∫ ∫
exp

[
−w

gl(r; $) + wgg(r; $)
kT

]
dr d$;

(14)

that considers the interaction energy between the guest and
the entire water lattice as well as the guest–guest interaction
energy, where r is the position vector and$ is the orientation
vector of the guest in the cage, and wgl(r, $) and wgg(r,
$) are the guest-hydrate lattice (gl) and guest–guest (gg)
interaction energies, respectively.
A Lennard–Jones 6-12 (LJ) potential plus a columbic

term was used to model the guest–host interaction energies,

w(rij) =
No: guest sites∑

i=1

No: water sites∑
j=1{

4%ij

[(
&ij
rij

)12
−
(
&ij
rij

)6]
+
qiqj
rij

}
; (15)

in which %ij is the characteristic energy, &ij is the soft core
radius, rij is the distance between sites, and qi and qj is the
charge on the atoms of the guest and water molecule, respec-
tively. The LJ parameters were 9t to QM interaction energies
calculated at the MP2=6-31+g(3d; 3p) level and the charges
were obtained from the Mulliken population analysis at the
MP2/6-31g(d) level (Klauda & Sandler, 2002). Table 2a
contains charges for only carbon dioxide and propane be-
cause the charges for interaction sites on other guests were
zero (Klauda & Sandler, 2002). Values for the QM 9tted
LJ parameters in Eq. (15) can be found in Table 2b, where
the potential parameters are di)erent for each type of hy-
drate cavity because of the di)erences in the locations of
the surrounding water molecules. Further details on the 9t-
ting procedure and reasons for choosing the potential form
in Eq. (15) can be found in Klauda and Sandler (2002).

Since contributions to the total guest–host interaction en-
ergy beyond the 9rst water cavity can be signi9cant, our
model uses Eq. (15) to calculate the guest–host interaction
energies for the cavity water molecules and water molecules
beyond the 9rst shell or cage (Klauda & Sandler, 2002). To
include the e)ect of lattice distortion by guests, the water
locations for sI guests were obtained from X-ray di)raction
measurements of methane (Gutt et al., 2000), carbon diox-
ide (Ikeda et al., 2000), and ethylene oxide (McMullen &
Je)rey, 1965). For the sI nitrogen + hydrogen hydrates,
X-ray di)raction results for the methane hydrate were used
to approximate the water locations because nitrogen and hy-
drogen occupy both the small and large cavities and are sim-
ilar in size to methane. Since ethane occupies predominately
the large cage, the water locations of the similar ethylene ox-
ide hydrate were used. The only X-ray di)raction studies for
the sII hydrate are for the double hydrate of tetrahydrofuran
and hydrogen sul9de (Mak & McMullen, 1965), and those
results were used for the water locations of all sII hydrates.
Guest–guest contribution to Eq. (14) can be important for

mixed guest hydrates (Klauda & Sandler, 2002). Since the
separation distance between the guests in adjacent cavities is
8 IA or larger, the predominate contribution to the interaction
energy of these non-polar molecules is the dispersion energy
which is commonly modeled using ascending powers of r−n:

wgg(rij) =−C6; ij

r6ij
− C8; ij

r8ij
− C10; ij

r10ij
; (16)

where the dispersion coeFcients (C6, C8, and C10) were
predicted using the London–Margenau (Reed & Gubbins,
1973) formulas with the reported polarizability and ion-
ization potentials of the guest (Lide & Frederiskse, 1995).
For the guest–guest interaction in adjacent cages, the small
movement of a guest within a cage has a minimal e)ect on
the con9gurational integral in Eq. (14), therefore this equa-
tion can be simpli9ed to

Cml(T ) =
1
RT

exp
(
−W

gg
ml

kT

)∫ ∫
exp

[
−w

gl(r; $)
kT

]
dr d$

=Cggml(T )
1
RT

∫ ∫
exp

[
−w

gl(r; $)
kT

]
dr d$

=Cggml(T )C
gl
ml(T ); (17)
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Table 2

(a) Charges: interaction sites are labeled in bold

Interaction sites 512 51262 51264

q q q

H2O −0:916 −0:916 −0:916
H2O 0.458 0.458 0.458
(CH3)2CH2 — — 0.0141
(CH3)2CH2 — — −0:00705
CO2 0.649 0.652 0.657
CO2 −0:3245 −0:326 −0:3285
(b) LJ potential parameters: interaction sites are labeled in bold

Guest Interaction sites 512 51262 51264

%=k (K) & ( IA) %=k (K) & ( IA) %=k (K) & ( IA)

