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Phase equilibria (pressure-temperature relations) of the H, + tetrahydrofuran mixed gas hydrate system
have been measured for various concentrations of tetrahydrofuran aqueous solutions. The three-phase
equilibrium lines obtained in the present study are shifted to the low-temperature or high-pressure side
from that of the stoichiometric THF solution. Each three-phase equilibrium line of H, + tetrahydrofuran
hydrate converges at the three-phase equilibrium line of the pure tetrahydrofuran hydrate. At the cross
point on the lines, the tetrahydrofuran concentration of mother aqueous solution agrees with each other.
The Raman spectra of H, and tetrahydrofuran for the H, + tetrahydrofuran mixed gas hydrate do not

change with the variation of tetrahydrofuran mole fraction from 0.010 to 0.130 in the aqueous solution.
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Introduction

The storage and transportation of H, are one of the most important techniques for developing a new
society sustained by H, energies. Recently, gas hydrates have become the object of much attention as a
medium for H, storage and transportation. It is well known that the pure H, hydrate is generated only in
extremely high-pressure regions." * In order to depress the equilibrium pressure of H,-containing hydrate,
the addition of other guest species is regarded as the most likely method. Tetrahydrofuran (hereafter, THF)
is one of the additives which are able to decrease the equilibrium pressure of pure gas hydrates. For
example, a large depression of equilibrium pressure has been observed in the N, + THF mixed gas hydrate,
and the depression degree depends on the THF concentration of mother aqueous solutions’.

Florusse et al.* have firstly reported that H, can be entrapped by hydrate cages with the existence of
THF at low pressures. They have also revealed that H, + THF mixed gas hydrate has a structure-1I hydrate
crystal structure by X-ray diffraction measurement. In addition, Lee et al.” have investigated the binary-
mixed gas hydrate containing H, + THF at various THF concentrations by use of Nuclear Magnetic
Resonance (NMR). They have claimed that the H, molecule can occupy the L-cage (hexakaidecahedron,
5'%6*) as well as the S-cage (dodecahedron, 5'*) at THF mole fractions lower than 0.020, and that THF
occupies the L-cage completely and H, is entrapped by only the S-cage in the THF mole fraction region
higher than 0.020. Recently, Strobel et al.® have reported that the cage occupancy of H, is independent of
the THF concentration in the mole fraction range lower than 0.056 based on gas release data and H, does
not occupy the L-cage. The results about the L-cage occupancy of H, of Strobel et al.® are inconsistent with
those of Lee et al.’ In order to reveal the storage capacity of H,, it is necessary to investigate the cage
occupancy of H, by spectroscopic method other than NMR. Furthermore, the variation of the THF
concentration results in the change of the phase equilibrium relation for mixed hydrate containing THF.
For example, it is well known that phase equilibrium lines for the N, + THF mixed gas hydrate in non-
stoichiometric THF concentration are shifted to a high-pressure or low-temperature condition compared
with those of stoichiometric concentration.” Considering this tendency in the N, + THF mixed gas hydrate
system, thermodynamic stability boundary of H, + THF mixed gas hydrate in non-stoichiometric THF
concentration would be also shifted to a high-pressure or low temperature condition. Therefore, it is
necessary to determine both the phase behavior and cage occupancy of H, in the H, + THF mixed gas

hydrate system simultaneously for H, storage using gas hydrates.



In the present study, phase equilibria for the H, + THF + water ternary mixture at various THF
concentrations have been measured in order to investigate the effect of THF concentration. In addition, the
cage occupancies of H, and THF in the mixed gas hydrate under three-phase equilibrium states have been

measured by use of in situ Raman spectroscopy.

Experimental Section

Materials

Research grade H, (mole fraction purity 0.999999) was obtained from the Neriki Gas Co., Ltd. The
maximum impurity was 0.2 ppm of nitrogen. Research grade THF (mole fraction purity 0.997) was
obtained from Yashima Pure Chemicals Co., Ltd. The distilled water was obtained from the Yashima Pure

Chemicals Co., Ltd. All of them were used without further purifications.

Experimental apparatus

The experimental apparatus for the phase equilibrium measurements is the same as the previous one’
except for the introducing line for the aqueous solution. The inner volume and maximum working pressure
of the high-pressure cell were 150 cm’® and 10 MPa, respectively. The cell had a set of windows for visually
observing the phase behavior. All parts of the high-pressure cell were immersed in a temperature-controlled
water bath. The contents were agitated using an up-and-down mixing bar driven by an exterior permanent
magnetic ring.

The high-pressure optical cell for the Raman spectroscopic analysis had a pair of quartz (highly pure)
windows on both the upper and lower sides. This high-pressure optical cell is the same as previous one®
except for the window material. The thermostated water was circulated constantly in the exterior jacket of
the high-pressure optical cell. A ruby ball was enclosed into the high-pressure optical cell. The contents
were agitated by the ruby ball, which is rolled around by the vibration of vibrator from outside.

