
Published: August 22, 2011

r 2011 American Chemical Society 4592 dx.doi.org/10.1021/je200543d | J. Chem. Eng. Data 2011, 56, 4592–4596

ARTICLE

pubs.acs.org/jced

High-Pressure Phase Equilibrium and Raman Spectroscopic Studies
on the 1,1-Difluoroethane (HFC-152a) Hydrate System
Takeshi Sugahara, Aki Endo, Hiroshi Miyauchi, Seung An Choi, Yuuki Matsumoto, Kenjiro Yasuda,
Shunsuke Hashimoto, and Kazunari Ohgaki*

Division of Chemical Engineering, Department of Materials Engineering Science, Graduate School of Engineering Science,
Osaka University, 1-3 Machikaneyama, Toyonaka, Osaka 560-8531, Japan

bS Supporting Information

ABSTRACT: High-pressure phase equilibrium relations of the 1,1-difluoroethane (HFC-152a) + water binary system were
investigated in a temperature range of (275.03 to 319.30) K and a pressure range up to 370MPa. Four three-phase coexisting curves
of hydrate + aqueous + gas phases, hydrate + HFC-152a-rich liquid + gas phases, hydrate + aqueous + HFC-152a-rich liquid phases,
and aqueous + HFC-152a-rich liquid + gas phases originate from the quadruple point of hydrate + aqueous + HFC-152a-rich liquid
HFC-152a + gas phases located at (288.05( 0.15) K and (0.44( 0.01)MPa. The structure of HFC-152a hydrate remains structure
I (s-I) in the pressure range up to 370 MPa. Raman spectra of the HFC-152a molecule in the HFC-152a hydrate indicate that the
HFC-152a molecules occupy only large cages of s-I HFC-152a hydrate in the presence of completely vacant small cages at a pressure
up to 370 MPa.

’ INTRODUCTION

Gas hydrates are crystalline substances composed of the guest
species and the cages that are constructed by hydrogen-bonded
water molecules. Structure I (s-I) is one of the common hydrate
structures.1 The s-I hydrate has two small cages (pentagonal
dodecahedron (512), hereafter, S-cages) and six middle cages
(tetrakaidecahedron (51262), M-cages) in the unit lattice. The
familiar guest species for the s-I hydrates are methane (CH4),
carbon dioxide (CO2), ethane (C2H6), ethylene (C2H4), and
cyclopropane (c-C3H6). The Raman peak corresponding to the
intramolecular C�H symmetric vibration mode of CH4 mole-
cule in CH4 hydrate divides into doublet, and the peak intensity
ratio corresponds to the cage�constituent ratio of s-I.2,3 The
C2H4, C2H6, and c-C3H6 molecules, which sizes are slightly
larger than the void space of the S-cage, can oppressively occupy
a part of the S-cage as the pressure is raised, while they cannot
occupy it in a low-pressure region.4�6

Gas hydrates are versatile for possible industrial applications,
for example, refrigeration, gas storage/transportation, and gas
separation. Hydrofluorocarbons (HFCs) and liquefied hydro-
carbons like isobutane are possible guest species for the refrig-
eration system using gas hydrates because of their low formation
pressure. Numerous researchers have reported the equilibrium
data of some gas hydrates formed at relatively low pressures.7�12

1,1-Difluoroethane (HFC-152a) is one of the largest s-I hydrate
formers,1 and HFC-152a has the smallest global warming
potential of all HFCs.13 For the HFC-152a hydrate, the three-
phase equilibrium curves of (H+ I +G) and (H+L1 +G) and the
quadruple points of Q1 (H + I + L1 + G) and Q2 (H + L1 + L2 +
G) in the temperature range of (264.72 to 288.15) K and the
pressure range of (0.0495 to 0.4437) MPa have been previously
reported by Kubota et al.8 and Liang et al.10 In addition, Kubota
et al.8 have reported the three-phase equilibrium curves of (H +
L2 + G) and (L1 + L2 + G). The symbols of H, I, L1, L2, and G

represent the hydrate, ice, aqueous, HFC-152a-rich liquid, and
gas phases. There are almost no equilibrium data at a pressure
higher than that of Q2, and the Raman spectroscopic results of
HFC-152a hydrate have not yet been reported.

In the present study, we have investigated the thermodynamic
stability boundaries of the HFC-152a hydrate system in a
temperature range of (275.03 to 319.30) K and a pressure range
up to 370MPa. In addition, the cage occupancy of the HFC-152a
molecule and the pressure effect of the intermolecular O�O
vibration (latticemode) between host water molecules have been
briefly discussed based on the Raman spectra in the single crystal
of HFC-152a hydrate.

