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Stability Boundary of the Structure-H Hydrate of
cis-1,4-Dimethylcyclohexane Helped by Methane
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The structure-H hydrate of cis-1,4-dimethylcyclohexane in the presence of methane was investigated in
the temperature range 274.1 to 287.9 K and the pressure range 1.62 to 9.13 MPa. cis-1,4-Dimethylcyclo-
hexane in the presence of methane was enclathrated into the largest cage of the structure-H hydrate,
while trans-1,4-dimethylcyclohexane was not enclathrated. The present study reveals that cis-1,4-
dimethylcyclohexane as well as 1,1- and cis-1,2-dimethylcyclohexanes can generate the structure-H hydrate

with the help of methane.

Introduction

Gas hydrates of the structure-H (s-H) type found by
Ripmeester et al.! are composed of three types of cages,
S-cages (pentagonal dodecahedron, 5%?), S'-cages (435%63),
and U-cages (5'268). The structure of the s-H hydrate
becomes stable with the cooperative interaction between
methane or xenon (so-called help gas) and a heavy species
which is unable to generate the s-H hydrate by itself. The
heavy species, such as adamantane? or methylcyclo-
hexane,®~7 can be entrapped in the U-cage while the help
gas occupies selectively both S- and S'-cages. Other heavy
species of s-H hydrates in the case of the xenon help system
have been investigated by means of 12Xe NMR.8

In our previous study,’ the cis-1,2-dimethylcyclohexane
(cis-1,2-DMCH) generates the s-H hydrate assisted by
methane as help gas, while trans-1,2-DMCH, cis-1,3-
DMCH, and trans-1,3-DMCH do not form any hydrates. It
has also been reported that 1,1-DMCH generates the s-H
hydrate with the help of methane.® The occupancy limit
for the largest hydrate cage is one of the most interesting
subjects for studying the thermodynamic stability of gas
hydrates. We speculate from the above findings that the
border of the largest guest species would be in the vicinity
of DMCH stereoisomers. In the present study, the stereo-
isomers of 1,4-DMCH, which are slightly larger than cis-
1,2-DMCH in molecular effective volume, are investigated
as to whether they are able to generate the s-H hydrate in
the presence of methane in the temperature range 274.1
to 287.9 K and the pressure range 1.62 to 9.13 MPa.

Experimental Section

The experimental apparatus and procedures in the
present study are the same as the previous one.” The inner
volume and maximum working pressure of the high-
pressure cell are 150 cm® and 10 MPa, respectively. The
cell has a set of windows for visually observing the phase
behavior in the high-pressure cell. The contents are
agitated using an up-and-down mixing bar driven by an
exterior permanent magnetic ring. In the temperature and
pressure ranges of the present study, the densities of gas,
liquid hydrocarbon, hydrate, and water phases become
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larger in that order. This up-and-down mixing method is
most efficient in the preparation of the s-H hydrate because
gas, liquid hydrocarbon, and aqueous phases effectually
keep in touch with each other. All of them are immersed
in a temperature-controlled water bath. The equilibrium
temperature was measured within an accuracy of +0.02
K using a thermistor probe (Takara D-632), which was
inserted into a hole in the cell wall. The probe was
calibrated with a Pt resistance thermometer. The system
pressure was measured with a pressure gauge (Valcom
VPRT) calibrated with a RUSKA quartz Bourdon tube
gauge within an accuracy of £0.01 MPa.

A sufficient amount of cis-1,4-DMCH or trans-1,4-DMCH
was charged with H,O into the vacuumed high-pressure
cell in order that both 1,4-DMCH (either cis- or trans-
configuration) and water phases may not disappear by the
s-H hydrate formation. Under the liquid—liquid equilibri-
um (the upper is the hydrocarbon phase and the lower is
the aqueous phase), the methane was introduced into the
cell until a desired pressure (not to go over the equilibrium
pressure of pure methane hydrate, which was measured
in advance by an ordinary method). It is important to keep
away from an overloading of pressure; otherwise, the s-1
hydrate of pure methane would be generated first, and then
it would take a long time to reach the equilibrium pressure
of s-H hydrates. To determine the four-phase equilibrium
pressure precisely, the s-H hydrate was formed or dissoci-
ated by the pressure control method.” When the pressure
change became within 0.01 MPa, the system was regarded
as the equilibrium state. Usually, it takes about 2 or 3 days
to establish the equilibrium in the present study. In the
high-temperature region, it takes >4 days for completing
the equilibrium. This time is as long as that of the cis-1,2-
DMCH + methane hydrate system.

