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This paper reports the pressure-temperature conditions for the vapor + liquid + liquid + hydrate four-
phase equilibrium in the systems of methylfluoride and water plus each of the following substances:
cyclopentane, fluorocyclopentane, cyclopentene, and tetrahydropyran. The pressure ranges of the present
measurements in the four systems are (0.138 to 2.998) MPa at temperatures from (287.9 to 305.9) K in the
cyclopentane system, (0.122 to 2.560) MPa at temperatures from (290.1 to 307.0) K in the fluorocyclopentane
system, (0.106 to 1.928 MPa) at temperatures from (283.6 to 300.8) K in the cyclopentene system, and
(0.116 to 1.877) MPa at temperatures from (284.4 to 301.0) K in the tetrahydropyran system. These
equilibrium pressures are lower by at least 0.6 MPa than those in the binary methylfluoride + water system,
suggesting the formation of double hydrates with methylfluoride plus cyclopentane, fluorocyclopentane,
cyclopentene, or tetrahydropyran. The crystallographic structure of the hydrates is identified to be structure
II based on the powder X-ray diffraction measurements.

Introduction

Clathrate hydrates are molecular crystalline solids composed
of hydrogen-bonded water molecules forming cages with guest
molecules enclosed in the cages. Depending on the size and
shape of the guest molecules, the configuration of the water-
molecule cages changes, thereby yielding various hydrates with
different crystallographic structures such as structures, I, II, and
H.1 As various substances, including hydrocarbons, noble gases,
and diatomic gases, etc., may form hydrates, various novel
technologies utilizing hydrates have been proposed and inves-
tigated. Hydrates may be used as media for the storage and
transportation of natural gas2 and hydrogen.3 Carbon dioxide4

and hydrogen sulfide5 in flue gases and biogases may be
removed through hydrate formation. An efficient refrigeration/
heat-pump system may be established using hydrate formation
and dissociation.6 Among such hydrate-based technologies, this
paper is concerned with the hydrate-based refrigeration system.
Hydrates are generally stable at high pressures and low
temperatures. This limited thermodynamic stability is often a
major obstacle to developing the hydrate-based technologies.
More specifically, increasing the hydrate equilibrium temper-
ature is the key to realizing the hydrate-based heat pump/
refrigeration system.6 The following studies involving the
increase in the hydrate equilibrium temperature for the develop-
ment of the hydrate-based refrigeration system have been
reported. Imai et al.7 tested the addition of cyclopentane to the
water + difluoromethane system and succeeded in an equilib-
rium temperature increase by 6 K. The maximum equilibrium
temperature in the cyclopentane + difluoromethane double
hydrate system is reported to be 299.75 K at 1.544 MPa. Takeya

& Ohmura8 then tested the addition of cyclopentane to the water
+ krypton system, noting that the highest equilibrium temper-
ature is practically limited by the liquefaction of difluo-
romethane, a relatively low vapor pressure guest substance, but
this limitation can be overcome by using a guest substance that
is in the super critical state, such as krypton. They have reported
that the equilibrium temperature exceeded 304 K at the pressure
of 4 MPa. Imai et al.9 then reported the phase equilibrium data
for the hydrates formed with fluorocyclopentane + krypton and
fluorocyclopentane + difluoromethane. They reported an equi-
librium temperature exceeding 308 K at 5 MPa in the water +
fluorocyclopentane + krypton system.

Following the above-mentioned previous attempts,7–9 in the
present study, we evaluated methylfluoride as the gaseous guest
instead of difluoromethane and krypton. Methylfluoride10 has
a higher vapor pressure than difluoromethane.11 Thus, a higher
maximum hydrate equilibrium temperature may be obtained by
using methylfluoride compared to the use of difluoromethane,
as the maximum hydrate equilibrium temperature is limited by
the liquefaction of the gaseous guest. The phase equilibrium
conditions of the simple methylfluoride hydrate12 are much
lower than that for simple krypton hydrate,13 and hence, the
hydrate phase equilibrium temperature high enough for the
hydrate-based refrigeration application may be obtained at a
lower pressure compared to the system with krypton. As the
second guest substance used together with methylfluoride to
form a double hydrate, cyclopentane, fluorocyclopentane, cy-
clopentene, and tetrahydropyran were tested to increase the
equilibrium temperatures. Each of these four substances is
known to form a structure II hydrate under atmospheric
pressure.14–16 Thus, we expected that the equilibrium temper-
ature of the double hydrates formed with methylfluoride and
cyclopentane, fluorocyclopentane, cyclopentene, or tetrahydro-
pyran would be higher than that of a simple methylfluoride
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hydrate. The crystallographic structures of the double hydrates
were identified using a powder X-ray diffraction (PXRD)
method.

