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Introduction

Clathrate compounds are crystalline materials formed by a physical interaction between host molecules and relatively light guest molecules. There are various cavities capable of entrapping guest molecules in an open network of host molecules composing a crystalline framework. Depending on the chemical properties of the host molecules, clathrate compounds can be divided into two categories: aqueous and nonaqueous. Clathrate compounds in which the host molecules are water or deuterium oxide belong the aqueous clathrates. This kind of inclusion compound is specifically called a clathrate hydrate or simply gas hydrate. Gas-phase guest molecules generally form nonaqueous clathrates with phenolic compounds such as hydroquinone, phenol, and simple substituted phenols. 

Until now there are several studies about hydrate equilibrium conditions of carbon dioxide and methane mixture. Unruh and Katz reported the first phase equilibrium data for this system and determined vapor phase concentrations indirectly. Berecz and Balla-Achs showed that hydrates of carbon dioxide and methane mixture exhibited instability at carbon dioxide mole fraction of 50% and higher. Adisasmito et al. confirmed and extended the data of Unruh and Katz and showed that the result of Berecz and Balla-Achs was very unusual. In 1999, Servio et al. measured the incipient equilibrium hydrate formation conditions for two different compositions of 80/20 % and 50/50 % methane-carbon dioxide mixtures in the presence of neohexane. It was found that the 80/20 gas mixture forms the structure H hydrate. The results from the 50/50 mixture indicate that, above approximately 277.5 K, the structure I hydrate is formed below that temperature, a transition state occurs, resulting in structure H or a mixture of structure H and structure I hydrates.

In this work, the isobaric equilibrium conditions of carbon dioxide and methane mixture were measured to identify the hydrate-forming region. The measured isobaric hydrate equilibrium data were correlated by SRK-EOS incorporated with second order MHV mixing rule and the modified UNIFAC.

Experimental Section

Apparatus. A schematic diagram of the experimental apparatus used in this work is shown in Figure 1. The equilibrium cell is made of 316 stainless steel and its internal volume is about 50 cm3 and equipped by two thermally reinforced sight glasses. The cell contents were agitated by a magnetic spin bar that was coupled with an immersion magnet placed under the cell in the bath. The actual operating temperature in the cell was maintained with the PID temperature controller (Jeio Tech, MC-31) with (0.1 K accuracy and was measured by a K-type thermocouple probe with a digital thermometer (Cole-Parmer, 8535-26) of which the resolution is (0.1 K. (Every Ready Thermometer Co. Inc) The Heise Bourdon tube pressure gauge (CMM 104957, 0-200 bar range) having the maximum error of (0.1 bar in the full-scale range was used to measure the cell pressure in the system. For the measurement of vapor compositions at a given equilibrium condition, a sampling valve (Rheodyne, 7413) having a sampling loop of about 24.36 (L was installed and connected to a gas chromatograph (Hewlett-Packard, 5890A) on-line through the high-pressure metering pump (Milton Roy, 2396-31). The gas chromatograph used a thermal conductivity (TCD) and a PORAPAK-Q packed column. A vapor-sampling valve was used to perform the GC calibration for two guest molecules of methane and carbon dioxide. The carbon dioxide and methane gas mixture having a predetermined ratio was made using two syringe pumps (ISCO Co. D Series) that have a function of constant flow operation. The charged gas mixture compositions in the equilibrium cell were again checked by a gas chromatograph.

Procedure. An amount of approximately 25 ml of liquid water was initially charged into the equilibrium cell using a metering valve. The equilibrium cell was then charged with a mixture of carbon dioxide and methane. When the cell was pressurized to a desired pressure with a gas mixture, the system was cooled to about 5 K below the anticipated hydrate-forming equilibrium temperature. Hydrate nucleation and growth was then induced in the aqueous solution and the system pressure was continuously decreased due to the mixed hydrate formation. The consumed amount of gas mixture was immediately supplemented by using the high-pressure pump in order to maintain the isobaric condition of the system. When the system pressure reached a steady state, the cell temperature was then very slowly elevated to dissociate the formed hydrates. The external heater was used to increase the system temperature at a rate of 1 to 2 K/hr. A little increment of the cell temperature made the solid hydrate particles to be dissociated and caused the corresponding increase of a system pressure. To maintain the system pressure constant, a control valve directly connected to the cell was used. When the amount of minute crystals remained and system pressure was kept constant at least for 8 to 10 hr after the system temperature was stabilized, the resulting temperature and pressure were considered as the three-phase H-Lw-V equilibrium conditions. An upper quadruple point at which the four phases of hydrate, water-rich liquid, carbon dioxide-rich liquid and vapor (H-Lw-LCO2-V) coexist was also determined to establish the upper pressure limit of the H-Lw-V line. When the system pressure and temperature was in equilibrium, the each phases were analyzed several times by the gas chromatograph to eliminate any fault that can be occurred during sampling procedure and confirm the data reproducibility.

Results and Discussion

Three-phase equilibrium, H-Lw-V, line for the carbon dioxide and water binary system intersects with two quadruple points. One is the upper quadruple point and it is located at the intersection between the H-Lw-V equilibrium line and another three-phase equilibrium line involving carbon dioxide-rich liquid, water-rich liquid, and vapor phases. At an upper quadruple point, the four phases, H-Lw-LCO2-V, coexist. Second is the lower quadruple point and at this point the four phases of hydrate, ice, water-rich liquid, and vapor (H-I-Lw-V) coexist. These two quadruple points bound the H-Lw-V equilibrium line and simple hydrate of carbon dioxide is thermodynamically stable at lower temperature and higher pressure than the H-Lw-V equilibrium line. However, the upper quadruple point for the methane and water binary system cannot exist because the critical point temperature (191 K) of pure methane is far below the lower quadruple point temperature (273.2 K).