CH4 CH4–H2O 123.062 3.501 123.747 3.512 104.183 3.497
C2H6 (CH3)2–H2O 114.328 3.523 102.937 3.459 82.630 3.635
C3H8 (CH3)2CH2–H2O — — — — 98.749 3.684

(CH3)2CH2–H2O — — — — 55.974 3.31
N2 N2–H2O 69.81 3.239 66.733 3.285 63.36 3.281
H2 H2–H2O 27.333 3.111 29.596 3.010 27.196 3.076
CO2 CO2- H2O 103.976 3.48 120.664 2.716 120.365 2.629

CO2- H2O 17.211 3.129 78.482 3.071 95.144 3.032

where Wgg
ml is the interaction energy between the guest in

cage m and the guests in the surrounding cages assuming all
guests are located at the center of these cages.
The Langmuir constant Cml(T ) of Eq. (17) is used to

determine the guest cage occupancy in Eq. (3). To deter-
mine its value, at each of 10 guest center-of-mass positions
from the center of the hydrate cage, 256 unique rotations
of the guest were used to evaluate the orientational integral.
The position integral in Eq. (17) was then evaluated using
a procedure similar to Simpson’s Rule in spherical coordi-
nates, where small spherical shell volumes, RVi, of 0:1 IA
in width were constructed, interactions that lie within each
shell, NQM;i, were weighted equally, and the contribution of
each shell was weighted by it volume

Cglml(T ) =

No: of spherical
shells∑
i=1

NQM; i∑
j=1

exp
(
−wij
kT

) RVi
NQM;i

; (18)

However, the guest–guest interaction energy in Eq. (17)
depends on the extent of guest occupation in the surrounding
cavities,

Wgg
ml =�like; lW

gg; like
ml +�unlike; lW

gg;unlike
ml ; (19)

where the guest–guest interaction energy in cavity m is
split into contributions from like and unlike cavities. There-
fore, an iterative procedure was used to determine the cage
occupancy by 9rst assuming that there is no guest–
guest interaction energy; and then iterating over the cage

occupancy using Eqs. (3), (17), and (19) until there is neg-
ligible change in the occupancy.
The time required to numerically evaluate Eq. (18) for one

guest at one temperature is as much as 3 min on a Pentium
III 800 MHz processor. Therefore, to reduce the time needed
to evaluate the Langmuir constants, the following equation
was 9t to Langmuir constants from 140 K to 330 K:

lnCglml(T ) = AC +
BC
T

+
DC
T 2 ; (20)

where the best-9t constants, Ac, Bc, Dc, are given in
Table 3. For each guest–cavity pair, the maximum error of
using Eq. (18) is less than 0.8%, with an average error of
less that 0.15%. These ab initio based Langmuir constants
have elsewhere (Klauda & Sandler, 2002) been shown
to accurately predict cage occupancies and hydrate phase
composition of the guest(s).

2.4. Empty hydrate lattice vapor pressure constants

The vapor pressure constants in Eq. (9) for the empty hy-
drate lattice are 9t to hydrate equilibrium pressures, similar
to the approach used in Klauda and Sandler (2000). Exper-
imental data for ice-hydrate-vapor (I-H-V) equilibria and a
few data points of the liquid water-hydrate-vapor (Lw-H-V)
equilibria were used to verify the ability to extrapolate be-
yond the 9tted region. These parameters can be used to pre-
dict the equilibrium pressures for Lw-H-LHC (liquid hydro-
carbon), and mixtures that have the same hydrate structure
as the pure component hydrate.
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Table 3

(a) sI parameters for Eq. (20)
Guest 512 51262

Ac Bc Dc Ac Bc Dc

CH4 −23:6453 2714:5643 — −22:0651 2760:1604 —
C2H6 −23:1806 13.7469 65052.4158 −23:7290 3843.2773 8882.4254
C3H8 — — — — — —
N2 −23:0646 2475.8673 — −21:8424 2337.1765 —
H2 −21:6228 1020.2356 −6733:3429 −20:2942 966.9431 −11765:0392
CO2 −24:9824 2743.7375 31948.6496 −22:4037 3171.7604 —

(b) sII parameters for Eq. (20)

