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ABSTRACT 

 Thermodynamic stability boundaries of the mixed hydrate composed of methane and 

fluorocyclopentane, chlorocyclopentane, or bromocyclopentane were investigated in a 

temperature range of (274.17 to 306.19) K and pressures up to 9.93 MPa under the four-phase 

(hydrate, aqueous, monohalogenated cyclopentane-rich liquid, and gas phases) equilibrium 
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conditions. Also, the crystal structure of the methane+chlorocyclopentane hydrate was 

determined by means of powder X-ray diffractometry. The each boundary is laid at a pressure 

lower and a temperature higher than that of the simple methane hydrate. Especially, the 

methane+fluorocyclopentane hydrate system has the lowest equilibrium pressure among three 

mixed hydrate systems investigated in the present study. The powder X-ray diffraction patterns 

reveal that a guest species larger than chrolocyclopentane and smaller than bromocyclopentane is 

border between structure-II and structure-H hydrate formers. 

 

Keywords: Clathrate hydrate, Phase equilibria, Powder X-ray diffractometry, Cage occupancy 

 

INTRODUCTION 

 Clathrate hydrate is a solid crystalline, which has an ice-like appearance. Hydrate is 

necessarily composed of water (host) and guest species such as light hydrocarbons and noble 

gases. The water molecules construct cage structure and one cage normally enclathrates one 

guest molecule. The existence of several kinds of hydrate cages has been reported. For instance, 

512-cage (S-cage) is a dodecahedron, which is constructed from twelve (12) pentagons (5). 435663-

cage (S’-cage), 51262-cage (M-cage), 51264-cage (L-cage), and 51268-cage (U-cage) follow the 

same rule. Some of them are combined to form specific hydrate structures. The unit cell of the 

structure-I (s-I) hydrate consists of two S-cages and six M-cages. In the same manner, that of the 

structure-II (s-II) hydrate is formed with 16 S-cages and eight L-cages. The unit cell of the 

structure-H (s-H) hydrate is composed of three S-cages, two S’-cages, and one U-cage. Simple 
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hydrate is formed with a binary mixture that is water and single guest species. On the other hand, 

mixed hydrate is formed with more than ternary mixture that is water and more than two kinds of 

guest species. Crystal structures and thermodynamic stabilities of hydrates depend on the 

thermodynamic condition (pressure, temperature, composition, etc.) and the properties of guest 

species (size, shape, molar volume, molar weight, solubility, polarity, etc.).1,2 Some of large guest 

species (LGS) cannot form hydrates solely. When a small guest species such as methane (CH4) is 

added, such LGSs occupy the L-cage of s-II hydrate or the U-cage of s-H hydrate with support of 

the S-cage (and S’-cage) occupancy of a small guest species. In this case, the small guest species 

is called “help gas”. In the case of s-H hydrate, the combination ratio of small cages to large 

cages in the unit lattice is larger than those of s-I and s-II hydrates, and the S’-cage and the U-

cage have geometrically unstable faces (squares and hexagons). Therefore, the contribution of 

help gases occupying the S- and S’-cages is necessary to form s-H hydrates.3 

 Hydrate enclathrates a large amount of gases such as CH4 and carbon dioxide (CO2). 

Therefore, hydrate is suggested to be utilized for gas storage, transportation, and separation. 

However, high pressure and/or low temperature are required for the formation and stabilization 

of hydrates, which is one of the most serious problems to be solved. Adding an LGS as a 

thermodynamic promoter to a simple gas hydrate system, gas and LGS occupy small and large 

cages respectively, resulting that s-II or s-H mixed hydrate can form at thermodynamic 

conditions milder than simple gas hydrate (i.e. lower pressure and higher temperature). In 

addition, the ratios of small to large cages in the s-II (the ratio is 2.0) and s-H (5.0) unit lattices 

are much larger than that in the s-I unit lattice (1/3). That is why s-II and s-H hydrates have 

attracted attention in the field of natural gas storage and transport. So far, many LGSs forming s-

II and s-H mixed hydrates with a help gas have been reported.1 We reported that cyclopentane (c-
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C5H10) and fluorocyclopentane (c-C5H9F) form the s-II mixed hydrates with CO2.4 However, the 

occupancy limit for the L-cage of s-II hydrate has not been clarified yet. Which cage LGSs 

occupy is fundamentally significant in revealing the occupancy limits of LGSs for the L-cage of 

s-II hydrate. 

 In the present study, three kinds of monohalogenated cyclopentanes (c-C5H9X, X = F, Cl, 

and Br) are adopted as LGSs. The four-phase (hydrate, aqueous, c-C5H9X-rich liquid, and gas 

phases) equilibrium curves of the CH4+c-C5H9F, CH4+c-C5H9Cl, and CH4+c-C5H9Br mixed 

hydrate systems were measured. The structures of the CH4+c-C5H9Cl and CH4+c-C5H9Br mixed 

hydrates, in addition, were clarified based on powder X-ray diffraction (PXRD) pattern. 

 

EXPERIMENTAL 

 Materials. Materials used in the present study are summarized in Table 1. All of them 

were used without further purification.  

