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This paper presents a theoretically correct method for predicting the heat of dissociation of gas
hydrates using a fugacity-based model. Based on the Clausius-Clapeyron equation, the proposed
approach takes into account the difference in compressibility by phase transition and the
solubility of a guest component in the liquid phase. It is found that, for specific gas hydrates,
the effect of two correction factors on the prediction of the heat of dissociation is not negligible.
All corresponding properties including the hydrate number, compressibility, solubility of gas in
water, water content in the vapor phase, and heat of dissociation are calculated and compared
with experimental values in part.

Introduction

A variety of research papers related to gas hydrates
have been published over the past 50 years. A study on
natural gas hydrate has been carried out because it was
recognized that the plugging of gas pipelines in natural
gas transportation was primarily due to gas hydrate
formation between water and gas composed of methane,
ethane, propane, and other light hydrocarbons. A large
amount of the dissociation equilibrium data for gas
hydrates have been reported in the literature and are
well summarized by Sloan1 and Berecz and Balla-Achs.2
To exploit methane gas from gas hydrates in deep-ocean
sediments or the permafrost region, it is necessary to
possess a lot of information on thermal properties as
well as phase equilibria of gas hydrates. However, only
a few experimental measurements for thermal proper-
ties of gas hydrates have been reported in the literature.
Most of the past investigations on gas hydrates have
been limited to the crystalline structure and phase
equilibria such as pressure-temperature behavior as
described previously.

For practical applications, one of the most important
thermal properties of gas hydrates is the heat of
dissociation (in other words, the enthalpy of dissocia-
tion). A thorough and correct investigation on the heat

of dissociation of clathrate hydrate has been carried out
by Handa et al.3 and Handa.4-7 They used an automated
Tian-Calvet heat-flow calorimeter to determine the
composition, heat of dissociation, and heat capacity of
gas hydrates over a wide range of temperatures. Meas-
urements were made on not only laboratory-synthesized
hydrates but also naturally occurring gas hydrates. A
differential scanning calorimeter (DSC) can also be used
to determine both the heat capacity and heat of dis-
sociation of gas hydrates. Using a high-pressure, con-
stant-volume cell in DSC, the thermal properties of gas
hydrates have been determined successfully.8 Lievois9

and Lievois et al.10 measured the heat of dissociation
of methane hydrate by using a high-pressure heat-flux
calorimeter which was nearly the same as that used by
previous researchers.3-7 An isothermal microcalorimeter
has also been used for measuring the hydrate number
and heat of dissociation of gas hydrates.11

The objective of this work is to develop a method for
accurately predicting the heat of dissociation of gas
hydrates. In general, the Clausius-Clapeyron equa-
tion has been used for predicting the heat of disso-
ciation of gas hydrates.1,2,12-14 This work differs from
most other studies in that we take into account the
difference in compressibility by phase transition and the
solubility of a guest component in the liquid phase. It
is found that the effect of these two correction factors
on the prediction of the heat of dissociation is not
negligible.

Theory

The heat of dissociation of gas hydrates has usually
been determined from three-phase equilibria using the
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Clausius-Clapeyron equation as follows:

where P is the equilibrium dissociation pressure at T,
∆Hd is the heat of dissociation of gas hydrates, z is the
compressibility factor of gas at P and T, and R is the
gas constant. The slope of hydrate dissociation pressures
on the logarithmic scale against reciprocal temperature
gives the calculated value of the heat of dissociation of
gas hydrates. It is widely known that this method can
provide promising results for the determination of the
thermal properties of simple hydrate formers. However,
it is also obvious that this equation does not well predict
the heat of dissociation of gas hydrates such as carbon
dioxide and hydrogen sulfide that are highly soluble in
water. Furthermore, the change in volume between
hydrate and ice (or water) phases by phase transition
should not be neglected for hydrate systems in which
phase transition occurs at relatively high pressure. Con-
sidering these two aspects, we provide a new expres-
sion for the heat of dissociation using the Clausius-
Clapeyron equation as follows:

where

n is the hydrate number, ∆Hs is the heat of dissolution
of a guest component in water, xg is the mole fraction
of a guest component in water, yg is the mole fraction
of a guest in the vapor phase, zvap is the compressi-
bility factor of the vapor phase, and ∆υ is the difference
in volume per mole of water between hydrate and ice
(or water). In this work, we do not take into account
the compressibility of the solid phase. Thus, it is
assumed that the value ∆υ is always constant and only
depends on the type of hydrate structure. If we choose
two points in a narrow region on a three-phase dis-
sociation line, the heat of dissociation can be expressed
by

where

and an overbar quantity is defined as the average value
between T1 and T2. The hydrate number, compressibility
factor of the vapor phase, and all phase compositions
are calculated by our model developed in a previous
work.15 Without further modification, for the heat of
dissolution of gas in water, we use the values obtained
using the correlation equation16 and the Clausius-
Clapeyron relation.17 The fugacity of all components in
the vapor and liquid phases coexisting with hydrates is
calculated by using the Soave-Redlich-Kwong equa-
tion of state18 incorporated with the modified Huron-

Vidal second-order (MHV2) mixing rule.19,20 Thus, it is
not necessary to use Henry’s constant correlation to
describe gas solubility in liquid water. The UNIFAC
group contribution model is also used as the excess
Gibbs energy for the MHV2 model. The fugacity of water
in the hydrate phase can be expressed by the following
equation:

A more detailed description on the thermodynamic
model for calculating the phase equilibria of gas hy-
drates is given elsewhere.15

Results and Discussion

In Table 1, the predicted results by model calculation
are well summarized and compared with the literature
data measured calorimetrically. Only nine hydrate-
forming gases have been considered in this work be-
cause the modified UNIFAC interaction parameters
between solvent groups and gases are not sufficiently
available in the literature. Upon calculation of the heat
of dissociation for phase transition of hydrate to ice and
gas, the lower quadruple point of each hydrate system

d ln P
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zR
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Table 1. Hydrate Number and Heat of Dissociation for
Simple Hydrate Formers

guest
hydrate
systema T (K) n

∆Hd
(kJ/mol) ref

CH4 H ) I + G 272.90 6.07 17.53 this work
273.15 6.00 18.13 Handa5

H ) L + G 273.15 6.07 53.81 this work
273.15 6.00 54.19c Handa5

285 6.15b 54.67 Rueff et al.8
278.15 5.97 57.65 Lievois et al.10

283.15 5.98 53.24 Lievois et al.10

274.15 6.38 56.84 Kang et al.11

C2H6 H ) I + G 273.10 7.77 24.83 this work
273.15 7.67 25.70 Handa5

H ) L + G 273.15 7.77 71.34 this work
273.15 7.67 71.80c Handa5

C3H8 H ) I + G 273.13 17.0 26.97 this work
273.15 17.0 27.00 Handa5

H ) L + G 273.15 17.0 129.5 this work
273.15 17.0 129.2c Handa5

CO2 H ) I + G 272.12 6.23 20.60 this work
H ) L + G 273.15 6.21 57.66 this work

273.65 7.23 65.22 Kang et al.11

H2S H ) I + G 272.89 6.10 26.33 this work
H ) L + G 273.15 6.10 63.10 this work

C2H4 H ) I + G 273.06 7.69 23.92 this work
H ) L + G 273.15 7.69 68.15 this work

C3H6 H ) I + G 273.05 17.0 23.56 this work
H ) L + G 273.15 17.0 125.3 this work

N2 H ) I + G 271.93 6.34 12.18 this work
H ) L + G 273.15 6.28 49.54 this work

273.65 5.94 65.81 Kang et al.11

O2 H ) I + G 272.26 6.30 11.52 this work
H ) L + G 273.15 6.26 49.16 this work

a The general formula for gas hydrates is usually written as
M‚nH2O. Here M is a guest molecule, and n is the hydrate number
of gas hydrates. Thus, H ) I + G and H ) L + G mean M‚nH2O
(hydrate) T nH2O (ice) + M (gas) and M‚nH2O (hydrate) T nH2O
(liquid water) + M (gas), respectively. b Assumed value. c Calcu-
lated values using the heat of fusion of ice at 273.15 K.