Guest 512 51264

Ac Bc Dc Ac Bc Dc

CH4 −23:5746 2708.8070 — −20:6991 2147.6899 −12013:6211
C2H6 −24:8378 926.9897 43614.8526 −22:2291 3534.8896 −3371:3000
C3H8 — — — −23:1307 4176.1979 45939.4593
N2 −22:9726 2499.2232 – −20:6160 2033.6043 −12672:192
H2 −21:6122 1018.4156 −7082:4990 −19:6865 870.0524 −14208:0553
CO2 −25:1752 3089.4741 48259.6778 −21:0917 2405.3662 28783.0000

Table 4
Parameters for Eq. (9)

Guest sI sII

A�i B�i C�i A�i B�i C�i

CH4 4.64130 −5366:10 −0:008332 4.60893 −5397:85 −0:007776
C2H6 4.76152 −5419:38 −0:009774 4.71591 −5492:66 −0:008997
C3H8 — — — 4.70796 −5449:89 −0:009233
N2 4.7328 −5400:61 −0:009500 4.69009 −5354:38 −0:009346
H2 4.06453 −5869:39 −0:008424 4.69736 −5458:15 −0:009235
CO2 4.59071 −5345:28 −0:007522 4.84222 −5621:08 −0:009199

However, in some mixed gas hydrates, guests are stable
in hydrate structures that di)er from the pure component
hydrate. In this case the vapor pressure constants were 9t to
binary mixture hydrate data; thus the hydrate sII parameters
for CH4, C2H6, CO2, and H2 (all of which form sI hydrates
when pure) were 9t to data for their binary mixtures with
C3H8. For nitrogen and hydrogen in sI, the vapor pressure
constants were 9t to their binary mixtures with methane.
The parameters resulting from such 9ts can be found in
Table 4. A program for this fugacity-based model can be
obtained upon request from the authors.

3. Results and discussion

3.1. Pure component gas hydrates

All of the guests considered here form single guest hy-
drates, except for hydrogen, which is too small to stabilize
the hydrate structure. The percent deviations in the pre-
dicted equilibrium pressures from the experimental values

(Dyadin, Larionov, Aladko, & Zhurko, 2001; Morita,
Nakano, & Ohgaki, 2000; Sloan, 1998) are given in Table
5. In general, the predictions using the model presented here
are an improvement over the vdWP model with the Sloan
parameter set. Also, our new model has a similar level of
accuracy compared with our previous model (Klauda &
Sandler, 2000) in which potential parameters were obtained
from experimental second virial coeFcients and viscosity
data rather than from quantum mechanical calculations.
However, the calculated results for the model in Klauda
and Sandler (2000) did not converge for most equilibrium
pressures within the Lw-H-LHC region because of slightly
inaccurate intermolecular potentials that had been obtained
from 9tting from second virial coeFcient and viscosity data.
Recently, it has been suggested that the methane hydrate
may have a possible structural change to sII hydrate for
pressures between 100 and 600 MPa (Chou et al., 2000),
though another study did not 9nd a hydrate structure tran-
sition until about 1 GPa, and then possibly with a new hy-
drate structure (Loveday et al., 2001). Therefore, due to the
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Table 5
Pure component hydrate equilibrium pressure predictions (%AAD from Experiment): [1]—(Sloan, 1998), [2]—(Morita et al., 2000), [3]—(Dyadin
et al., 2001; Sloan, 1998), and [4]—(Klauda & Sandler, 2000)

Guest Equilibria No. of data pts. Ref. Temp. range (K) Sloan [1] Previous work [4] This work

CH4 I-H(sI)-V 18 [1] 148.8–270.9 6.52 4.69 3.26
Lw-H(sI)-V 90 [1] 273.2–303.6 3.44 3.05 3.26
Overall 108 [1] 148.8–319.9 3.69 3.33 3.26

C2H6 I-H(sI)-V 12 [1] 200.8–272.0 10.41 3.60 3.58
Lw-H(sI)-V 51 [1] 273.4–287.4 10.94 3.60 3.19
Lw-H(sI)-LC2H6 65 [2] 287.7–323.9 20.2 Diverged 20.4
Overall 128 [1,2] 200.8–287.4 15.9 — 12.0

C3H8 I-H(sII)-V 15 [1] 247.9–272.9 13.67 4.05 6.54
Lw-H(sII)-V 51 [1] 273.2–278.2 3.32 3.85 3.50
Overall 66 [1] 247.9–278.2 5.67 3.90 4.21

N2 Lw-H(sII)-V 56 [1] 272.0–299.7 4.30 1.79 2.76
Lw-H(sII)-V 20 [3] 300.6–314.5 181 Diverged 7.34
Overall 76 [3] 272.0–314.5 52.6 — 4.01

