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The pressure and temperature conditions for the four-phase equilibrium in systems that include
structure-H hydrate, methane gas, liquid water, and either 3,3-dimethyl-2-butanone (pinacolone) or 3,3-
dimethyl-2-butanol (pinacolyl alcohol) liquid have been measured over the temperature range T ) 273 K
to T ) 281 K. At a given temperature, the equilibrium pressures of the systems with pinacolone and
pinacolyl alcohol are lower by 1.8 MPa and 1.3 MPa, respectively, than those of the structure-I hydrate-
forming methane + water system. The equilibrium pressures in the system with pinacolone are roughly
equal to those for the system with neohexane, whereas the pressures for the system with pinacolyl alcohol
are higher by 0.5 MPa than those with neohexane. This suggests that the hydroxyl functional groups on
the large-molecule guest substances can increase the equilibrium pressure in structure-H hydrate-forming
systems, whereas the ketone groups can have little influence on the pressure.

Introduction
Clathrate hydrates are crystalline solid compounds

consisting of cages built of hydrogen-bonded water mol-
ecules that enclose molecules of guest substances, that is,
some species other than water. Depending on the size and
shape of the guest molecules, water molecules form differ-
ent cages that combine to form the hydrates of the three
different crystallographic structures, structures I, II, and
H. Among the three hydrates, structure-H hydrate is
unique in that it always forms with two different guest
substances, with one being a small-molecule guest sub-
stance like xenon, hydrogen sulfide, methane, and nitrogen,
and the other being a large-molecule guest substance like
methylcyclohexane and adamantane that are liquid or solid
components of a gas condensate or oil.

Since the discovery of the structure-H hydrate in 1987,1
considerable efforts have gone into obtaining phase equi-
librium data on structure-H hydrate-forming systems, as
reviewed by Sloan (Chapter 6 in ref 2) and as seen in more
recent phase equilibrium studies.3-5 In such studies,
hydrocarbons such as methylalkanes or methylcycloalkanes
have been exclusively targeted as large-molecule guest
substances due to the need for safe operation of facilities
in the oil and gas industry, with the exception being Hütz
and Englezos’s study6 of the system with tert-butyl methyl
ether. In addition, Ripmeester et al.,1 Ripmeester and
Ratcliffe,7 and Udachin et al.8 pointed out that various
substances formed by substitutions of methyl groups or
hydrogen atoms in some hydrocarbons with atoms or
functional groups including Cl, hydroxyl, ether, and ketone
groups, as well as the methylalkanes and methylcyclo-
alkanes, could be large-molecule guest substances for
structure-H hydrates.

Extension of the phase equilibrium survey to other
systems with potential large-molecule guest substances is

now demanded because structure-H hydrates have recently
aroused additional industrial interest as a material to store
and transport natural gas, an idea proposed by Khokhar
et al.9 to reduce the hydrate formation pressure without
significant reduction in the gas storage capacity. Following
this proposal, thermodynamic properties of structure-H
hydrates related to the gas storage/transportation applica-
tion have been investigated.10,11 Recently, an experimental
study showed a way to continuously form structure-H
hydrate crystals using a water spraying technique.12 For
the gas storage/transportation application, methane is the
small-molecule guest substance for structure-H hydrates,
but the large-molecule guest substances are not limited to
hydrocarbons. This study is aimed at obtaining phase
equilibrium data for systems with potential large-molecule
guest substances for structure-H hydrates, which could be
used in the natural gas storage/transportation applica-
tion. For this purpose, we measured the phase equi-
librium conditions of structure-H hydrates with methane
and each of two derivatives of neohexane (a well-known
large-molecule guest substance for structure-H hy-
drates3,6,7,13,14): pinacolone, which can be viewed as neo-
hexane with two hydrogens replaced by a ketone group,
and pinacolyl alcohol, which has a hydroxyl instead of the
ketone. Pinacolone is known to form a structure-H hy-
drate,1 but its phase equilibrium conditions had not been
determined. We also show that pinacolyl alcohol is a large-
molecule guest substance for a structure-H hydrate and
describe its phase equilibrium conditions.

Experimental Section

Materials. Fluid samples used in the experiments were
liquid water deionized and distilled, methane of 99.99 vol
% certified purity from Sumitomo Seika Chemicals, Tokyo,
pinacolone (3,3-dimethyl-2-butanone) of 99 mass % certified
purity from Aldrich Chemical, Milwaukee, WI, pinacolyl
alcohol (3,3-dimehtyl-2-butanol) of 99 mass % certified
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purity from Aldrich Chemical, and neohexane (2,2-di-
methylbutane) of 99 mass % certified purity from Tokyo
Kasei Kogyo, Tokyo.