The system temperature was measured within an uncertainty 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
3



thermometer. The system pressure was measured by a pressure gauge (Valcom VPRT) calibrated by

RUSKA quartz Bourdon tube gauge with an estimated maximum uncertainty of 0.01 MPa.

Experimental procedures

The THF aqueous solution prepared at a desired mole fraction of 0.010, 0.024, or 0.130 was introduced
into the evacuated high-pressure cell. The content was pressurized up to the desired pressure by supplying
H,. In the present study, we have adopted the method similar to the “ T-cycle method”” for the three-phase
equilibrium measurement. At first, the system temperature was decreased and kept constant at the point of
pressure depression which is caused by the H, + THF mixed gas hydrate formation (the formation can be
confirmed through the window of the cell). We cannot directly measure the equilibrium composition of
aqueous phase under the coexistence of gas hydrate phase. Therefore, the content was heated very
gradually and step by step (0.1 K each) until there was a negligibly small amount of gas hydrate left in
order to minimize change of THF concentration in the aqueous solution. The interval time was taken
adequately (at least one day) for establishing equilibrium state at each temperature step. When the last
particle of hydrates disappeared on gradually heating, we adopted this point as the equilibrium point. In
order to eliminate a hysterisis effect, we have used the annealing method (0.05 K one cycle per day) in
addition to the “ T-cycle method’”. We never fail to repeat several times the T-cycle and annealing
methods. In addition, we also repeated the same equilibrium measurements using the fresh THF solution at
the same THF mole fraction.

The single crystal of gas hydrate prepared from the H, + THF + water mixtures was analyzed through a
quartz window by in situ Raman spectroscopy using a laser Raman microprobe spectrophotometer with
multichannel CCD detector. The argon ion laser beam (wavelength: 514.5 nm, power: 100 mW) from the
object lens was irradiated to the sample through the upper quartz window. The backscatter of the opposite

direction was taken in with the same lens. The spectral resolution was about 1 cm™.

Results and Discussion



Phase equilibria for the H, + THF mixed gas hydrate systems at various THF concentrations are
summarized in Table 1 and shown in Figure 1. The mole fractions of THF (x) in the aqueous solutions are
0.010,0.024, and 0.130. Figure 1 contains the three-phase equilibrium diagram for the H, + THF mixed
gas hydrate* "> at x = 0.056, which is the stoichiometric concentration of the pure THF hydrate.'” '" The
three-phase equilibrium lines of H, + THF mixed gas hydrate, which were obtained from the THF aqueous
solution of x = 0.024 and 0.130, converge at each equilibrium point of pure THF hydrate prepared from the
same mole fraction solution, (275.73 K, 2.6 kPa) and (276.21 K, 6.3 kPa)'', respectively. Each equilibrium
line vertically rises up in the pressure up to about 3 MPa, which may be attributed to the hydrogen content
in the hydrate. Each three-phase equilibrium pressure increases continuously with the temperature increase.
The quadruple point of gas, aqueous solution, ice, and hydrate phases for the THF + water mixed system is
located at x = 0.0106, 272.06 K and 1.1 kPa."" The three-phase equilibrium line of H, + THF mixed gas
hydrate of x = 0.010 would converge at the vicinity of the above quadruple point as well as those of x =
0.024, 0.056, and 0.130.

In the present study, the Raman spectra of single crystals for H, + THF mixed gas hydrate were
measured under the three-phase equilibrium state. Figure 2 shows a single crystal of H, + THF mixed gas
hydrate at x = 0.010. The Raman spectra obtained in the present study are shown in Figures 3 and 4. As
shown in Figure 3, the Raman peaks of (919 and 1033) cm” in the hydrate phase are derived from the
enclathrated THF molecule.'* " In addition, the Raman peaks corresponding to the rotation modes of the
H, molecule'* are detected at (354, 588, 817, and 1036) cm” in the gas phase, while they are detected at
(351,583, and 814) cm™ in the hydrate phase. In the hydrate phase, the peak of H, rotation around 1036
cm’ overlaps with that of THF. As shown in Figure 4, the peaks corresponding to the H-H stretching
vibration of H, are detected at (4129, 4146,4159, and 4165) cm’ in the gas phase, while a broad and single
peak is detected at 4131 cm’' in the hydrate phase. The position and shape of all peaks derived from H,
obtained in the present study agree well with those of H, + THF mixed gas hydrate at the stoichiometric
THF concentration.'”” There is no remarkable change of Raman spectrum with the variations of THF
concentration. Therefore, the cage occupancies of H, + THF mixed gas hydrate are independent of THF
concentrations in the aqueous solutions under the present experimental condition. That is, the THF
molecule occupies the L-cage completely while the H, selectively occupies the S-cage of structure-II
hydrate. The results obtained in the present study are consistent with those of Strobel et al.® on the point

that H, molecule cannot occupy the L-cage for the H, + THF mixed gas hydrate.