Research grade methane (purity 99.95%) was purchased
from Takachiho Trading Co., Ltd. The distilled water was
obtained from Yashima Pure Chemicals Co., Ltd. Tokyo
Kasei's Guaranteed Reagent (TCI-GR) samples of cis-1,4-
DMCH (purity > 98 mol %) and trans-1,4-DMCH (purity
> 96 mol %) were obtained from Tokyo Chemical Industry
Co., Ltd. All of them were used without further purification.

Results and Discussion

The four-phase coexisting curve of the cis-1,4-DMCH +
methane hydrate (s-H) system is summarized in Table 1
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Figure 1. Pressure—temperature relations of hydrate stability
boundaries: 0O, three-phase coexisting curve of the pure methane
hydrate (s-1);” ®, four-phase coexisting curve of the cis-1,2-DMCH
-+ methane hydrate (s-H);” O, four-phase coexisting curve of the
cis-1,4-DMCH + methane hydrate (s-H).

Table 1. Four-Phase Coexistence Data for the s-H
Hydrate of cis-1,4-DMCH and Methane

AnyaH/ AnyaH/
TIK p/MPa kJ-mol-1 TIK p/MPa kJ-mol—1
274.13 1.62 368 281.97 4.22 370
274.75 1.76 366 282.45 4.45 372
275.30 1.88 367 283.43 5.01 370
275.98 2.03 371 284.30 5.62 365
276.79 2.24 372 285.30 6.32 364
277.55 2.46 372 285.72 6.78 355
278.57 2.79 372 286.15 7.16 352
279.53 3.14 371 286.97 8.04 342
280.50 3.53 371 287.49 8.53 342
281.44 3.93 373 287.95 9.13 336

and shown in Figure 1 accompanied by that of the cis-1,2-
DMCH + methane hydrate (s-H) system’” and the three-
phase coexisting curve of the methane hydrate (s-1) system.
The four-phase coexisting curve of the cis-1,4-DMCH +
methane hydrate (s-H) system is located to the slightly
higher pressure (lower temperature) side than that of the
cis-1,2-DMCH + methane hydrate (s-H) system. Generally,
the equilibrium pressure of the s-H hydrate is lower than
that of the pure help gas hydrate. In the case of the s-H
hydrate of cis-1,4-DMCH assisted by methane, the equi-
librium pressure (3.5 MPa) is much depressed from that
of the pure methane hydrate (5.3 MPa) at 280 K. The
depression of equilibrium pressure is strongly dominated
by the molecular size and symmetry of the heavy guest
species. From the slope of the four-phase coexisting curve,
the overall enthalpy of hydrate formation (per 1 mol of s-H
hydrate), AnyH, is evaluated by use of the Clapeyron
equation under the assumption of ideal hydration (5CH,4
+ cis-1,4-DMCH + 34H,0), where the volumetric proper-
ties of fluid methane and cis-1,4-DMCH are calculated from
the IUPAC recommendation equation® and the Rackett
equation,© respectively. The molar volume of the s-H
hydrate is calculated from the hexagonal lattice constant
of the s-H hydrate (a =1.226 nm and ¢ =1.017 nm).! The
AnygH of the cis-1,4-DMCH + methane (s-H) hydrate has
weak temperature dependent; the value is almost constant
around 370 kJ/mol in the low-temperature range and
slightly decreases in the high-temperature and high-
pressure regions. The ApygH of the cis-1,4-DMCH system
is smaller by about 13 kJ/mol than that of the cis-1,2-
DMCH system? in the low-temperature range.