Apparatus. Figure 1 shows the apparatus used to
determine the phase equilibrium conditions. A high-pres-
sure vessel that can be charged with liquid water, methane
gas, and either pinacolone, pinacolyl alcohol, or neohexane
was used as a test section. The vessel is a stainless steel
cylinder with inner dimensions of 80-mm diameter and 40-
mm height and is equipped with a magnetic stirrer to
agitate the fluids and hydrate crystals inside the vessel.
The vessel is immersed in a thermostated bath to maintain
the temperature inside the vessel T at a prescribed level.
The temperatures in the gas and liquid phases are meas-
ured with two thermocouples inserted into the vessel.
A strain-gauge pressure transducer (model PH-100KB,
Kyowa electric) was used to measure the pressure in the
vessel p. The estimated uncertainties of the temperature
and pressure measurements were (0.1 K and (0.016 MPa.

Procedure. The present study generally follows the
procedure described by Danesh et al.15 for measuring the
equilibrium temperatures and pressures of the four
phases: the water-rich liquid Lw, the hydrate H, the large-
molecule guest substance-rich liquid Lg, and the methane-
rich gas phase V. In each experimental run, the vessel was
first charged with liquid water and each large-molecule
guest substance (pinacolone, pinacolyl alcohol, or neohex-
ane). We used 35 cm3 of liquid water and 25 cm3 of each
large-molecule guest substance to ensure the presence of
two liquid phases, in consideration of the mutual solubili-
ties of the large-molecule guest substance and liquid water
being a maximum of 10 mass %.16,17 (Note that the mutual
solubilities of pinacolyl alcohol and liquid water are not
found in the literature but are presumably similar to those
of other hexanol isomers and liquid water that are a
maximum of 10 mass %16). The vessel containing the
liquids was then immersed into the thermostated bath with
T set at 283.0 K. The air was purged from the vessel by
repeating three times the procedure of pressurization with
methane to 1.5 MPa and depressurization to atmospheric
pressure. The methane gas was then supplied from the
bomb through the pressure regulating valve, thereby
setting p at a prescribed level in the range from p ) 1 MPa
to 6 MPa. After T and p stabilized, the valve in the line
connecting the vessel and the bomb was shut. We then
decreased T in steps of 0.5 to 2 K, keeping each T level for
1 to 2 h. During this procedure, if we detected a decrease
in p and an increase in T that indicates hydrate formation,
we thereafter kept T constant for 6 h. T was then increased
in steps of 0.1 K, keeping each T level for 6 h to allow the

liquids and hydrate crystals to equilibrate. The p-T data
obtained with this operation give a diagram as shown in
Figure 2. When hydrate crystals existed in the vessel, then
increasing T by 0.1 K caused the hydrate crystals to
partially dissociate, which typically increased p by 0.02-
0.05 MPa. In contrast, when no hydrate crystals existed,
then the same increase of T caused the much smaller
increase in p of typically less than 0.005 MPa. Conse-
quently, the boundary between hydrate existence and
nonexistence, which we assume is the four-phase equilib-
rium point, is the point in the p-T data plots where the
slope abruptly changes. By repeating the procedure de-
scribed above under several different initial pressures, four-
phase equilibrium data were obtained over the temperature
range between T ) 273 K and 281 K.

Results and Discussion

The reliability of our experimental method was examined
by comparing our resulting Lw + H + Lg + V four-phase
equilibrium data obtained in the present measurements
for the methane + neohexane + water system to the
corresponding data in the literature. The data measured
in the present study are tabulated in Table 1. A total of 12
p-T equilibrium data points reported previously for the
methane + neohexane + water system3,6,13,14 were cor-
related into the form of p/MPa ) exp{a + b/(T/K) + c ln(T/
K)}, where a, b, and c are arbitrary constants, by applying
regression analysis. The equilibrium pressure data ob-
tained in the present study or reported in the literature
were compared with this fit to the literature data, and then

Figure 1. Schematic of the experimental apparatus.

Figure 2. Typical p-T data obtained in an experimental run for
determining phase equilibrium conditions in the methane +
pinacolyl alcohol + water system. Squares indicate p-T data
obtained with decreasing temperature, when the vessel did not
contain hydrate crystals. Circles indicate p-T data obtained with
increasing temperature, when the vessel initially contained hy-
drate crystals. The arrow in the figure indicates the point on the
curve with an abrupt change in slope, and thus, it marks the
disappearance of hydrate crystals during the temperature increase.
Thus, four-phase equilibrium is at p ) 2.512 MPa and T ) 277.6
K.