CO2 I-H(sI)-V 22 [1] 151.6–271.8 17.1 1.83 3.19
Lw-H(sI)-V 115 [1] 271.6–282.8 1.93 (3.22) 3.07 1.75
Lw-H(sI)-LCO2 29 [1] 282.9–292.7 583 (22.0) 23.7 11.4
Overall 166 [1] 151.6–282.8 105 (8.34) 6.51 3.63

Entire Overall 544 Max 583 (181) 23.7 20.4
data average 44.6 (15.1) — 5.65

inconsistency in the literature this region of pressure was
omitted from Table 5.
In Fig. 1 the equilibrium pressures for carbon dioxide

hydrate over a wide range of temperatures are presented.
Two sets of calculations were done with the Sloan param-
eter set for the vdWP model; one assuming an ideal bulk
mixture (activity coeFcient equal to unity), and a second
using the modi9ed UNIFAC model. Setting the activity co-
eFcient equal to one results in pressure predictions that
diverge above 288 K. However, using the modi9ed UNI-
FAC model under predicts the equilibrium pressures in the
Lw-H-LCO2 region for the Sloan model. With our model,
which uses modi9ed UNIFAC in Eq. (12), parameters are 9t
to data in I-H-V region and a few data points up to 282 K in
the Lw-H-V region, the predictions of the equilibrium pres-
sures with liquid carbon dioxide are closer to experimental
values than the Sloan model.

For the nitrogen hydrate, experimental (Kuhs, Chazallon,
Radaelli, & Pauer, 1997) and simulation results van
(Klaveren, Michels, Schouten, Klug, & Tse, 2001a, b) sug-
gest the possibility of two nitrogen molecules 9lling the
large 51264 cavity of sII. Our model can be changed to in-
clude the a)ect of double occupancy in the large cavity by
rewriting Eq. (2) as

R�Hw (T; P) = RT
∑
m

�m ln

(
1 +

∑
j

Cmjfj

)
; (21)

which for the double occupancy for a single type of guest l
in a large cavity becomes

R�Hw (T; P) = RT
∑
m

�m ln

(
1 +

∑
j

Cmjfj + C(2)
ml f

2
l

)
:

(22)

The derivation of Eq. (22) from statistical mechanics can
be found in Appendix A. In this equation C(2)

ml is

C(2)
ml (T ) =

1
2(RT )2

∫ ∫ ∫ ∫
exp



− (wg1−G(r1; $1) + wg2−G(r2; $2))

kT
+

− (wg1−g2(r1; $1; r2; $2) + wg1−l(r1; $1) + wg2−l(r2; $2))
kT


 dr1 dr2 d$1 d$2

≈ exp
(
−2Wgg

ml

kT

)
1

2(RT )2

∫ ∫ ∫ ∫
exp
[
− (wg1−g2(r1; $1; r2; $1)+wg1−l(r1; $1)+wg2−l(r2; $2))

kT

]
dr1 dr2 d$1 d$2

=Cggml(T )C
gg−l
ml (T ); (23)
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Fig. 1. Equilibrium pressures for the sI carbon dioxide hydrate versus
temperature.

where g1 and g2 are the two guests in cavity m, and Eq. (23)
is equal to zero for the small cavity, which is too small to
accommodate two guests. The interaction between the two
guests in the cavity was modeled using the Etters potential
that accurately describes the solid and Puid phases of nitro-
gen,

w(r) =




A1 exp(−!1r)− B1
r6
; r ¿R1;

4∑
n=0

Ci(r − R0)n − B1
r6
; R1¿r¿R0;

A2 exp(−!2r)− B1
r6
; r ¡R0;

(24)

where the parameters in Eq. (24) are in Etters,
Chandrasekharan, Uzan, and Kobashi (1986). The guest–
guest interaction beyond the central cavity, wg1−G and
wg2−G, is approximated as before using Eqs. (16) and (17)
with the assumption of independent guest locations inside
the cavity. Since Wgg

ml depends on the number of guests in
the surrounding cavities, the two guests were assumed to
be located at the center of the large cavity to simplify the
calculation. From simulation, the most probable location

Fig. 2. Equilibrium pressures for the sII nitrogen hydrate versus temper-
ature.

for the nitrogen center of mass is 1:6 IA from the center of
the cavity (van Klaveren et al., 2001a, b). However, if the
locations of the guests are averaged, both will be located at
the center of the cavity.
Phase behavior for nitrogen hydrate is presented in Fig.