 Apparatus. The high-pressure cell (inner volume: 150 cm3, maximum working pressure: 

10 MPa) used in the present study is the same as the one used previously.5 The system 

temperature was controlled with the thermocontroller (Taitec, CL-80R). The equilibrium 

temperature was measured with the thermistor thermometer (Takara, D632, reproducibility: 0.02 

K). The equilibrium pressure was measured with the pressure gauges (Valcom, VPRT, maximum 

uncertainties: 0.04 MPa). PXRD patterns were obtained with a diffractometer (Rigaku, Ultima 

IV) with a Rigaku D/teX ultra high-speed position sensitive detector and CuKa X-ray 

(generation power: 40 kV, 50 mA). 
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 Procedure. Sufficient amount of distilled water and c-C5H9X (X = F, Cl, and Br) was 

introduced into the high-pressure cell. These two liquids of water and c-C5H9X are not 

completely miscible at pressures, temperatures, and compositions in the present study, that is, 

aqueous and c-C5H9X-rich liquid phases coexist. The cell was immersed in the thermostatic bath. 

After the air dissolved in water and c-C5H9X was deaerated, the contents were pressurized with 

CH4 up to the desired pressure. The contents were cooled with the thermocontroller and agitated 

with continuously-moving magnetic stirrer to generate hydrates effectively. After the formation 

of hydrates, temperature was increased up to a desired temperature and kept constant to establish 

the four-phase (hydrate, aqueous, c-C5H9X-rich liquid, and gas phases) equilibrium condition. 

When a four-phase equilibrium condition was established, pressure and temperature were 

recorded as an equilibrium datum set. Please note that the system pressure was controlled not to 

exceed the equilibrium pressure of the simple CH4 hydrate at given temperature during all of the 

process mentioned above. 

 For the PXRD analysis, after the four-phase equilibrium condition was established in the 

CH4+c-C5H9Cl and CH4+c-C5H9Br mixed hydrate systems, the contents were pressurized with 

additional CH4 so that almost all of free water was converted to mixed hydrate. The hydrate 

samples were taken from the cell at 263 K and kept at 77 K. Samples were ground and set flatly 

on the sample stage of the diffractometer. PXRD patterns were measured at 143 K. The 

measurements were performed in the stepscan mode with step size of 0.02°. The PXRD pattern 

indexing and cell refinement were obtained with the Chekcell6 and PowderX7 programs and the 

initial lattice parameters for the refinement. 

 



 

6 

RESULTS AND DISCUSSION 

 The PXRD patterns of the CH4+c-C5H9Cl and CH4+c-C5H9Br mixed hydrates obtained in 

the present study are shown in Figure 1. The typical pattern of s-II hydrate was observed in the 

CH4+c-C5H9Cl mixed hydrate. The space group and the lattice constant (a) of the CH4+c-C5H9Cl 

mixed hydrate are Fd3m and a = (1.734 ± 0.003) nm (prepared at 1.93 MPa and 277.89 K, 

measured at 143 K), respectively, which elucidate that c-C5H9Cl was enclathrated into the L-cage 

of s-II hydrate in the presence of CH4. On the other hand, the typical pattern of s-H hydrate was 

detected in the CH4+c-C5H9Br mixed hydrate as reported previously10. The space group and the 

lattice constants (a and c) of the CH4+c-C5H9Br mixed hydrate are P6/mmm and a = (1.232 ± 

0.001) nm, c = (1.019 ± 0.001) nm (prepared at 1.82 MPa and 274.17 K, measured at 143 K), 

respectively. The PXRD patterns also reveal that there is the limit of L-cage occupancy between 

c-C5H9Cl and c-C5H9Br, the former is one of the largest LGSs that occupy the L-cage of s-II 

hydrate and the latter is one of the smallest LGSs that occupy the U-cage of s-H hydrate. 

 Thermodynamic stability boundaries of CH4+c-C5H9X (X = F, Cl, and Br) mixed 

hydrates measured in the present study under the four-phase (hydrate, aqueous, c-C5H9X-rich 

liquid, and gas phases) equilibrium conditions are shown in Figure 2 accompanied with those of 

the s-II CH4+c-C5H10 mixed hydrate8,9 and the s-I simple CH4 hydrate.5 The obtained four-phase 

equilibrium data are also listed in Table 2. The data in the CH4+c-C5H9Br mixed hydrate agree 

well with the data recently reported.10 The four-phase equilibrium curves are located at a lower 

pressure and higher temperature side than the three-phase (hydrate, aqueous, and gas phases) 

equilibrium curve of the s-I simple CH4 hydrate system. All of the c-C5H9X adopted in the 

present study work as thermodynamic promoters. The s-II CH4+c-C5H9F mixed hydrate is the 

most thermodynamically stable in the present study, followed by the s-II CH4+c-C5H9Cl and the 
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s-H CH4+c-C5H9Br mixed hydrates. Thermodynamic stability region of the s-II CH4+c-C5H9F 

mixed hydrate is quite different from that of the s-II CH4+c-C5H9Cl mixed hydrate. It implies 

that c-C5H9F has a quite suitable molecular size and shape for the L-cage occupancy, whereas c-