f̂ w
H ) f w

L exp[∆µw
0

RT
- ∫T0
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RT 2
dT +
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has been chosen as a reference standard state because
it serves as a temperature limitation under which ice
can coexist with hydrates. However, in the region of
phase transition of hydrate to water and gas, the heat
of dissociation and hydrate number of gas hydrates are
calculated at the standard state 273.15 K. As shown in
Table 1, for methane, ethane, and propane hydrates, the
agreement between the predicted and experimental
values for both the hydrate number and heat of dis-
sociation is remarkably excellent. The predicted values
in the table are calculated using eq 4 with both correc-
tions of solubility and compressibility. In a comparison
of the data by Handa,5 the absolute average percent
deviations (% AAD) between the predicted and experi-
mental values for the hydrate number and heat of
dissociation are found to be within 1 and 1.5, respec-
tively. We note that all experimental data measured by
Handa5 are accurate within 1%. Unfortunately, for
carbon dioxide and nitrogen hydrates, the agreement
between the calculated and experimental values with
an accuracy of 2%11 is not satisfactory: % AAD values
of 10 and 18 for the hydrate number and heat of
dissociation, respectively.

Obviously, the difference in slope between the hy-
drate-ice-gas (H-I-G) and hydrate-liquid-gas (H-
L-G) regions is due to the heat of fusion of ice to water.4
We assume that there is no change in the heat of
dissociation of hydrate to ice and gas between the lower
quadruple point and 273.15 K because the correction
to the standard state for dissociation of gas hydrate to
ice is quite small.5 Thus, the heat of fusion for the phase
transition of ice to water at 273.15 K can be easily
obtained from the difference in the heats of dissociation
calculated using the H-I-G and H-L-G dissociation
lines. The deviation between the calculated and litera-
ture values is depicted in Figure 1. Only compressibility
correction indicates that the concentration of a guest
component in the liquid phase, xg in eqs 4 and 5, is
assumed to be zero. Without any correction, the heat of
dissociation of gas hydrates is calculated using the
original Clausius-Clapeyron relation equation (1). As
shown in Figure 1, the effect of compressibility correc-
tion on the calculation of the heat of fusion becomes
sensitive and large, particularly for nitrogen and oxygen
hydrate systems. This implies that all kinds of volume
changes by phase transition should be taken into

account correctly to calculate the heat of dissociation
at high-pressure conditions. For carbon dioxide and
hydrogen sulfide hydrates, the effect of dissolution of
gases in water by phase transition on the model calcula-
tion is not negligible as shown in Figure 1. It should be
noted that the calculated results are strongly affected
by both the heat of dissolution and the change in
compressibility correction by high solubility of gas in
water. For ethylene hydrate, we used the Kihara
potential parameters for interaction between water and
gas molecules determined in our previous work.15 Of
particular interest is a sharp rise occurring at about 291
K in the slope of the H-L-G three-phase curve.21 The
Kihara potential parameters determined previously
cover over a wide range of temperature and pressure
including the abrupt change region in the H-L-G slope.
This may lead to an increase in the error of calculation
in a specific region even though it has the smallest error
value over the entire range. Thus, we have revised the
Kihara potential parameters for ethylene hydrate by
fitting the model to the experimental dissociation data
ranging only from 269 to 290 K. Upon calculation with
the newly determined Kihara potential parameters, σ
) 3.2710 Å and ε/κ ) 173.0 K, the hydrate number is
7.33 and the heats of dissociation for the phase transi-
tion of H-I-G and H-L-G are 23.21 and 66.90 kJ/
mol, respectively. As a result, the absolute deviation for
ethylene hydrate in Figure 1 becomes less than 1% and
% AAD for all hydrate systems considered in this work
becomes less than 0.5.
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