2, which compares predictions with and without double oc-
cupancy of nitrogen in large cavity of sII. There is a dis-
continuity in the measured equilibrium pressures between
the two di)erent data sets near 306 K. Recently, Dyadin
et al. (2001) measured equilibrium pressures of nitrogen hy-
drate up to 1500 MPa and found two possible changes in
hydrate structure. The results shown in Table 5 and Fig. 2
are for temperatures less than 315 K, below the tempera-
ture of a possible hydrate structural change. At temperatures
greater than 300 K double occupancy of the large cavity
becomes important and equilibrium pressure predictions by
models without double occupancy diverge at the higher
temperatures.
We have found that propane hydrate has a critical temper-

ature of 278:79 K, above which hydrates are unstable. For
temperatures above 278:5 K, measurements of the equilib-
rium pressures of propane are widely scattered as shown in
Fig. 3. Both our model and Sloan’s closely match the ex-
perimental data up to 278:5 K. However, from our model
at 278:9 K the fugacity of water in the hydrate and liquid
water phases cannot be made equal, see Fig. 4. At pres-
sures above 0:59 MPa propane changes from a gas to a liq-
uid, and the fugacity di)erence of water between the two
phases increases. Since the fugacity of water between the
hydrate and water phases is never equal, our model does
not lead to an equilibrium prediction between the propane
hydrate and liquid propane at or above this temperature.
Our fugacity based model does predict retrograde hydrate
melting for the three phase equilibrium line of Lw-H-LC3H8 ,
as can be seen in Fig. 3. For example at a temperature of
278:2 K, sII hydrate will 9rst form at 4:97 bar from propane
in the vapor phase and then dissociate at 268:4 bar to liquid
water and liquid propane. Similar qualitative behavior was
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Fig. 3. Equilibrium pressures for the sII propane hydrate versus temper-
ature.

recently predicted by Ballard and Sloan (2001), but with a
prediction for the upper dissociation point of approximately
600 bar. Additional experimental measurements of this ret-
rograde hydrate melting of propane hydrates are needed to
clarify the discrepancy between the two models. Retrograde
melting is not predicted by our model for other condensable
hydrate formers, such as ethane and carbon dioxide.

Table 6
Mixed component hydrate equilibrium pressure predictions

Strc. Guests No. of data pts. Ref. Temp. range (K) Sloan [1] This work

%AAD AAD (MPa) %AAD AAD (MPa)

sI CH4–CO2 59 [1] 273.7–287.6 3.15 0.161 3.66 0.188
(2.29) (0.127)

sI,sII CH4–C2H6 61 [1,2] 274.2–304.1 10.10 0.704 5.50 0.420
(4.86) (0.324)

sI CH4–H2 10 [3] 274.3–278.2 16.36 0.831 4.79 0.254
(8.76) (0.441)

sI,sII CH4–C3H8 54 [1] 274.4–304.9 4.71 0.863 4.23 0.351
(4.55) (1.06)

sII CH4–N2 63 [1] 273.2–295.2 18.31 3.54 13.2 2.42
(10.50) (1.65)

sI C2H6–CO2 40 [1] 273.5–287.8 4.82 0.091 3.60 0.081
(3.56) (0.078)

sI,sII C2H6–C3H8 60 [1] 273.1–283.3 10.50 0.083 8.86 0.088
(5.72) (0.053)

sI,sII C3H8–CO2 92 [1] 273.7–286.2 46.7 1.44 17.4 0.324
sII C3H8–H2 14 [3] 275.2–278.2 20.1 0.562 4.77 0.094
sII C3H8–N2 29 [1] 274.2–289.2 9.96 0.603 44.0 0.668

43.8 0.758
sII CH4–C3H8–H2 22 [3] 274.8–278.4 (42.7) (0.733) 20.5 0.623

43.2 1.26
sII CH4–C2H6–C3H8–H2 16 [3] 274.1–278.4 (44.5) (1.29) 25.9 0.530

16.90 1.97
sII Natural gas 15 [1] 277.7–296.7 (5.91) (0.820) 3.32 0.450

Entire data Overall 535 Average 18.6 1.05
(15.9) (0.720) 11.6 0.559

The values in parenthesis are predictions made by the re9t of Ballard and Sloan (2000a, b): [1]—(Sloan, 1998), [2]—(Subramanian, Ballard, Kini,
Dec, and Sloan (2000a) and Subramanian, Kini,Dec, and Sloan (2000b) and [3]—(Zhang, Chen, Ma, Yang, & Guo, 2000).