C5H9Cl may be a little bit too large for the L-cage occupancy. Especially, the CH4+c-C5H9F 

hydrate is formed at thermodynamic conditions milder than CH4+c-C5H10 hydrate,8,9 although it 

has been considered that c-C5H10 is one of the best thermodynamic promoters for the CH4 

enclathration. The same tendency is observed in the Kr+c-C5H10 and Kr+c-C5H9F mixed 

hydrates,11,12 CH3F+c-C5H10 and CH3F+c-C5H9F mixed hydrates,13 CH2F2+c-C5H10 and 

CH2F2+c-C5H9F mixed hydrates,12,14 and CO2+c-C5H10 and CO2+c-C5H9F mixed hydrates.4 

 

CONCLUSIONS 

 Thermodynamic stabilities of CH4+c-C5H9F, CH4+c-C5H9Cl, and CH4+c-C5H9Br mixed 

hydrate systems were investigated. In addition, the structure of these mixed hydrates was 

clarified. Compared to the s-I simple CH4 hydrate, the s-II CH4+c-C5H9F mixed hydrate is much 

more thermodynamically stable, followed by the s-II CH4+c-C5H9Cl, and the s-H CH4+c-C5H9Br 

mixed hydrates. c-C5H9F works as a thermodynamic promoter much greater than c-C5H10, c-

C5H9Cl, and c-C5H9Br. The limit of L-cage occupancy is located between c-C5H9Cl and c-

C5H9Br. 
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Table 1. Information on the Chemicals Used in the Present Study 

chemical name source mole fraction purity 

methane Liquid Gas Co., Ltd. > 0.9999 

fluorocyclopentane SynQuest Laboratories, Ltd. > 0.9869 

chlorocyclopentane Wako Pure Chemical Ind., Ltd. > 0.98 

bromocyclopentane Merck Ltd. > 0.99 

water Wako Pure Chemical Ind., Ltd. > 0.9999 
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Table 2. Four-Phase Equilibrium Conditions (Temperature T, Pressure, p) for CH4+c-C5H9X (X 

= F, Cl, and Br)+Water Systemsa 

T / K p / MPa T / K p / MPa T / K p / MPa 
CH4+c-C5H9F+water system CH4+c-C5H9Cl+water system CH4+c-C5H9Br+water system 
283.17 0.03 274.24 1.11 274.17 1.82 

284.17 0.08 274.37 1.13 275.15 2.03 
285.12 0.14 275.24 1.28 276.19 2.32 

286.12 0.21 276.11 1.46 277.13 2.61 

287.21 0.29 276.98 1.65 278.12 2.93 

288.18 0.38 277.48 1.77 279.15 3.30 
289.17 0.49 277.89 1.93 280.05 3.65 

290.16 0.60 278.74 2.11 281.12 4.15 

291.14 0.74 279.73 2.42 282.10 4.68 
292.14 0.90 280.59 2.71 282.61 5.00 

293.12 1.07 281.20 2.98 283.18 5.45 

294.14 1.28 281.91 3.29 284.12 6.03 

295.13 1.52 282.68 3.68 285.11 6.87 
296.10 1.79 283.47 4.09 286.14 7.92 

297.09 2.10 284.55 4.72 287.15 9.08 

298.19 2.51 284.15 4.54 287.74 9.93 
299.16 2.92 285.14 5.17   

300.14 3.41 286.16 5.99   

301.11 3.98 287.10 6.85   

302.12 4.65 288.19 8.01   
303.11 5.44 289.19 9.33   

304.12 6.37     

305.10 7.46     
306.19 8.93     
a Uncertainties u are u(T) = 0.02 K and u(p) = 0.02 MPa. 
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Figure 1. PXRD patterns (Intensity I, Diffraction angle q) obtained from CH4+c-C5H9Cl (upper) 

and CH4+c-C5H9Br (bottom) mixed hydrate samples prepared in the present study (recorded at 

143 K). The vertical bars represent the contributions from (a) ice Ih, (b) s-II hydrate, and (c) s-H 

hydrate. 
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Figure 2. Four-phase (hydrate, aqueous, c-C5H9X-rich liquid, and gas phases) equilibrium 

relations (Temperature T, Pressure p) in the CH4+c-C5H9X (X = F, Cl, and Br)+water ternary 

systems. Open circles, squares, and rhombuses stand for the four-phase (hydrate, aqueous, c-

C5H9X-rich liquid, and gas phases) equilibrium relations in the CH4+c-C5H9F+water, CH4+c-

C5H9Cl+water, and CH4+c-C5H9Br+water systems measured in the present study, respectively. 

Solid curve stands for the three-phase (hydrate, aqueous, and gas phases) equilibrium curve in 

the simple CH4 hydrate system.5 Dotted curve stands for the four-phase (hydrate, aqueous, c-

C5H10-rich liquid, and gas phases) equilibrium curve in the CH4+c-C5H10+water system.8,9 Solid 

rhombuses stand for the four-phase (hydrate, aqueous, c-C5H9Br-rich liquid, and gas phases) 

equilibrium relations in the CH4+c-C5H9Br+water system.10 
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