Experimental Section

Materials. The fluid samples used in the experiments were
deionized and distilled liquid water, methylfluoride of 99.9 %
(mass basis) certified purity (Japan Fine Products Corp., Iga,
Japan); cyclopentane of 99 % (mass basis) certified purity
(Aldrich Chemical, Milwaukee, WI); fluorocyclopentane of 99
% (mass basis) certified purity (SynQuest Laboratories, Inc.,
Alachuam FL); cyclopentene of 98 % (mass basis) certified
purity (Tokyo Chemical Industry, Tokyo); and tetrahydropyran
of 99 % (mass basis) certified purity (Aldrich Chemical,
Milwaukee, WI). The distilled water was laboratory made. The
other fluid samples were used as received by the manufacturers.

Apparatus and Procedure. Figure 1 shows the experimental
apparatus used to measure the pressure-temperature conditions
for the four phases, i.e., the methylfluoride-rich vapor phase
(V), the cyclopentane (or fluorocyclopentane, cyclopentene, or
tetrahydropyran) -rich liquid phase (Lg), the water-rich liquid
phase (Lw), and hydrate phase (H). The main part of the
apparatus was a stainless-steel cylinder with the inner dimen-
sions of 40 mm diameter and 110 mm height. A magnetic stirrer
was installed in the vessel through its lid to agitate the fluids
and hydrate crystals inside the vessel at 300 rpm. The vessel
was immersed in a temperature-controlled bath to maintain the
temperature inside the vessel, T, at the prescribed value of (
0.1 K. A thermistor thermometer was inserted in the vessel to
measure T. The pressure in the vessel, p, was measured by a
strain-gauge pressure transducer (model PHB-5MP, KYOWA
Electric Co., Ltd., Tokyo) when p > 2.1 MPa. For measuring
p less than 2.1 MPa, another strain gauge pressure transducer
(model PH-20KB, KYOWA Electric Co., Ltd.) was used. The
estimated uncertainty of the temperature measurements is ( 0.1
K. The uncertainty of the pressure measurements is ( 0.012
MPa for p > 2.1 MPa and ( 0.004 MPa for p < 2.1 MPa.

The equilibrium conditions were measured using the batch,
isochoric procedure, described by Danesh et al.17 Each run was
initiated by charging the vessel with 30 g of liquid water and
15 g of cyclopentane, fluorocyclopentane, cyclopentene, or
tetrahydropyran. The vessel containing the liquids was then

immersed in the temperature-controlled bath. The methylfluoride
gas was supplied from a high-pressure cylinder through a
pressure-regulating valve into the evacuated vessel until the
pressure inside the vessel (p) had increased to the prescribed
level between (0.1 and 3.0) MPa. After T and p had stabilized,
the valve in the line connecting the vessel and the high-pressure
cylinder was closed. T was then decreased to form the hydrate.
If hydrate formation in the vessel was detected by a decrease
in p and an increase in T, the temperature of the bath was
maintained constant for six hours, thereby keeping T constant.
We then incrementally increased T in steps of 0.1 K. At every
temperature step, T was kept constant for (6 to 10) h to achieve
a steady, equilibrium state in the vessel. In this way, we obtained
a p-T diagram for each experimental run, from which we
determined a four-phase equilibrium point. If T was increased
in the presence of a hydrate, the hydrate partially dissociated,
thereby substantially increasing p. After the complete dissocia-
tion of the hydrate, only a lower increase in pressure is observed
due to the change in the phase equilibria of the fluids in the
vessel. Consequently, the point at which the slope of the p-T
data plots sharply changes was considered to be the point at
which all the hydrate crystals dissociate and, hence, was the
four-phase equilibrium point. This operation was repeated at
several different initial pressures to obtain the four-phase
equilibrium data over the temperature range.

