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Introduction
Clathrate hydrates (or gas hydrates) are crystalline compounds which are formed by physically stable interaction between water and relatively small guest molecules occupied in the cavities built by water molecules. 
The present work was done to study the isobaric equilibrium conditions and the composition of vapor and hydrate phase. The obtained experimental results should be good information for the possibility of carbon dioxide separation using the hydrate system. The phase behavior is similar to that of the hydrate system with a single guest. But, the quadruple points and the equilibrium lines are shifted as changing the composition of gas mixture.

Thermodynamic Modeling

 In a system with N substances from which Nc are the hydrate-forming components, thermodynamic equilibrium is established among the vapor (V), liquid (L), and hydrate (H) phases. At the equilibrium condition of H(L(V phases,
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  Water is also included in this fugacity relationship. The van der Waals-Platteeuw model has been extensively used to describe the equilibrium hydrate phase. This model is incorporated by vapor-liquid equilibria (VLE) and so that the Nc equations are replaced by an equation with respect to only water. 
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Using the fugacity coefficients for vapor phase, the fugacities are expressed by 
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 denote the mole fraction and fugacity coefficient of component i at a system pressure P. The fugacity coefficient in equation (4) is determined from an expression based on the equation of state (EOS). The Soave-Redlich-Kwong equation of state (SRK-EOS; Soave, 1972) incorporated with the modified Huron-Vidal second-order (MHV2) mixing rules (Huron and Vidal, 1979) was used in this study.
 The fugacity of water in the hydrate phase is calculated by adopting the van der Waals and Platteeuw model
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where 
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 represents the fugacity of water in the hypothetical empty hydrate lattice and 
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 is the chemical potential difference between the empty hydrate and the filled hydrate phase. The 
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 can be directly obtained from the following van der Waals and Platteeuw model
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where (m represents the number of cavities of type m per water molecule in the hydrate phase, Cmj for the Langmuir constant of component j on the cavity type m, and 
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 for the fugacity of component j in the vapor phase which is in equilibrium with the hydrate phase. The Langmuir constant considers the interaction between the guest and water molecules in the hydrate cavities. The Kihara potential function based on the spherical core assumption was used to explain the cavity-related interaction. 

 The fugacity of water in the empty hydrate lattice, 
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, might be estimated from one of the two different expressions depending on the hydrate forming temperature. If the temperature is above the ice point,
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where 
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, and o means reference state, respectively. 
Experimental Section
  The apparatus was built to measure the hydrate dissociation pressures and analyze the equilibrium compositions of vapor phases that coexist with the hydrate and liquid phases. The apparatus consist of two major parts; equilibrium dissociation pressure and temperature measurement section and equilibrium concentration measurement section (Figure 1).

For the measurement of the equilibrium compositions for the ternary carbon dioxide-methane-water system, the experiment was more carefully carried out. It should be noted that the best condition for the measurement of the equilibrium compositions could be obtained when the amount of hydrates was relatively small in the liquid water. When the system temperature and pressure was in equilibrium condition, the vapor phase was analyzed four times through the gas chromatograph. The reported equilibrium composition of the vapor phase was taken as the average values. The measurement of the hydrate composition was performed when the hydrate phase was in coexistence with vapor phases. The only vapor and hydrate phases coexist below the three phase (hydrate, vapor and water-rich liquid) equilibrium temperature. The pressure was same with the three phase equilibrium condition and the temperature was just 0.5 K below. When the system temperature and pressure reached a steady state, the hydrate is transported to a sampling port and decomposed for analysis. The vapor and hydrate phase compositions are analyzed using a gas chromatograph.

Results and Discussion
  Measurements of hydrate formation conditions for the carbon dioxide-water and methane-water systems were performed. Carbon dioxide compositions in the carbon dioxide and methane mixture were varied between 0 and 100 %. 

  Figure 2 indicates the temperature versus composition diagrams for three- phase equilibrium condition. It show different constant pressure curves. The three- phase equilibrium lines at 26 bar and 35 bar were gentle slope and parallel with each other. As the system pressure increases, the hydrate depression, which results from the difference of hydrate equilibrium temperatures between in pure gases and in a gas mixture at a given composition becomes larger. The three-phase equilibrium lines at pressure 50 bar, 20 bar and 15 bar were in contact with quadruple locus of gas mixture. The quadruple point (hydrate, water-rich liquid, carbon dioxide-rich liquid and vapor) of the carbon dioxide and methane mixture represent the intersection of two three phase equilibrium lines, one for hydrate- water rich liquid-vapor and the second for carbon dioxide rich liquid-water rich liquid-vapor. When the system pressure is 50 bar, the hydrate of pure carbon dioxide cannot exist. So, the three-phase equilibrium line of gas mixture cannot goes on the right side of Figure II-16. It is in contact with upper quadruple point at some higher composition than 80 %. It is similar to the condition of 20 bar and 15 bar. The three-phase equilibrium lines cannot goes on the left side. They are in contact with lower quadruple point at some lower composition than 40 %. In these reasons, more experimental work about the quadruple locus of gas mixture is needed. But, it cannot be performed in this study. 

  Figure 3 shows the hydrate compositions in equilibrium with the vapor phase at constant pressure. In Figure 2, the hydrate cannot exist at lower temperature because of thermodynamic constraints. So, the data cannot goes on the left side of Figure 2. Composition of the hydrate phase determined mainly by the forming gas composition, pressure and temperature of formation. Content of carbon dioxide in hydrate phase increase with increasing of gas composition. When the vapor composition was higher than 40 %, the hydrate composition was higher than 90 %. The contents of carbon dioxide decrease with increasing pressure. In higher pressure, methane molecules enter the intermediate cavity of structure I more increasingly than lower pressure. From these experimental data, we can confirm that it is suitable to maintain low temperature and pressure during the hydrate-based separation of carbon dioxide.
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Figure 1. Schematic Diagram of the Experimental Apparatus for Analysis of Vapor and Hydrate Phase
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Figure 2. Temperature versus composition phase diagram for comparison of estimated and experimental dissociation pressures of carbon dioxide-methane-water system. (Mole percent of carbon dioxide is based on s water-free basis)
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Figure 3. Hydrate composition diagram for carbon dioxide and methane mixture dependence on system pressure.
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