Conclusion

Phase equilibria for the H, + THF + water mixed system at the various mole fractions of THF from
0.010 to 0.130 were measured. The three-phase (hydrate + aqueous solution + gas) equilibrium lines of
H, + THF mixed gas hydrate converge at the equilibrium point of pure THF hydrate prepared from the
same THF aqueous solution. From Raman spectroscopy for the single crystal of H, + THF mixed gas
hydrate, it is concluded that the S- and L-cages are selectively occupied by H, and THF in the THF mole

fraction range from 0.010 to 0.130, respectively.
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Figure captions

Figure 1. Three-phase equilibrium curves of the H, + THF mixed gas hydrate; l: pure THF hydrate
(Makino et al.'"), ¥: x = 0.056 (Florusse et al.*), @: x = 0.056 (Hashimoto et al.'), A:x= 0.010,: x

= 0.024, V: x = 0.130. The solid lines are fitting lines for experimental data and the broken line is

extrapolated line on the assumption that the three-phase equilibrium line for the THF mole fraction of

0.010 has a similar behavior with the other lines.

Figure 2. Photo of a hydrate single crystal for the H, + THF mixed gas hydrate at x = 0.010.

Figure 3. Raman spectra of the intramolecular vibration for THF in the gas and hydrate phases at various
THF mole fractions. Panel contains the spectra corresponding to the rotation of H,. In the hydrate phase, I:
x = 0.010, 276.26 K, 11.0 MPa; II: x = 0.056, 280.80 K, 11.3 MPa (Hashimoto et al."*); III: x = 0.130,
280.28 K, 11.2 MPa. The broad signals which appear in lower than 520 cm” and at (600, 810, and 1060)

cm’' correspond to the quartz windows of high-pressure optical cell.

Figure 4. Raman spectra of the intramolecular vibration for H, in the gas and hydrate phases at various
THF mole fractions. In the hydrate phase, I: x = 0.010,276.26 K, 11.0 MPa; II: x = 0.056,280.80 K, 11.3
MPa (Hashimoto et al.'%); IIT: x = 0.130, 280.28 K, 11.2 MPa.



Table 1. Phase equilibrium data for the H, + THF + water mixed system in the presence of gas hydrate at

the THF mole fraction of 0.010, 0.024, and 0.130. x represents the composition of THF aqueous solution.

T/K » / MPa ! T/K » / MPa
x=0010 273.86 486 > =0.130 276.23 0.0
274.08 5.43 276.30 0.42
274.36 6.02 : 276.42 0.70
274.42 6.36 ! 276.53 1.01
274.68 6.83 276.74 1.55
274.94 7.36 | 276.91 2,01
275.11 7.86 I 277.25 2.61
275.29 8.33 277.54 3.24
275.56 8.88 277.87 431
275.69 9.38 278.26 537
275.91 9.73 I 278.79 6.74
276.26 11.0 279.15 7.64
277.36 13.8 | 279.55 8.56
Tx=0024 7 27586 T 011 T T E 279.81 9.60
276.03 0.38 280.28 11.2
zzz. z 2 ;g 280.41 12.5
276.45 1.48
276.68 2.09 '
276.90 2.59 I
277.13 3.34
277.63 4.92
278.50 7.15
279.08 8.94 .
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Figure 1. Three-phase equilibrium curves of the H, + THF mixed gas hydrate; l: pure THF
hydrate (Makino et al.'"), ¥: x = 0.056 (Florusse et al.*), @: x = 0.056 (Hashimoto et al."),

A:x = 0.010,:x = 0.024, V: x= 0.130. The solid lines are fitting lines for experimental
data and the broken line is extrapolated line on the assumption that the three-phase equilibrium
line for the THF mole fraction of 0.010 has a similar behavior with the other lines.
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Figure 2. Photo of a hydrate single crystal for the H, + THF mixed gas hydrate at x =
0.010.
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Figure 3. Raman spectra of the intramolecular vibration for THF in the gas and hydrate
phases at various THF mole fractions. Panel contains the spectra corresponding to the
rotation of H,. In the hydrate phase, I: x = 0.010, 276.26 K, 11.0 MPa; II: x = 0.056,
280.80 K, 11.3 MPa (Hashimoto et al."”); IIl: x = 0.130, 280.28 K, 11.2 MPa. The
broad signals which appear in lower than 520 cm™ and at (600, 810, and 1060) cm’
correspond to the quartz windows of high-pressure optical cell.
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Figure 4. Raman spectra of the intramolecular vibration for H, in the gas and hydrate
phases at various THF mole fractions. In the hydrate phase, I: x= 0.010,276.26 K, 11.0
MPa; II: x = 0.056, 280.80 K, 11.3 MPa (Hashimoto et al."); III: x = 0.130, 280.28 K,
11.2 MPa.