Fig. 4. Fugacity of water in the propane hydrate and liquid water at
T = 278:9 K.

3.2. Mixed gas hydrates

To obtain a reasonable description of mixed gas hydrates,
previous adaptations of the vdWP model have to 9t the Ki-
hara potential parameters in that model to both single and
multiple guest hydrate equilibrium pressures. However, as
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Fig. 5. Methane–ethane mixture hydrate at T = 274:2 K.

stated earlier in Section 2.4, in our model parameters are
9t only to single component hydrates (except for binary
guest hydrates in which one of the guests is in di)erent
structures in the pure and mixed hydrates, see Section 2.4 for
methodology). In Table 6, a comparison is made between
our model predictions and that using Sloan parameters set
in the vdWP model for mixed gas hydrates. In general, our
model has a smaller %AAD from experiment than the Sloan
model, even for mixtures with parameters used beyond their
range of 9t, e.g., CH4–C2H6, C2H6–CO2, CH4–C2H6–H2,
CH4–C2H6–C3H8–H2. However, for the nitrogen–propane
mixture hydrate our model results in signi9cantly larger error
than to the Sloan model. If the vapor pressure constants of
our model are empirically 9t to this mixture, the %AAD is
about twice that of Sloan’s model, though for mixtures above
5 MPa our predictive model has 7.6%AAD from experiment
compared to the 15%AAD for the Sloan model. As only
Ng, Petrunia, and Robinson (1978) measured equilibrium

pressures of this mixture, their results for the low pressure
mixtures should be veri9ed.
Subramanian et al. (2000a, b) were the 9rst to notice that

a sII methane–ethane hydrate can form even though pure
methane and pure ethane both form sI hydrates. Frequency
shifts and 13C chemical shifts in Raman and NMR spec-
troscopy, respectively, were used to measure this structural
change. Sloan’s model could not predict this as a phase
change unless the model parameters were re9t (Ballard &
Sloan, 2000a, b). The values in parenthesis given in Table
6 are equilibrium pressures predictions with the re9t pa-
rameter set of Ballard and Sloan (2000a, b). In contrast,
our model predicts the phase change from sI to sII without
the need to 9t our parameters to any data for the binary
methane–ethane hydrate.
In Fig. 5a for the methane–ethane hydrate, the cusp in

the equilibrium pressure prediction line is the location of
the lower hydrate structure phase change. From Raman
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Fig. 6. Fugacity model predictions of the methane–ethane mixture hydrate
structural change as a function of methane composition in the vapor
phase, where the dashed line is the freezing point of water.

spectroscopy the sI to sII phase change at 274:2 K occurs
between 0.722 and 0.750 vapor phase mole fraction of
methane. Our fugacity-based model and the parameter set of
Ballard and Sloan predict a phase change to occur at 0.769
and 0.717, respectively. For comparison, Ballard and Sloan
(2000a, b) also 9t the Kihara cell potential parameters to
only pure methane and ethane hydrates, and then predicted
a hydrate structural change at 0.52 vapor phase mole frac-
tion of methane, which is signi9cantly di)erent from the
Raman spectroscopic results. Smaller deviations were also
noticed for both our model and the adjusted Sloan model
(Ballard & Sloan, 2000a, b) for the upper hydrate structure
transition point from sII to sI of approximately 0.993 mole
fraction of methane in the vapor phase (Subramanian et al.,
2000a, b). Slight inaccuracies in our guest–guest and guest–
host interaction energies may be the cause of the slight de-
viation of our predictions from the measured phase change.
Fig. 5b contains the predicted phase diagram of the

methane–ethane hydrate at 274:2 K from our fugacity-based
model. The overall methane composition in the hydrate
phase can be determined by drawing a line parallel to the
X-axis that crosses the equilibrium line at the desired mole
fraction in the vapor phase. Therefore, for the methane–
ethane hydrate, the amount of methane in the vapor phase
is always more than that in the hydrate phase (on a water
free basis) because of stronger absorption by ethane in the
large cavity.
Fig. 6 shows regions of hydrate structure equilibrium with

ice (liquid water) and vapor for the methane–ethane hydrate
as a function of methane vapor phase composition and tem-
perature. Hydrate sII is only stable in the region shown at
temperatures below 300 K and a mole fraction of methane
greater than 0.748.
In natural gas mixtures, the small amounts of ethane in

methane can cause hydrate sII to form; an example is shown
in Fig. 7. Sloan (1998) over predicts the equilibrium pres-

Fig. 7. Equilibrium pressures of a natural gas mixture.