If methane is added to the carbon dioxide and water system, the temperature and pressure conditions of the phase equilibrium are displaced from the gas-phase composition. The H-Lw-V equilibrium lines for the carbon dioxide, methane, and water ternary system for several isobaric conditions were determined. In the carbon dioxide, methane, and water ternary system, the upper quadruple is evolved as line and divide the vapor pressure envelope of gas mixture. We carefully measured the lower end point of quadruple line and regarded as the upper quadruple point intersect with the H-Lw-V equilibrium line. Measured equilibrium data are shown in Figure 2 as P-T diagram and also Figure 3 as T-yCO2 diagram. The three-phase H-Lw-V equilibrium data of two binary mixtures were very good agreement with those of Adisasmito et al. The H-Lw-V lines of mixed hydrates were located between those of simple carbon dioxide and methane hydrates. At low carbon dioxide vapor compositions, the H-Lw-V lines were similar to that of simple methane hydrate and intersected only with the lower quadruple points. However, the H-Lw-V lines for high carbon dioxide vapor compositions closely approached that of simple carbon dioxide hydrate and were bounded by two, upper and lower, quadruple points. This phenomenon can be explained by comparing the sizes and cage occupancy of guest molecules. Methane molecules form structure I hydrate and enter both small and large cavities because of their small size. Although carbon dioxide molecules also form structure I hydrate, they can occupy the large cavities only because of their large size. When structure I is formed with a mixed gas of carbon dioxide and methane, the two species compete with each other for better occupancy. 

The equilibrium temperature, pressure, and composition data can be described by P-T-yCO2 space in Figure 4. The P-T and T-yCO2 equilibrium curves of Figure 2 and 3 develop into the H-Lw-V surface that is truncated by upper quadruple locus at high carbon dioxide vapor composition. With decreasing the carbon dioxide composition, the pressure of quadruple locus increases at a large extent and the H-Lw-V surface finally becomes tangential to the quadruple locus. At 75 mol % carbon dioxide vapor composition, the H-Lw-V surface ascends as a continuous equilibrium surface without abrupt change in slope to 120 bar. But the H-Lw-V surface terminated at quadruple point at 79 mol % carbon dioxide vapor composition. This result suggests that the terminal point of quadruple locus would exist over the carbon dioxide composition rage of 75 - 79 mol %.

References
1. Y.F. Makogon, Hydrates of Hydrocarbons, PennWell Books, Tulsa, 1997.
2. C.H. Unruh, D.L. Katz, Pet. Trans. AIME (1949) 83 – 86.
3. E. Berecz and M. Balla-Achs, Gas Hydrates, Elsevier, Amsterdam, 1983.
4. S. Adisasmito, R.J. Frank, III and E. D. Sloan, Jr., J. Chem. Eng. Data, 36 (1991) 68 - 71.
5. P. D. Dholabhai and P. R. Bishnoi, J. Chem. Eng. Data, 39 (1994) 191 – 194.
6. K. ohgaki, K. Takano, H. Sangawa, T. Matsubara and S. Nakano, J. Chem. Eng of Japan, Vol. 29, No. 3 (1996) 478 – 483.
7. V. Mckoy, O. Sinanoglu, J. Chem. Phys., 38 (1963) 2946 – 2956.
8. W. R. Parrish and J. M. Prausnitz, Ind. Eng. Chem. Process Des. Dev., 11 (1972) 26 - 34.
[image: image1.wmf]10

20

30

40

50

60

70

80

20

40

60

80

100

272

276

280

284

288

Pressure (bar)

Composition (mol% CO

2

)

Temperature (K)


[image: image2.wmf]Temperature ( K)

270

272

274

276

278

280

282

284

286

Pressure (bar)

10

100

Adisasmito et. al (methane hydrate data,1991)

Methane hydrate data (this work)

Carbon dioxide hydrate data (this work)

Adisasmito et al. (carbon dioxide hydratedata, 1991)

Predicted results for H-L-V equil.

Measured upper quadruple points

Hydrate equilibrium data at 60% 

Hydrate equilibrium data at 80%

Hydrate equilibrium data at 20%

Hydrate equilibrium data at 40%

Predicted results for I-H-V equil.

Estimated lower quadruple locus

Figure 1.Schematic diagram of the experimental apparatus used in this work: 1.equilibrium cell; 2.water bath; 3.pressure gauge; 4.thermocouple; 5.magnetic stirrer; 6.CO2 cylinder; 7.CH4 cylinder; 8,9.syringe pump; 10.multi-controller; 11.check valve; 12.rupture disc; 13.line filter; 14, 19.high pressure pump; 15.sampling valve; 16.He gas; 17.GC; 18.external heat exchanger; 20. Sampling port
[image: image3.wmf]Figure 2. Hydrate equilibrium conditions for the CO2 and CH4 mixture

Figure 3. Isobaric equilibrium conditions for carbon dioxide and methane mixture
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Figure 4. The equilibrium P-T-y graph for the carbon dioxide, methane and water system
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