The trans-1,4-DMCH system was also investigated;
however, no s-H hydrate was generated. It is summarized

Table 2. Gas Hydrate Formation of DMCH Stereoisomers
in the Presence of Methane

chemical cis- configuration trans- configuration
1,1-DMCH s-H formation

1,2-DMCH s-H formation none
1,3-DMCH none none
1,4-DMCH s-H formation none

in Table 2 whether the DMCH stereoisomers in the
presence of methane can generate the s-H hydrate or not.
In seven types of DMCH stereoisomers, it has already been
reported that the 1,1-DMCH generates the s-H hydrate
with the help of methane.® According to the previous paper,
neither cis-1,3-DMCH nor trans-1,3-DMCH has generated
the s-H hydrates in the presence of methane with the same
procedures as those for the cis-1,2- and cis-1,4-DMCHs.
These results reveal that the U-cage of s-H hydrates can
discern the slight configuration differences of the DMCH
stereoisomers. Only 1,1-, cis-1,2- and cis-1,4-DMCHs helped
by methane can generate s-H hydrates in seven types of
the DMCH stereoisomers.

Conclusion

The four-phase coexisting curve for the cis-1,4-DMCH
+ methane hydrate system was measured in the temper-
ature range 274.1 to 287.9 K, and it is clear for the first
time that cis-1,4-DMCH generates the s-H hydrate in the
presence of methane. In the case of selecting methane as
the help gas, only 1,1-, cis-1,2-, and cis-1,4-DMCHs can
generate the s-H hydrates while the other DMCH stereo-
isomers have never generated the s-H hydrates. The result
of the present investigation implies that cis-1,4-DMCH is
the largest molecule of the guest species in the U-cage.

Literature Cited

(1) Ripmeester, J. A.; Tse, J. S.; Ratcliffe, C. I.; Powell, B. M. A New
Clathrate Hydrate Structure. Nature 1987, 325, 135—136.

(2) Lederhos, J. P.; Mehta, A. P.; Nyberg, G. B.; Warn, K. J.; Sloan,
E. D. Structure H Clathrate Hydrate Equilibria of Methane and
Adamantane. AIChE J. 1992, 38, 1045—1048.

(3) Metha, A. P.; Sloan, E. D. Structure H Hydrate Phase Equilibria
of Methane + Liquid Hydrocarbon Mixtures. J. Chem. Eng. Data
1993, 38, 580—582.

(4) Mooijer-van den Heuvel, M. M.; Peters, C. J.; de Swaan Arons,
J. Influence of Water — Insoluble Organic Compounds on the Gas
Hydrate Equilibrium Conditions of Methane. Fluid Phase Equilib.
2000, 172, 73—91.

(5) Sun, Z.-G,; Fan, S.-S.; Guo, K.-H.; Shi, L.; Wang, R.-Z. Equilibrium
Hydrate Formation Conditions for Methylcyclohexane with Meth-
ane and a Ternary Gas Mixture. Fluid Phase Equilib. 2002, 198,
293-298.

(6) Thomas, M.; Behar, E. Structure H Hydrate Equilibria of Methane
and Intermediate Hydrocarbon Molecules. GPA Convention Proc.,
New Orleans, 1994.

(7) Nakamura, T.; Makino, T.; Sugahara, T.; Ohgaki, K. Stability
Boundaries of Gas Hydrates Helped by Methane — Structure-H
Hydrates of Methylcyclohexane and cis-1,2-Dimethylcyclohexane.
Chem. Eng. Sci. 2003, 58, 269—273.

(8) Ripmeester, J. A.; Ratcliffe, C. 1. 129Xe NMR Studies of Clathrate
Hydrates: New Guests for Structure Il and Structure H. J. Phys.
Chem. 1990, 94, 8773—8776.

(9) Angus, S.; Armstrong, B.; de Reuck, K. M. International Ther-
modynamic Tables of the Fluid State-5 Methane; Pergamon
Press: Oxford, 1976.

(10) Reid, R. C.; Prausnitz, J. M.; Poling, B. E. The Properties of Gas
and Liquids, 4th ed.; McGraw-Hill: New York, 1986.

(11) Davidson, D. W.; Gough, S. R.; Handa, Y. P.; Ratcliffe, C. I
Ripmeester, J. A.; Tse, J. S. Some Structural Studies of Clathrate
Hydrates. J. Phys. 1987, C1, 537—542.

Received for review June 4, 2003. Accepted September 24, 2003.
This study was supported by the Program for Promoting
Fundamental Transport Technology Research from the Corporation
for Advanced Transport & Technology (CATT). The authors are
grateful to the Division of Chemical Engineering, Graduate School
of Engineering Science, Osaka University, for the scientific support
of the”Gas-Hydrate Analyzing System (GHAS)”".

JE034108G