Hydrate crystal samples for the PXRD measurements were
prepared with liquid water, methylfluoride, and a liquid guest
substance (cyclopentane, fluorocyclopentane, cyclopentene, or
tetrahydropyran) using the experimental apparatus described in
our previous studies.8,12 The pressure and temperature were set
at p ) 1 MPa and T ) 287 K, outside the conditions for the
structure I simple methylfluoride hydrate formation to avoid the
possible formation of the structure I simple methylfluoride
hydrate, which may occur at p > 1.1 MPa at this temperature.12

The line connecting the test cell and the high-pressure meth-
ylfluoride cylinder was opened during the hydrate formation in
the test cell to keep p constant by continuously supplying
methylfluoride gas to compensate for the pressure reduction in
the test cell due to hydrate formation, so that a sufficient amount
of hydrate crystals would be stored in the cell. p and T were
maintained constant for over 20 h with continuous agitation in
the vessel at 400 rpm after nucleation of the hydrate. The vessel
was subsequently removed from the temperature-controlled bath
and then immediately immersed into a liquid nitrogen pool in
a stainless steel container. We allowed 20 min for T to decrease
below ≈170 K and then disassembled the vessel to collect the
hydrate crystals. The prepared samples were stored in a container
kept at a temperature of ≈100 K and then later subjected to the
PXRD measurements.

For the PXRD measurements, the hydrate samples were finely
powdered in a nitrogen atmosphere at a temperature below 100
K. The fine-powdered hydrate samples were top-loaded on a
specimen holder made of Cu. The PXRD measurements were
done using Cu KR radiation by a parallel beam optics (40 kV,
40 mA; Rigaku model Ultima III). The XRD measurements
were performed in the θ/2θ step scan mode with a step width
of 0.02° at 93 K. Determination of the unit cell parameter was
done by a full-pattern fitting method using the RIETAN-2000
program.18

Results and Discussion

The p-T data of the V + Lg + Lw + H four-phase
equilibrium in the systems each containing the cyclopentane,
fluorocyclopentane, cyclopentene, and tetrahydropyran are listed

Figure 1. Schematic of the experimental apparatus.
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in Tables 1 to 4. These data are plotted in Figure 2 together
with the p-T data of the V + Lw + H three-phase equilibrium
conditions in the methylfluoride + water system.12 The four-
phase equilibrium pressures measured in the present study are
lower by approximately 0.6 MPa at 283 K than the three phase
equilibrium pressures for the simple methylfluoride hydrate
system. This reduction in the equilibrium pressures increases
with the increasing temperature and is greater than 2.5 MPa at
295 K. This change in the phase equilibria due to the addition
of cyclopentane, fluorocyclopentane, cyclopentene, or tetrahy-
dropyran to the methylfluoride + water system suggests the
formation of double hydrates each with methylfluoride and
cyclopentane, fluorocyclopentane, cyclopentene, or tetrahydro-
pyran, instead of a structure I simple methylfluoride hydrate.

Considering the molecular size and shape of methylfluoride
and cyclopentane, fluorocyclopentane, cyclopentene, or tetrahy-
dropyran, the double hydrate is estimated to be a structure II

hydrate with methylfluoride molecules mainly enclosed in 512

cages and with molecules of the second guests in 51264

cages.19,20 The crystallographic structure of these hydrates was
identified on the basis of the PXRD measurements. Figure 3

Table 1. Methylfluoride-Rich Vapor + Water-Rich Liquid +
Cyclopentane-Rich Liquid + Hydrate Four-Phase Equilibrium p, T
Conditions in the Methylfluoride + Cyclopentane + Water System

T/K p/MPa

287.9 0.138
290.0 0.189
293.7 0.336
297.0 0.557
299.1 0.787
302.0 1.233
303.0 1.515
305.0 2.349
305.9 2.988

Table 2. Methylfluoride-Rich Vapor + Water-Rich Liquid +
Fluorocyclopentane-Rich Liquid + Hydrate Four-Phase Equilibrium
p, T Conditions in the Methylfluoride + Fluorocyclopentane +
Water System