’EXPERIMENTAL SECTION

1,1-Difluoroethane (HFC-152a) (minimum purity in the
mole fraction is 0.995) was obtained from Daikin Industries,
Ltd. The distilled water was obtained from Yashima Pure
Chemicals Co. Ltd. Both were used without further purification.

We used three types of high-pressure cells depending on
experimental pressures. The details of high-pressure cells are
given elsewhere.14 The equilibrium temperature was measured
within a reproducibility of 0.02 K using a thermistor probe (Takara,
model: D-641) calibrated by a Pt resistance thermometer (25Ω)
defined by ITS-90. For pressure measurements, two different
pressure gauges were used depending on the experimental
pressure. Up to 75 MPa, a pressure gauge (Valcom, model:
VPRT) calibrated by a Ruska quartz Bourdon tube gauge was
used with an estimated maximum uncertainty of 0.02 MPa. Over
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75 MPa, a pressure transducer (NMB, model: STD-5000K) and
digital peak holder (NMB, model: CSD-819) were used with an
estimated maximum uncertainty of 2 MPa.

A desired amount of HFC-152a was introduced into the
evacuated and cooled cell. A mixing magnet or a mixing ball in
the cell was vibrated from the outside for agitation. The contents
were pressurized up to the desired pressure by a successive
supply of water. After the formation of the HFC-152a hydrate, to
establish the three-phase equilibrium state, the system tempera-
ture was gradually increased, and the contents were agitated
intermittently. The phase behavior of the systemwas observed by
the charge-coupled device (CCD) camera through the sapphire
window.

After the single crystal of HFC-152a hydrate was prepared on
the stability boundary, HFC-152a hydrate crystals were analyzed
through a sapphire window using a laser Raman microprobe
spectrometer with a multichannel CCD detector (Jobin Yvon,
model: Ramanor T64000). The photograph of the HFC-152a
hydrate crystal at 38.7MPa and 293.0 K is shown in Figure 1. The
laser beam from the object lens irradiated every phase through
the upper sapphire window. The backscatter of the opposite
direction was taken in with the same lens. The argon ion laser
beam of 514.5 nm and 100 mW (generation power) was con-
densed to a 2 μm spot diameter. The spectral resolution was
approximately 0.7 cm�1. All Raman spectra obtained from the
hydrate single crystal can be completely distinct from those of
liquid HFC-152a phase at microscopic field, under the three-
phase equilibrium state of (hydrate + aqueous + HFC-152a-rich
liquid phases). The powder X-ray diffraction (PXRD) pattern
was measured using a diffractometer (Rigaku, model: Ultima IV)
with a Rigaku D/teX ultra high-speed position sensitive detector
and Cu KR X-ray (40 kV, 50 mA). The measurements were per-
formed in the stepscan mode with scan rate of 10 deg 3min�1 and
step size of 0.02�. Once the hydrate sample prepared at 281.0 K
and 0.16 MPa was taken from the cell in the low-temperature
room at 253 K, the sample was quenched and ground at liquid

nitrogen temperature for the PXRDmeasurement. Themeasure-
ments were carried out at atmospheric pressure and 113 ( 2 K
using a low-temperature attachment. The PXRD pattern index-
ing and cell refinement were obtained with use of the Checkcell15

and PowderX16 programs and the initial lattice parameters1 for
the refinement.

’RESULTS AND DISCUSSION

The PXRD pattern of the HFC-152a hydrate formed at
281.0 K and 0.16 MPa (shown in Figure S1 of the Supporting
Information) clearly indicates that the structure of HFC-152a
hydrate is s-I (cubic, Pm3n) and the lattice parameter of the s-I
HFC-152a hydrate is a = 1.195( 0.002 nm (measured at 113(
2 K and atmospheric pressure). The lattice parameter obtained in
the present study is similar to literature values.1

The phase equilibrium relations of the four three-phase
coexistence curves are listed in Table 1 and plotted in Figure 2.
The quadruple point Q2 of H + L1 + L2 + G, which was
determined by the extrapolation of four three-phase coexistence
curves, is located at (288.05 ( 0.15) K and (0.44 ( 0.01) MPa.
The three-phase equilibrium curve of H + L1 + G and the
quadruple point Q2 are in good agreement with the data reported
by Kubota et al.8 and Liang et al.10 The equilibrium pressures
increase monotonically and moderately with temperature. The
smoothness of the three-phase coexisting curve of H + L1 + L2
suggests that there is no structural phase transition point in the

Figure 1. Typical photograph of the single crystals of HFC-152a hy-
drate at 39 MPa and 293.0 K under three-phase coexistence conditions.