Fig. 8. Propane–hydrogen mixture hydrate at T = 276:2 K.

sure of this natural gas mixture because of the prediction of
a sI hydrate. However, our model and the re9t of the Sloan
model (Ballard & Sloan, 2000a, b) both predict sII hydrate
and result in smaller errors as seen in Table 6. Therefore,
permafrost and seaPoor hydrate from natural gas mixtures
with small amounts of ethane and propane are predicted
to form sII. In addition, the amount of methane contained
in the sII hydrate is less than in sI, e.g., the amount of
gas expanded to standard temperature and pressure from
1 m3 of natural gas hydrate formed at an equilibrium
temperature of 295 K is 155 and 137 m3 for sI and sII,
respectively.
Zhang et al. (2000) have recently measured equilibrium

pressures of hydrates formed from hydrogen and various
hydrocarbons. As a pure component, hydrogen is too small
to stabilize sI or sII hydrates, but with a hydrate former,
such as methane or propane, hydrogen can partially 9ll
the hydrate cavities. Equilibrium pressures of the propane–
hydrogen sII hydrate are shown in Fig. 8, where the shaded
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area above a vapor phase hydrogen mole fraction of 0.98
is a region of hydrate instability. The amount of hydrogen
in the hydrate structure is small at hydrogen vapor phase
concentrations of less than 0.8. Since there is a large di)er-
ence in hydrogen concentrations between the vapor phase
and hydrate phase, it is possible that hydrates could be used
to separate hydrogen from hydrocarbon mixtures (Zhang
et al., 2000).
Since propane can only occupy the large cavity of sII,

hydrogen has no competition for absorption in the small
512 cavity, which results in increased amounts of hydro-
gen in the hydrate phase compared to hydrogen–methane
mixtures. For each unit cell of the sII hydrate lattice, there
are 2.1 hydrogens, or an equivalent hydrogen density of
1:3 kg=m3, at equilibrium with 0.96 mole fraction of hydro-
gen in the vapor phase and 276:2 K. Since the density of
pure hydrogen in the vapor phase is 6:7 kg=m3 at the same
temperature and pressure, there appears to be no advan-
tage to using hydrates as a storage media for hydrogen in
fuel cells.

4. Conclusion

We have presented a fugacity-based model for the pre-
diction of equilibrium pressures and cage occupancies of
pure and mixed component hydrates. In general, parame-
ters in our model are 9t to pure component hydrate equilib-
rium pressure data and vary for each guest in the hydrate
structure. Intermolecular potentials used were 9t to ab initio
quantum mechanical energies to obtain the Langmuir con-
stants, which di)ers from the procedure used with the vdWP
model in which the potential parameters are empirically 9t.
Our model has three parameters speci9c to each guest and
hydrate structure compared to vdWP model that has 2–3
parameters speci9c to each guest but is independent of the
hydrate structure. Since we have shown that lattice distor-
tion occurs for each guest, vapor pressures of the empty hy-
drate lattice should depend on the guest being absorbed in
the cavities as is the case with our model. An advantage of
our model is its ability to predict mixture hydrate behav-
ior and hydrate structure changes in a mixed hydrate, e.g.,
methane–ethane hydrate, without re9tting parameters.
From our model we have found several interesting facets

of hydrate formation. Our model supports recent experimen-
tal evidence of the double occupancy of nitrogen in the sII
large 51264 cavity at high pressure. Without double occu-
pancy, both our model and the vdWP cannot accurately pre-
dict the equilibrium pressures of the nitrogen hydrate at high
pressure. We have found that the propane hydrate at tem-
peratures above 278:79 K is unstable and retrograde melting
of the hydrate phase is predicted. Also, we have found that
hydrogen, with the help of a hydrate former, can partially
9ll the hydrate cavities, contrary to the common assumption
that hydrogen does not absorb in hydrate cavities.

Notation

Roman characters

AAD absolute average deviation
%AAD percent absolute average deviation
C(T ) Langmuir constant
f fugacity
GG Guest–guest
H enthalpy
I ice
k Boltzmann constant
LJ Lennard–Jones
NA Avagrodro’s number
P pressure
q atomic charge
QM quantum mechanics
r radial distance
r positional vector
R gas constant
T temperature
vdWP van der Waals and Platteeuw
V volume
w(r) intermolecular potential
x molar composition in liquid phase
z molar composition in hydrate phase

Greek letters

! ice
R change in a property
� activity coeFcient
% characteristic energy
1 absolute activity
2D De Broglie wavelength
� chemical potential
� number of cages per water molecule in the crystal

lattice
3 grand canonical partition function
& soft core radius
 fugacity coeFcient
� fraction of cage occupation
$ orientational vector

Superscripts and subscripts

d depression
g guest
gg guest–guest
gl guest-crystal lattice
H hydrate phase
L liquid water
o reference state
sat saturation condition
w water
! ice
� empty hydrate phase
� ice or liquid water
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Appendix A.