T/K p/MPa

290.1 0.122
290.9 0.136
292.0 0.161
293.4 0.206
294.9 0.266
297.7 0.409
300.6 0.647
303.1 0.996
305.4 1.683
306.2 2.051
307.0 2.560

Table 3. Methylfluoride-Rich Vapor + Water-Rich Liquid +
Cyclopentene-Rich Liquid + Hydrate Four-Phase Equilibrium p, T
Conditions in the Methylfluoride + Cyclopentene + Water System

T/K p/MPa

283.6 0.106
288.1 0.227
293.5 0.528
296.8 0.895
299.5 1.418
300.8 1.928

Table 4. Methylfluoride-Rich Vapor + Water-Rich Liquid +
Tetrahydropyran-Rich Liquid + Hydrate Four-Phase Equilibrium
p, T Conditions in the Methylfluoride + Tetrahydropyran + Water
System

T/K p/MPa

284.4 0.116
288.9 0.239
294.0 0.531
297.2 0.892
300.0 1.483
301.0 1.877

Figure 2. Equilibrium p-T conditions for four phases involving clathrate
hydrate formed with methylfluoride and each of the following guest
substances: 0, cyclopentane; 4, fluorocyclopentane; O, cyclopentene; ],
tetrahydropyran (present study). The three-phase equilibrium p-T conditions
in the methylfluoride + water system are also indicated: b, ref 12.

Figure 3. PXRD profiles obtained from hydrate samples prepared in the
systems of water and methylfluoride plus each of the following substances:
(a) cyclopentane; (b) fluorocyclopentane; (c) cyclopentene; (d) tetrahydro-
pyran. The crystal samples were prepared at p ) 1 MPa and T ) 287 K.
The diffraction measurements were performed at 93 K. The crystallographic
structure of the hydrates was identified to be structure II. In the lower part,
the upper stick patterns correspond to the refinement result of the structure
II hydrate, and the lower stick patterns correspond to those of hexagonal
ice that was transformed from interstitial water. The arrows indicate
diffraction peaks of unknown crystals that would be formed from second
guest substances.
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depicts the PXRD profiles obtained with the hydrate-crystal
samples each prepared in the four systems. From these profiles,
the crystallographic structures of the hydrates are all identified
to be structure II. These profiles indicate that the lattice constants
of each hydrate are 1.7213 nm for the cyclopentane +
methylfluoride hydrate, 1.7237 nm for the fluorocyclopentane
+ methylfluoride hydrate, 1.7248 nm for the cyclopentene +
methylfluoride hydrate, and 1.7255 nm for the tetrahydropyran
+ methylfluoride hydrate. These slight differences in the lattice
constants would be caused by the different guest molecules.

Among the four systems tested in the present study, the
highest equilibrium temperature (or the lowest equilibrium
pressure) was possible with fluorocyclopentane, whereas the
lowest was with cyclopentene. The equilibrium temperature in
the fluorocyclopentane system exceeded 305 K at 2 MPa. The
highest equilibrium temperature we measured in the fluorocy-
clopentane system was 307.0 K at 2.560 MPa. Also, in the
cyclopentane system, the equilibrium temperature exceeding 305
K was available at 3 MPa. These temperatures are comparable
to or higher than the typical ambient temperature in the summer
season of most urban areas around the world. Thus, the mixture
of methylfluoride gas + liquid cyclopentane or liquid fluoro-
cyclopentane + liquid water may be used as the working
medium of a hydrate-based residential air-conditioning refrig-
eration system. Figure 4 compares the four-phase equilibrium
conditions in the systems with methylfluroide + cyclopentane
or fluorocyclopentane to those in the systems with krypton +
cyclopentane or fluorocyclopentane, which are reported to be
used as the working medium of refrigeration systems.9 This
comparison indicates that the low-pressure/high-temperature
phase equilibrium conditions are possible using the methylfluo-
ride systems.
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Figure 4. Comparison of the four-phase equilibrium conditions for the
hydrates formed with methylfluoride and cyclopentane or fluorocyclopentane
to those for the hydrates formed with krypton and cyclopentane or
fluorocyclopentane: 0, methylfluoride and cyclopentane; 4, methylfluoride
and fluorocyclopentane; 9, krypton and cyclopentane; 2, krypton and
fluorocyclopentane.
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