Table 1. Three-Phase Coexisting Curves and Quadruple
Point (Temperature T, Pressure p) in the HFC-152a + Water
Binary Systema

T/K p/MPa T/K p/MPa T/K p/MPa

H+L1 +G H+L1 + L2 H+L1 + L2

275.03 0.08 288.23 2.60 306.79 183

276.10 0.09 289.40 10.51 309.40 223

276.87 0.10 290.54 19.63 309.90 226

277.79 0.11 290.48 19.02 311.52 259

278.50 0.12 290.69 20.13 314.73 315

279.16 0.13 290.68 20.55 316.01 342

279.72 0.14 290.97 23.00 319.30 370

280.23 0.15 291.21 23.93

281.20 0.17 291.96 31.06 H+L2 +G

281.99 0.19 292.74 38.72 278.48 0.32

282.71 0.21 292.99 38.74 281.73 0.36

283.31 0.23 293.22 42.19 284.45 0.39

283.91 0.25 294.37 51.25 286.59 0.42

284.53 0.27 295.11 56.94

285.04 0.29 295.94 64.93 L1 + L2 +G

285.55 0.31 296.18 67.96 288.87 0.45

286.06 0.33 296.85 77 291.77 0.49

286.65 0.36 299.31 99 296.33 0.56

287.25 0.39 302.14 143 301.27 0.64

287.84 0.42 302.64 145

303.37 148

Q2 (H+L1 + L2 +G) 305.07 159

288.05 0.44 306.25 182
aThe symbols H, I, L1, L2, and G represent hydrate, ice, aqueous, HFC-
152a-rich liquid, and gas phases.
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experimental pressure range of the present study; that is, the
structure of the HFC-152a hydrate remains s-I in the high-
pressure region of about 370 MPa.

The HFC-152a molecule has a lot of Raman-active vibration
modes. Figure 3 shows the typical in situ Raman spectra of HFC-
152a molecule in the hydrate, HFC-152a-rich liquid, and
aqueous phases on the thermodynamic stability boundary at
159 MPa and 305.1 K. The asterisk indicates the contributions
from sapphire window of high-pressure Raman cell. The observed
Raman shifts of HFC-152a molecule in each phase are summar-
ized in Table 2, which vibration modes are assigned based on the
literature.17�19 The Raman shifts of the HFC-152a molecule in
the HFC-152a-rich liquid phase agree with those in the pure
liquefied HFC-152a phase,17 although there are slight differences
in the wavenumber region higher than 2800 cm�1. The broad
peak detected at 205 cm�1 corresponds to the intermolecular
O�O vibration (lattice mode) between water molecules in the
HFC-152a hydrate. All Raman peaks of HFC-152a molecule in
all phases are single at 159 MPa and 305.1 K. Even at higher
pressures up to 370MPa, every peak remains single (Figure S2 of
the Supporting Information). HFC-152a molecules do not
occupy the S-cage of s-I HFC-152a hydrate in a pressure range
up to 370 MPa. It is well-known that the C2H4,

4 C2H6,
5 CF4,

20

and c-C3H6,
6 molecules oppressively occupy a part of S-cages at a

pressure higher than∼5 MPa,∼20 MPa, 70 MPa, and 200 MPa,
respectively. The largest van der Waals diameter of c-C3H6

molecule is 0.58 nm, very close to the diameter of void space
in M-cage. The unoccupancy of HFC-152a molecule in S-cage at
a high pressure above 200MPa implies that the size of HFC-152a
molecule is slightly larger than that of c-C3H6 molecule and
HFC-152a molecule would be the largest s-I hydrate former.

Figure 4 shows the pressure dependence of the Raman shifts
corresponding to the three intramolecular vibrations (relatively
intensive compared with others) of HFC-152a molecules. Raman
shifts of the CH3 symmetric deformation (ν4) and CH3 rocking
(ν9) modes (Figure 4a,b) are almost constant in the whole
pressure range of the present study, while that of the C�H
symmetric stretching vibration mode (ν3) (Figure 4c) exhibits
weak pressure dependence (0.9 cm�1/100 MPa). The pressure
dependence of HFC-152a in the M-cage is larger than those of

the C�H symmetric stretching vibration mode of CH4,
3 C2H4,

4

and c-C3H6
6 in M-cage of each simple hydrate. This result

implies that the M-cage of the HFC-152a hydrate is constrained
by the compression.

In our previous works3�6,20�24 on gas hydrate crystals along
the hydrate stability boundaries, the Raman spectrum corre-
sponding to the intermolecular O�O vibration mode of water
detected around 205 cm�1 has been regarded as a practical sign
of the clean hydrate crystal in the experimental sections. More-
over, the O�O vibration energy is very important information
about the elasticity of the hydrogen-bonded water cages. The
pressure dependence of the O�O vibration energy in the HFC-
152a hydrate is shown in Figure 5 accompanied with our previous

Figure 3. Raman spectra in the HFC-152a hydrate, HFC-152a-rich
liquid, and aqueous phases at 159 MPa and 305.1 K. The peak detected
around 205 cm�1 in part (a) corresponds on the intermolecular O�O
vibration of HFC-152a hydrate. The asterisk represents the contribu-
tions from the sapphire window. The other peaks are derived from the
intramolecular vibration of the HFC-152a molecule in each phase. See
Table 2 for the peak assignments.