From the vdWP model the grand canonical partition func-
tion for the hydrate with at most one guest per cavity is

3(�; V; T ) = exp

(
−A

�
w

kT

)

×
No: of cages∏

m

(
1 +

No: of guests∑
j

qj;m1j;m

)
; (A.1)

where A�w is the Helmholtz free energy of the empty hydrate
lattice, qj;m is the partition function of the guest j in cavity
m, and 1j;m is the absolute activity.
Now consider M number of cavities in a hydrate lattice

and N guests with a maximum of i molecules per site. The
canonical partition function can then be written as

Q(N;M; T )

=exp

(
−A

�
w

kT

)∑
a

M !q(0)a0q(1)a1 · · · q(i)ai
a0!a1! · · · ai! ; (A.2)

where as is the number of sites having s molecules, and

N =
i∑

s=0

sas; M =
i∑
s

as: (A.3)

However, in a hydrate there are two types of cavities and
more than one type of guest so Eq. (A.2) becomes

Q(N;MS;ML; T )

=exp

(
−A

�
w

kT

) ∏
m=(S;L)

×
[∑

a

Mm!
i∏

s=0

No: of guests∏
j

qm;j(s)as; j

as; j!

]
; (A.4)

whereMS andML are the number of small and large cavities
in the hydrate. The total number of cavities of type m can
be written as

Mm = �mNw; (A.5)

where Nw is the number of water molecules. In general, the
grand canonical partition function can be written as

3(�;Ms;ML; T ) =
iM∑
N=0

Q(N;Ms;ML; T )
No: of guests∏

j

1Nj ; (A.6)

and substituting Eqs. (A.3) and (A.4) into Eq. (A.6),

3(�;Ms;ML; T )

=exp

(
−A

�
w

kT

) ∏
m=(S;L)

×
[∑

a

Mm!
i∏

s=0

No: of guests∏
j

(qm;j(s)1sj)
as; j

as; j!

]
(A.7)

using the multinomial theorem and substituting Eq. (A.5)
into (A.7) together lead to the following simplifaction:

3(�;Ms;ML; T ) = exp

(
−A

�
w

kT

)

×
No: of cages∏

m

(
1 +

i∑
s=1

No: of guests∑
j

qm;j(s)1sj

)�mNw
:

(A.8)

At most two guests can occupy a cavity, i=2, and consider
that only one guest, l, is small enough to doubly occupy the
large cavity, then Eq. (A.8) simpli9es to

3(�;Ms;ML; T ) = exp

(
−A

�
w

kT

) No: of cages∏
m

×
(
1 +

No: of guests∑
j

qm;j(1)1m;j + qm;l(2)12m;l

)�mNw
;

(A.9)

where the chemical potential of water is

�Hw =−kT
(
@ ln3
@Nw

)
T;M;1

= ��w − kT
No: of cages∑

m

�m

×ln
(
1 +

No: of guests∑
j

qm;j(1)1m;j + qm;l(2)12m;l

)
;

(A.10)

and the di)erence between the chemical potential of water
in the empty and 9lled hydrate lattice is

R�Hw = RT
No: of cages∑

m

�m

×ln
(
1 +

No: of guests∑
j

Cmjfj + qm;l(2)12m;l

)
: (A.11)
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The Langmuir constant and the fugacity are obtained by
equating the chemical potential of the guest in the cavity to
that in the equilibrium vapor or liquid phase. The partition
function of a guest in a cavity occupied by two guests can
be written as

qml(2) =
1
2!
(2D)6q2int

∫ ∫ ∫ ∫

×exp
(
−Wtotal

kT

)
dr1 dr2 d$1 d$2

≡ (RT )2C(2)
ml ; (A.12)

where 2D is the De Broglie wavelength, qint is the inter-
nal partition function of the guest in the cavity, and Wtotal is
the total interaction energy between the guest and the sur-
rounding molecules. Eq. (A.12) can be substituted into Eq.
(A.11) to formulate Eq. (22).
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