Table 1. Lw + H + Lg + V Four-Phase Equilibrium p-T
Conditions in the Methane + Neohexane + Water System

T/K p/MPa

274.3 1.305
276.2 1.623
277.8 1.975
279.6 2.502
280.3 2.720
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the absolute average deviation %AAD was calculated on
the basis of the following definition:

where N is the total number of the experimental data
points, pi

exp are the pressure data obtained in the present
study or reported in the literature, and pi

lit are the pressure
values from the above fit to the data in the literature. The
%AAD of the data obtained in the present study and that
from the four data sources in the literature3,6,13,14 were 0.7%
and 1.1%, respectively. This analysis indicates that the
data measured in the present study are within the scatter
of the data reported in the literature, which supports the
estimated uncertainties in our measurements.

The Lw + H + Lg + V four-phase equilibrium data
obtained for the methane + water + pinacolone system are
in Table 2, and the data for the similar system with
pinacolyl alcohol are in Table 3. Both data sets are plotted
in Figure 3 together with the Lw + H + Lg + V equilibrium
data obtained with the present measurements for the
methane + neohexane + water system and with the Lw +
H + V equilibrium data in the methane + water system
reported in the literature.18,19

At a given temperature, the equilibrium pressures in the
system with pinacolone roughly equal those in the system
with neohexane and are lower by 1.8 MPa than those in
the methane + water system. The reduction in the equi-
librium pressure in the system with pinacolone compared
to those in the methane + water system suggests formation
of a hydrate different from the structure-I methane hy-
drate. Furthermore, because pinacolone is known to form
a structure-H hydrate with hydrogen sulfide as a small-
molecule guest substance,1 we conclude that the p-T data
obtained in the system with pinacolone represent the four-
phase equilibrium conditions of liquid water, structure-H
hydrate, liquid pinacolone, and methane gas.

Similarly, at a given temperature, the four-phase equi-
librium pressures with pinacolyl alcohol are lower by 1.3
MPa than those in the methane + water system. The
reduction in the equilibrium pressures in the system with
pinacolyl alcohol compared to those in the methane + water
system without pinacolyl alcohol indicates the formation
of a hydrate different from the structure-I methane hy-
drate. The crystallographic structure of the hydrate is
considered to be structure H, because the molecular size

and shape (the dominant factors for a substance to be a
large-molecule guest substance for a structure-H hydrate1,7)
of pinacolyl alcohol are quite similar to those of neohexane
and pinacolone. Hence, the p-T data obtained in the
system with pinacolyl alcohol likely represent the four-
phase equilibrium conditions of water, structure-H hydrate,
liquid pinacolyl alcohol, and methane gas. In addition, the
system with pinacolyl alcohol has a higher four-phase
equilibrium pressure by 0.5 MPa than those of the system
with neohexane and pinacolone. This might be due to the
hydrophilic nature of the hydroxyl group in the pinacolyl
alcohol molecule.

Conclusions

The present study reports the first data on the four-
phase equilibrium temperature and pressure conditions in
the systems of methane and water plus either pinacolone
or pinacolyl alcohol. The equilibrium pressures in the
systems with either pinacolone or pinacolyl alcohol are
lower at least by 1.3 MPa than the equilibrium pressures
in the structure-I hydrate-forming methane + water sys-
tem, which indicates that structure-H hydrates form with
pinacolyl alcohol as well as pinacolone as large-molecule
guest substances and methane as a small-molecule guest
substance. Comparison of the equilibrium pressures of the
three structure-H hydrate-forming systems suggests the
following: the replacement of a hydrogen on neohexane
with a hydroxyl to form pinacolyl alcohol increased the
equilibrium pressure of the resulting hydrate system,
whereas a similar replacement with a ketone group to form
pinacolone did not change the equilibrium pressure.
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Table 2. Lw + H + Lg + V Four-Phase Equilibrium p-T
Conditions in the Methane + Pinacolone + Water System

T/K p/MPa

273.7 1.198
275.7 1.545
277.2 1.840
278.7 2.220
280.0 2.573
280.9 2.873

Table 3. Lw + H + Lg + V Four-Phase Equilibrium p-T
Conditions in the Methane + Pinacolyl Alcohol + Water
System

T/K p/MPa

273.6 1.568
274.8 1.803
276.1 2.098
277.6 2.512
279.2 3.014
280.4 3.466

%AAD )
1

N
∑
i ) 1

N |pi
exp - pi

lit

pi
exp

× 100| (1)

Figure 3. Comparison of the structure-I methane hydrate equi-
librium with the four-phase equilibria involving structure-H
hydrate that contains methane and large-molecule guest sub-
stances: O, structure H with pinacolone (this work); 4, structure
H with pinacolyl alcohol (this work); b, structure H with neohex-
ane (this work); 9, structure-I methane hydrate (de Roo et al.18);
0, structure-I methane hydrate (Adiasamisto et al.19).
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