Figure 2. Three-phase coexisting curves of the HFC-152a + water
binary system. All open symbols, present study (O, H + L1 + G; 4, H +
L2 + G; 3, L1 + L2 + G;0, H + L1 + L2);1, ref 9; b, ref 11. The closed
square symbols stand for the quadruple points Q1 (H + I + L1 +G)

10 and
Q2 (H + L1 + L2 + G) (present study). The symbols H, I, L1, L2, and G
represent hydrate, ice, aqueous, HFC-152a-rich liquid, and gas phases.
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results of other s-I hydrate systems.3�6,20�22 There are two
tendencies in the s-I hydrate systems; one is a strong pressure
dependence of type A (CH4,

3 CO2,
21 and Xe22), and the other is

a very weak pressure dependence of type B (C2H4,
4 C2H6,

5

c-C3H6,
6 and CF4

20). The stronger pressure-dependence of type
Awould indicate a higher shrinkage of the hydrogen-bonded cage

or the larger free volume for the guestmolecule. On the other hand,
the guest molecule having a large van derWaals diameter generates
the type B hydrate crystal. The O�O vibration energy in the
HFC-152a hydrate shows somewhat weak pressure dependence.
Raman spectra obtained in the present study reveal that the
HFC-152a molecule would be the largest s-I hydrate former, and
no pressure-induced structural transition occurs at a pressure up
to 370 MPa. In addition, all of the S-cages in the s-I HFC-152a
hydrate remains vacant even at 370 MPa.

’CONCLUSION

We measured the high-pressure phase equilibrium relations
of the HFC-152a + water binary system at a pressure up to

Table 2. Summary on the Observed Raman Spectra (Δν) of the HFC-152a Molecule in the HFC-152a Hydrate, HFC-152a-Rich
Liquid, and Aqueous Phases at 159 MPa and 305.1 K

hydrate Δν HFC-152a-rich liquid Δν aqueous solution Δν

assignmenta modea cm�1 cm�1 cm�1

ν1 C�H antisymmetric stretching 3019 3021 3025

ν2 C�H stretching 2989 2998 3006

ν3 C�H symmetric stretching 2954 2956 2956

ν4 + ν5
b 2876 2879 c

2ν5
b 2806 2808 c

ν4 CH3 symmetric deformation 1446 1452 1453

ν5 C�C stretching 1409 1412 c

ν14 C�C�H bending 1378 c c

ν6 C�C�H bending 1359 1361 1363

ν7 C�F stretching 1144 1137 1145

ν8 C�F stretching 1128 1114 1121

ν16 CH3 rocking 935 927 924

ν9 CH3 rocking 871 867 868

ν10 CF2 bending 571 569 569

ν11 CF2 wag 473 471 472

ν17 CF2 twist 393 392 c
a From ref 19. b From ref 17. cDue to a very low signal-to-noise ratio.

Figure 4. Pressure dependence of Raman shifts corresponding to the
C�H symmetric stretching (ν3), CH3 symmetric deformation (ν4), and
CH3 rocking (ν9) modes in the HFC-152a hydrate phase along three-
phase equilibrium curve of H + L1 + L2.

Figure 5. Pressure dependences of the O�O vibration energy in the s-I
HFC-152a (present study), CH4,

3 CO2,
21 Xe,22 C2H4,

4 C2H6,
5 CF4,

20

and c-C3H6
6 hydrate systems along three-phase equilibrium curve of H +

L1 + L2.
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370MPa. In addition, in situ Raman spectra corresponding to the
intermolecular vibration of water molecules of hydrate lattice and
the intramolecular vibrations of the HFC-152a molecule in the
single crystal of s-I HFC-152a hydrate were measured. The
following important findings are obtained.
(1) There is no structural transition in the HFC-152a hydrate

at a pressure up to 370 MPa along the three-phase
coexisting curve of H + L1 + L2.

(2) The HFC-152a molecule would be the largest s-I hydrate
former.

(3) No HFC-152a molecule occupies the S-cage of s-I HFC-
152a hydrate even at 370 MPa.

’ASSOCIATED CONTENT

bS Supporting Information. Powder XRD pattern (Figure
S1) of the HFC-152a hydrate formed at 281.0 K and 0.16 MPa
(measured at 113 ( 2 K and atmospheric pressure) and the
pressure dependence of Raman shifts (Figure S2) in the HFC-
152a hydrate phase. This material is available free of charge via
the Internet at http://pubs.acs.org.
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